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Abstract: Tandem kinase proteins (TKPs) are an emerging family of plant intracellular immune
receptors that offer potential for developing novel disease resistance. We cloned Rmo2 and Rwt7,
genes for resistance to the blast fungus, from barley and wheat, respectively, and discovered that
they are orthologs encoding TKPs with an integrated N-terminal heavy metal-associated (HMA)
domain. Rmo2 was collocated with Rpgl, a TKP gene for resistance to stem rust, while Rw¢7 was
collocated with WTK4, a TKP gene for resistance to powdery mildew. Domain swapping
suggested that the HMA domain determines target effector specificity of these genes. We
propose a model illustrating an evolutionary process in which a TKP gene has differentiated into
paralogs and orthologs that recognize various effectors through diversification of their HMA

domains.
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Main Text

Plants defend themselves against microbes and pests through a two layered innate immune
system: pattern-triggered immunity (PTI) and effector-triggered immunity (ETI) (/). ETT is
initiated upon recognition of pathogen effectors (products of avirulence genes) by products of
resistance genes. Most resistance genes cloned to date encode nucleotide-binding leucine-rich
repeat (NLR) proteins (2-4). NLRs recognize corresponding effectors either through direct
binding or by monitoring modifications of effector targets or decoy proteins that mimic the
targets (4-7). Some resistance genes comprise paired NLRs, where one encodes a sensor NLR
protein and the other encodes a helper NLR protein (7). Analyses of paired NLR systems led to
the establishment of the integrated decoy model, in which decoy domains are integrated into
NLR receptors to trap effectors directly (8-70). For example, the rice NLR proteins RGAS and
Pik-1, encoded by the rice blast resistance genes Pia (/1) and Pik (12, 13), respectively, contain
heavy metal-associated (HMA) domains that trap rice blast effectors and trigger defense
responses (14, 15).

Recently, tandem kinase proteins (TKPs), which possess two kinase and/or pseudokinase
domains, have emerged as another important family of ETI regulators (2, 16). The first isolated
resistance gene encoding TKP was Rpgl, which confers resistance in barley to the stem rust
fungus (17, 18). Rpgl encodes a protein with a pseudokinase domain (PKD) — kinase domain
(KD) architecture. To date, ~10 resistance genes encoding TKPs have been isolated from
Triticeae species (19, 20). Recent studies have suggested that products of Sr62 and Rwt4, TKP
genes with a KD-PKD architecture, trap their corresponding effectors via their N-terminal kinase
and partially duplicated kinase fragment, respectively (27/-23). These studies also demonstrated
that the same helper NLR is involved in the resistance mediated by Sr62 and Rwt4 (21, 22).

Pyricularia oryzae (syn. Magnaporthe oryzae), a causal agent of blast diseases in
gramineous plants, consists of several host genus-specific pathotypes such as MoO (M. oryzae
pathotype Oryza), MoS, MoE, MoL, MoA, and MoT, which are pathogenic on Oryza, Setaria,
Eleusine, Lolium, Avena, and Triticum, respectively (24-26). MoE is further divided into two
subgroups, EC-1 and EC-II (27). MoT (the wheat blast fungus) first emerged in Brazil in 1985
(28) and is now causing a pandemic disease (29). MoT is suggested to have evolved from MoL
or its relatives through the loss of function of the avirulence gene PWT3, which corresponds to

the resistance gene Rwt3 (30). To further investigate the history of pathotype differentiation, we
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performed genetic analyses with MoE and MoT, and found that at least five genes are involved
in the avirulence of MoE (EC-II) on wheat (37). One of the five genes was an allele of PWT3
(31). Subsequently, we identified the second avirulence gene, PWT6 (32), along with its
corresponding resistance gene Rwt6 (33). Furthermore, we found that the third avirulence gene
was a homolog of PWT7 involved in the avirulence of an 4vena isolate on wheat (34). However,
its corresponding resistance gene, tentatively designated as Rwt7, has not been identified.

