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Abstract

Key message Comparative sequence analysis was used to design a SNP marker that aided in