P. oryzae does not contain a pathotype specialized for barley. When barley cultivars are
inoculated with the pathotypes mentioned above, they exhibit various reactions similar to those
observed in race-cultivar specificity (35). Although each cultivar shows resistance to a different
range of pathotypes/isolates, all of the resistance is attributed to a single locus designated as
RMO?2 (36). These cultivars carry different Rmo?2 alleles that recognize different sets of
avirulence genes. These results suggest that RMO?2 is a core locus governing barley resistance to
P. oryzae.

In the present study we cloned Rmo2 from barley and Rw¢7 from wheat, and found that they
are orthologous genes encoding TKPs with a HMA domain. We also cloned the avirulence gene
PBY2 corresponding to Rmo2.d. Based on interactions between these resistance genes and the
avirulence genes (PWT7 and PBY2), we propose a model illustrating an evolutionary process of

these TKP genes.

Cloning of RMO?2

To clone RMO2, we performed infection assays with representative barley cultivars (Fig. 1A).
‘Russia 81°(R81) is resistant to all of three isolates, GFSI1-7-2 (MoS), MZ5-1-6 (MoE), and
Br48 (MoT). However, ‘Russia 74’(R74) is resistant to GFSI1-7-2 and MZ5-1-6 but susceptible
to Br48, and ‘H.E.S.4’(H4) is resistant to GFSI1-7-2 alone. The reactions of R81, R74, and H4
are controlled by different alleles, Rmo2.d, Rmo2.c, and Rmo2.a, respectively, located at the
same genetic locus RMO2 (36). We crossed R81 with ‘Nigrate’(Ngt) carrying rmo2 (Fig. 1A),
inoculated resulting 93 F».3 lines with GFSI1-7-2, and identified some flanking markers through
rough mapping (Fig. 1B). For fine mapping, a total of ~26,000 F3 individuals from segregating
F».3 lines were screened for recombinants between flanking markers. RMOZ2 genotypes of the
recombinants were determined by inoculation with GFSI1-7-2 in the next generation (F3).
Consequently, the candidate region harboring RMO2 was narrowed down to 62 kb flanked by
AGT143 and AGT125 (Fig. 1C) on the Morex V3 reference genome. This region contained only
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one high confidence gene, ABC1037 (37) encoding a TKP with a PKD-KD architecture preceded
by an N-terminal HMA domain (Fig. 1D, E).

ABC1037 was polymorphic between R81 (Rmo2.d) and Ngt (rmo2) (fig. S1), although it
was expressed in both (fig. S2). Furthermore, the RMO2 phenotype perfectly co-segregated with
a marker designed on its HMA domain (AGT113) but had one recombinant with a marker
designed on its kinase domain (ABC1037-2) (Fig. 1B). This recombinant displayed intragenic
recombination within ABC1037 and lost the resistance to GFSI1-7-2. These results strongly
suggested that ABC1037 is RMO?2. Interestingly, Rpg! was located 56 kb upstream of ABC1037
on the Morex V3 reference genome (Fig. 1C).

To confirm the function of ABC1037 in vivo, we performed transformation of barley.
Unfortunately, ‘Golden Promise’ (GP), the highly transformable barley cultivar widely used in
barley genetic modification, was resistant to GFSI1-7-2 and MZ5-1-6 (Fig. 1A). Therefore, a
transformable barley line carrying rmo2 (NgGP4-4) was produced through screening
descendants from Ngt x GP (fig. S3). ABC1037 was cloned from transcripts of R81 (Rmo2.d)
and H4 (Rmo2.a) (fig. S1) and introduced into NgGP4-4. T> plants carrying the R81-derived
ABC1037 (homozygous) were resistant to all of the three isolates, while those carrying the H4-
derived ABC1037 were resistant to GFSI1-7-2 alone (Fig. 1F). This indicates that the
transformation with ABC1037 phenocopied the resistance pattern conferred by the Rmo?2 alleles

(Fig. 1A). From these results, we conclude that RMO?2 is ABC1037.

Cloning of RWT7
To identify Rwt7, we performed infection assays of representative wheat cultivars (Fig. 2A).
‘Norin 4°(N4), ‘Chinese Spring’(CS), ‘Hope’, and ‘Transfed’(Tfed) are susceptible to Br48
(MoT). Against Br48+PWT7 (a transfomant of Br48 carrying the PWT7 transgene), however,
N4, CS, and Hope are resistant but Tfed is susceptible, suggesting that the putative resistance
gene (Rwt7) corresponding to PWTY7 is carried by N4, CS, and Hope but not by Tfed. Genetic
analyses confirmed that the resistance of N4, CS, and Hope is controlled by the same, single
gene (table S1). This gene was designated as Rmg2 (with Rwt7 listed as a synonym).

To clone Rwt7, we produced 94 F»3 lines derived from CS x Tfed. Rough mapping with
these F».3 lines revealed that Rw¢7 is located on a region on chromosome 7D syntenic to barley
RMO?2 (Fig. 2B). For fine mapping, a total of 3069 F3 individuals from the segregating F»:3 lines

were inoculated with Br48+PWT7, and 552 susceptible individuals were subjected to screening
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for recombinants between flanking markers. The delimited candidate region contained
TraesCS7D02G011800 (abbreviated as GO11800 hereafter) (Fig. 2C) encoding a TKP with a
PKD-KD architecture preceded by an HMA domain (Fig. 2D, E) on the Chinese Spring v2.1
reference genome. GO11800 was expressed in CS but not in Tfed (fig. S4). To confirm its
function in vivo, GO11800 was cloned from transcripts of CS and introduced into NgGP4-4. T»
plants carrying the GO11800 transgene (homozygous) were resistant to Br48+PWT7 but
susceptible to Br48 (Fig. 2F), suggesting that GO11800 specifically recognizes PWT7 and
therefore is Rwt7. Interestingly, another TKP gene (TraesCS7D02G012400, abbreviated as
G012400, hereafter) with a PKD-KD architecture was located on 144 kb upstream of Rwt7 (Fig.
20).

Cloning of PBY2 and PBY1

R81 is resistant to both Br48 and MZ5-1-6 (Fig. 1A), but different avirulence genes underpin
these interactions. Rmo2.d in R81 recognizes PBY2 of Br48 and PBY1 of MZ5-1-6 (36). To
isolate PBY2, 200R45 and 200R69, F; cultures virulent on R81, were backcrossed with Br4§,
resulting in a total of 86 BC:F; cultures in which PBY2 alone was segregating (Fig. 3A).
Molecular mapping with the BCF; population narrowed down the target region to 3.5cM
flanked by molecular markers, POTS50 2 and POTS65 1 (Fig. 3B), which corresponded to
580kb (Fig. 3C) in the Br48 whole genome sequence (GCA 036493215.1). A BAC library of
Br48 was screened with molecular markers designed in this region, and four clones identified
(Fig. 3C) were introduced into 200R45. BAC1, which turned 200R45 avirulent on R81, was
digested with BbvClI, subcloned, and sequenced. Predicted genes encoding putative effector-like
proteins were introduced into 200R45, and resulting transformants were sprayed on R81. Only
one gene, ORF40, turned 200R45 avirulent on R81 (Fig. 3D), suggesting that ORF40 is PBY2.
PBY2 encoded a MAX (Magnaporthe AVRs and ToxB-like) effector with a signal peptide (Fig.
3E), and was located on chromosome 1 of Br48 (Fig. 3F). When PBY2 of Br48 was disrupted
(fig. S5), the strain (Br48APBY2) lost the avirulence on R81 (Fig. 3G). Conversely, when PBY2
was re-introduced into the Br4§APBY?2 strain, transformants carrying a few copies of the
transgene and expressing PBY?2 at the comparable level to Br48 (fig. S6) re-gained the avirulence
on R81 (Fig. 3G). Interestingly, transformants expressing PBY?2 at a higher level (fig. S6) due to
many copies of the transgene were avirulent not only on R81 but also on R74 (Fig. 3G). These

results suggest that Rmo2.c in R74 is able to recognize PBY?2 to some extent although the degree
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of the recognition is not enough to express resistance to a wild isolate, Br48, which carries only
one copy of PBY2.

MZ5-1-6 also carried a single copy of ORF40 (ORF40M%). ORF40M# was identical to the
intact ORF40 in Br48 (ORF40"") at the nucleotide sequence level. ORF40M% and ORF40B"
segregated independently in the F; population derived from MZ5-1-6 x Br48 (fig. S7) as they are
located on different chromosomes (Fig. 3F). The presence/absence of the ORF40 signal derived
from MZ5-1-6 co-segregated with the avirulence/virulence of the F; cultures on R74 (fig. S7).
These results suggest that ORF40M%is PBY1 conditioning the avirulence of MZ5-1-6 on R81 and
R74 (36). When PBY1 of MZ5-1-6 was disrupted (fig. S5), the strain (MZ5-1-6APBY 1) lost the
avirulence on R81 and R74 (Fig. 3G). Conversely, when PBY1 was re-introduced into the MZ5-
1-6APBY 1 strain, transformants carrying a few copies of the transgene and expressing PBY! at
the comparable level to MZ5-1-6 (fig. S6) gained the avirulence on R81 and R74 (Fig. 3G).
Furthermore, transformants expressing PBY1 at a higher level (fig. S6) due to many copies of the
transgene were avirulent not only on R81 and R74 but also on H4 (Fig. 3G). Taken together, we
conclude that the three alleles at the RMO2 locus (Rmo2.a, Rmo2.c, and Rmo2.d) are all able to
recognize ORF40 (PBYI and PBY?2) but in different intensity.

Distribution of PWT7 and PBY2 in P. oryzae was surveyed using isolates from various
hosts. PWT7 was confined to MoE (EC-II) and MoL (Fig. 3H). On the other hand, PBY2
(including PBY1) was carried by all isolates of MoE, MoL, MoT, and those from Eragrostis
(Fig. 3H), suggesting that Rmo2.d is widely effective against these three pathotypes and

Eragrostis isolates.

The role of the HMA domain in recognition of effectors

Rmo?2 in barley and Rwt7 in wheat are located on terminal regions of the short arms of
homoeologous chromosomes 7H and 7D, respectively (fig. S8). These regions in 7H and 7D also
contain Rpg! (Fig. 1C) and G012400 (Fig. 2C), respectively. Comparative analyses of amino
acid sequences suggested that Rwt7 and G012400 are wheat orthologs of Rmo2 and Rpgl,
respectively (Fig. 4A). There is an additional TKP gene located in this region of 7D, WTK4
found in Aegilops tauschii (fig. S8). WTK4 has a PKD-KD architecture and conditions resistance
to the wheat powdery mildew fungus (38). A comparative analysis of its amino acid sequence

suggests that WTK4 is homologous to Rmo2 and Rwt7 rather than Rpgl and G012400 (Fig. 4A).
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However, when comparing the HMA domains, the orthologous relationships are ambiguous
except for the high homology between RPG1 and G012400 (Fig. 4B). This suggests that the
diversification of HMA has played an important role in the expansion of recognized effectors.
To investigate whether effector recognition is regulated by the HMA domains, we used a
protoplast assay based on a luciferase reporter for cell viability. Rmo2.d and Rwt7 specifically
recognized PBY2 and PWT7, respectively (Fig. 4C). Interestingly, when the HMA domain of
Rmo?2.d was replaced with that of Rwt7, the resulting construct, Rmo2.d::HMA(Rwt7), lost the
ability to recognize PBY2, and gained the ability to recognize PWT7 (Fig. 4C). Rpgl and WTK4
did not recognize PBY2 nor PWT7, suggesting that these genes may be adapted to recognize
effectors from the stem rust fungus and the powdery mildew fungus, respectively.

To confirm the results obtained in the protoplast assay, Rmo2.d::HMA(Rwt7) was
introduced into NgGP4-4. The T, transformants were all susceptible to Br4SAPBY?2 and
Br48APBY2+PBY2 (a transformant of Br4d8APBY?2 carrying the PBY2 transgene) (Fig. 4D). By
contrast, against Br4dSAPBY2+PWT?7 (a transformant of Br4§8APBY?2 carrying the PWT7
transgene), resistant and susceptible individuals appeared in the T generation, and segregation of
phenotype was perfectly correlated with presence/absence of the transgene (Fig. 4D). Taken

together, we conclude that the HMA domain plays a critical role in recognizing target effectors.

Distribution of Rmo2 and Rpgl in the barley population

To survey the distribution of functional Rmo2 in the barley population, transcripts were extracted
from core barley accessions collected worldwide (fig. S9) and subjected to RT-PCR.
Surprisingly, Rmo?2 alleles were amplified from all of the 113 accessions tested. This result
indicates that Rmo?2 is expressed in all barley accessions. Furthermore, sequencing of these
amplicons revealed that all of them maintained the Rmo2 ORF.

On a dendrogram constructed using cDNA sequences of the kinase domains (PKD+KD), the
Rmo?2 amplicons were divided into five groups, G1-G5 (fig. S9). This grouping was almost
correlated with grouping of the HMA domain (figs. S9, S10). It should be noted that some of the
G3 type of kinase domains were accompanied by two copies of HMA domains.

The kinase domains of Rpg/ were mainly amplified from accessions carrying the G1 and
G5 types of Rmo2 (fig. S9). The Rpgl kinase domains from the G5 accessions were
accompanied by the authentic Rpg/ HMA. By contrast, those from the G1 accessions were
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accompanied by the HMA domain of the G5 type of Rmo?2 (fig. S9). This result suggests that this
chimeric Rpg!l gained its HMA from the G5 type of Rmo2.

Discussion

The present study revealed that Rmo?2 in barley and Rw¢7 in wheat encode TKPs containing an
HMA domain, and are orthologs located on syntenic regions of homoeologous chromosomes 7H
and 7D, respectively. Interestingly, Rmo2 was collocated with Rpg/ controlling the resistance to
the stem rust fungus, while Rw¢7 was collocated with WTK4 controlling the resistance to the
wheat powdery mildew fungus. Rmo2 and Rpg! in barley are considered to have been derived
from an ancient duplication that occurred before the differentiation of Hordeum and the
Triticum-Aegilops complex because a corresponding paralogous pair of their orthologs, Rwt7 and
G012400, respectively, are present in wheat. Here, we designate the gene family comprising
Rmo2, Rwt7, Rpgl, G012400, and WTK4 as the “Rpgl/Rmo?2 family”. The evolutionary process
of this family inferred from the present study is summarized in Fig. 5. The prototype of this
family with a PKD-KD architecture emerged in the ancestral population of Triticeae, and
evolved into a common ancestor of this family. The common ancestor duplicated, producing a
paralog before the differentiation of Hordeum and the Triticum-Aegilops complex. This ancient
paralog evolved into a pair of orthologs, Rpg/ which recognizes the stem rust fungus and
G012400 whose targets(s) remain unknown. The other paralog evolved into another pair of
orthologs, Rmo2 and Rwt7, both recognizing the blast fungus. In the Triticum-Aegilops complex
Rwt7 or its ancestor duplicated, giving rise to WTK4 recognizing the powdery mildew fungus.
Expansion of target pathogens was also observed in another TKP gene family (39-47) and
NLRs such as the MLA-like family (9; 42-45). However, the molecular mechanisms underlying
the target expansion have yet to be identified. Recently, Reveguk et al. (/9) found that
approximately half of TKPs detected in the plant kingdom contained integrated domains, and
proposed that they could function as decoys for effectors. Bernasconi et al. (46) showed that the
HMA domain of WTK4 directly interacts with the product of AvrWTK4. The present study
suggested that the specific recognition of effectors or pathogens by the members of the
Rpgl/Rmo?2 family is determined by the integrated HMA domains (Fig. 4). We propose that the
diversification of the HMA domains enabled each member of the Rpgl/Rmo2 family to shift
their target effectors, thereby driving the expansion of target pathogens. It should be noted that
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all barley accessions tested (including the susceptible cultivar Ngt) carried and expressed an
Rmo?2 allele with an undisrupted ORF (fig. S9). In addition, we showed that Rmo2 can have a
duplicated HMA or provided one of its HMA type to Rpg! (fig. S9). Throughout evolution,
RMO?2 may have been an important, progenitrix locus that gave rise to paralogs, orthologs, and
alleles effective against various effectors or pathogens.

Barley has been regarded as a universal suscept to P. oryzae because it is susceptible to
various pathotypes (35). If an Rmo2 construct recognizing both PBY2 and PWT7 is produced
through molecular engineering, however, it may provide barley with robust, nonhost-like
resistance against the Eleusine (EC-II), Lolium, and Avena pathotypes because these pathotypes
carry both avirulence genes (Fig. 3H), and therefore, must mutate the two genes simultaneously
to infect a barley transformant carrying the construct. A successful engineering of Rmo?2 for the

dual recognition will be reported by Yu et al. (47).
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Fig. 1. Cloning of RMO2, a core locus conditioning reactions of barley to P. oryzae. (A) Reactions of

5 barley cultivars ‘Nigrate’ (Ngt), ‘H.E.S.4° (H4), ‘Morex’ (Mrx), ‘Russia 74’ (R74), ‘Golden Promise’
(GP), and ‘Russia 81’ (R81) to P. oryzae isolates GFSI1-7-2, MZ5-1-6, and Br48. Genotypes of the
cultivars and pathotypes of the isolates are shown in parentheses. R, resistant; S, susceptible. (B) Genetic
maps around RMO2 on chromosome 7H constructed using F»3 lines and their descendants derived from
an Ngt X R81 cross. Genotypes at the RMOZ2 locus were determined by inoculation with GFSI1-7-2.

10 Rough mapping with the F»; lines was followed by three rounds of fine mapping with F; plants derived
from heterozygous F» lines. In each round, the segregating F3 populations were screened for recombinants
between the far left and far right markers. Numbers of recombinants between internal markers are shown
in the parentheses. (C) Physical map of the RMO2 region based on the Morex V3 reference genome. The
red and blue boxes indicate ABCI037 (the Rmo2 candidate gene) and Rpg! (a gene for resistance to

15 Puccinia graminis f.sp. tritici), respectively. (D) Structure of the ABC1037 gene. (E) Structure of
ABC1037 in R81 (carrying Rmo2.d). (F) Recapitulation of the specificity of Rmo2 alleles against three
pathotypes of P. oryzae. NgGP4-4 (the recipient barley line) and T> plants derived from its transformation
with cDNAs of the Rmo2.a and RmoZ2.d candidate genes (ABC1037 in H4 and R81) were inoculated with
GFSI1-7-2 (MoS), MZ5-1-6 (MoE), and Br48 (MoT). T lines carrying the RmoZ2.a candidate (4-1, 4-2, 4-

20 3) and the Rmo2.d candidate (23-1, 23-2, 23-3) are homozygous for the transgenes. Hyg represents a T»
line harboring no transgene.
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Fig. 2. Cloning of RWT7, a fundamental locus conditioning the incompatibility between non-

5 adapted pathotypes of P. oryzae and common wheat. (A) Reactions of common wheat cultivars
‘Transfed’ (Tfed), ‘Hope’, and ‘Chinese Spring’ (CS) to Br48 and Br48+PWT?7 (a transformant of Br48
carrying PWT?7). Genotypes of the cultivars and the pathotype of the isolate are shown in parentheses. R,
resistant; S, susceptible. (B) Genetic maps around RWT7 on chromosome 7D constructed using F»: lines
derived from CS x Tfed. Rough mapping with theF»:; lines was followed by fine mapping with F; plants

10 derived from heterozygous F> lines. In the rough mapping, genotypes at the RWT7 locus were determined
by reactions of F»3 lines to Br48+PWT?7. In the fine mapping, the segregating F3 populations were first
inoculated with Br48+PWT7, then resulting susceptible plants were screened for recombinants between
the far left and far right markers. Numbers of recombinants between internal markers are shown in the
parentheses. (C) Physical map of the Rwt7 region based on the Chinese Spring v2.1 reference genome.

15 The red and blue boxes indicate G011800 (the Rwt7 candidate gene) and G012400 (an ortholog of Rpgl),
respectively. (D) Structure of G011800. (E) Structure of the GO11800 product. (F) Reactions of
transformants carrying Rwt7 to Br48 and Br48+PWT7. NgGP4-4 and its T, transformants carrying cDNA
of G011800 (the Rwt7 candidate gene) were inoculated with Br48 and Br48+PWT?7. 2-1 and 2-2 are T»
lines homozygous for the transgene. Hyg represents a T» line harboring no transgene.

20

21


https://doi.org/10.64898/2025.12.15.692859
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2025.12.15.692859; this version posted December 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

A B ® N
. o7 o A
Eleusine isolate  Triticum isolate § § & o 5 & \é“\é%'?
e s 200RISxBrd 5 & é’&@& & 88
-1 X T Q
(PBY1, ) (-, PBY2) 200R69 x Br48 L L1 | 1
86 BC1F1 cultures ——¢ T 1 )
\ I5.ql 202 LI aan Thoa I
200R45 200R69 Br48 C ! ) o
P 1760 | X |wpeva | S8
’ g &
} £ 8 .
P Q ‘ ‘ QT
86 BC:F: cultures Br48 Chr. 1 I ———————————
1.614Mb : i 3 12.194Mb
E BAC13 |
Signal peptide MAX effector -
BAC1 BAC10
1 20 21 85 D """ ORF30 BbyvCl T ORF19

; 0/1) |, L (0719
F Pby2 : 9.2kb ( )L %é 8.7kb ,‘:( )
Br48

N ORF38  ORF42 ORF40  ORF37
MZ5-1-6 (0/6) (0/5) (17/25)

| (0/17)
Pby1
Chr. 2
G
MoS
e PBY2 PWT7
Brd8 (3% % Functional as AVR E )
OQO Non-functional as AVR =] @
@7 Deleted O 0
Br48
APBY2
Mol
Br48
APBY?2 o,
+PBY2-3 .0
e 0P o
° o © 0
Br4s «2° 9%
APBY?2 %\g@ % %
+PBY2-7 ez ©
Brdg D %
Br126.1 o
griqs_wz o O
Prsny 0O
MZ5-1-6 éﬁ%g oo
7 o)
ﬁfef §O
@63‘;& 15} O
7% o]
o2, &
MZ5-1-6 2 1,3‘333 & OO
APBY1 <§>O
: o ©
o _o°
MZ5-1- Juoange DaBOOO 7 \oT
APBY1 O0pooo 00°
+PBY1-1
MZ5-1-6
APBY1 Brachiaria isolate
+PBY1-2 0.1

Fig. 3. Cloning of PBY2, an avirulence gene conditioning the incompatibility between various
pathotypes of P. oryzae and barley. (A) Pedigree of P. oryzae strains used for mapping of PBY2. (B)
Genetic maps around PBY2 on chromosome 1 of Br48 constructed using 86 BC,F, cultures derived from
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two backcrosses, 200R45 x Br48 and 200R69 x Br48. Genotypes at the Pby2 locus were determined by
reactions of the BC|F, cultures on R81. (C) Physical map around Pby2 on chromosome 1 of Br48 along

with BAC clones covering the candidate region. (D) Structure of BAC1 which conferred avirulence on
R81 to 200R45 in a transformation assay. Arrowheads indicate putative effector genes predicted with
SignalP4.1. They were cloned into pBluescript II SK(+) and introduced into 200R45. Shown in
parentheses are numbers of transformants avirulent on R81/ numbers of transformants tested. (E)
Structure of PBY2 (ORF40). (F) Comparison of chromosomes 1 and 2 of MZ5-1-6 and Br48. PBY2
represents ORF40 in Br48 (ORF40P") while PBYI represents a gene identical to ORF4 in MZ6-1-6
(ORF4M?) (G) Validation of the function of PBY2 and PBY1. Eight-day-old primary leaves of Ngt, H4,
R74, and R81 were inoculated with Br48 (MoT), Br48APBY2 (Br48 with disrupted ORF405"),
Br48APBY2+PBY2 (Br48APBY?2 carrying re-introduced ORF40%"), MZ5-1-6 (MoE), MZ5-1-6APBY 1
(MZ5-1-6 with disrupted ORF40M?%), and MZ5-1-6APBY 1+PBY1 (MZ5-1-6APBY 1 carrying re-
introduced ORF40 M%), Genotypes of the cultivars are shown in parentheses. (H) Distribution of PBY2
and PWT7 in P. oryzae. The presence/absence of their functional/nonfunctional homologs was plotted on
a phylogenetic tree constructed with RAxXML-ng software, using the biallelic single nucleotide
polymorphism sites in 3000 BUSCO genes. PBY?2 includes PBY1 in MoE (EC-II).
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Fig. 4. Role of HMA in effector recognition. (A) Maximum likelihood phylogenetic tree of
representative HM A-integrated TKPs identified on homoeologous group 7 in barley (Hordeum vulgare),
wheat (Triticum aestivum), and Aegilops tauschii. Bootstrap values from 1,000 replications are shown at
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nodes. RWT4, a TKP with a KD-PKD architecture, was used as an outgroup. (B) Heatmap showing
amino acid sequence similarity (%) of domains of the TKPs. (C) Cell death assay with protoplasts.
Protoplasts isolated from barley primary leaves were transfected with pAHC17-LUC containing a
luciferase gene, pZH2Bik containing avirulence genes (PBY2 or PWT7 lacking signal peptides) or no
insert (empty vector), and pZH2Bik containing Rmo2.d, Rwt7, Rmo2.d::HMA(Rwt7) (a construct
encoding Rmo2.d protein kinases fused with Rwt7-HMA), Rpgl, or WTK4. Luciferase activity was
determined 18-hours after transfection and represented as relative activities compared with those in
samples with the empty vector. The experiments were repeated eight times. Results from the eight
replicates were represented as a boxplot with original data points. Center lines show the medians; box
limits indicate the 25th and 75th percentiles; whiskers extend to 1.5x the interquartile range from the 25th
and 75th percentiles. Welch's two-sided t-test was used for the comparisons of relative luciferase activity
between the two groups. Triple and quadruple asterisks indicate significant differences at the 0.1% and
0.01% levels, respectively. NS, not significant. (D) Responses of barley transformants (T;) expressing
Rmo2.d::HMA(Rwt7) to Br48APBY2 and its transformant carrying either PBY2 or PWT7. Genotypes of
the fungal transformants are indicated in parentheses. Presence (+)/absence (-) of the transgene
(Rmo2.d::HMA(Rwt7)) confirmed by PCR are shown below the panels. R, resistant; S, susceptible.
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Fig. 5. A model for the evolutionary trajectory of the Rpgl/Rmo2 family encoding HMA-integrated
TKPs. Hexagons, ellipses, and rectangles represent HMA, pseudokinase, and kinase domains,
respectively. MoO, MoS, MoE, MoL, MoA, and MoT are pathotypes of P. oryzae (M. oryzae) pathogenic
on genus Oryza, Setaria, Eleusine, Lolium, Avena, and Triticum, respectively. Blue and red ovals

represent functional PBY2 and PWT7, respectively, carried by these pathotypes. Blue, red, and green
hexagons represents HMA domains that recognize functional PBY2, PWT7, and AvrWTK4, respectively.
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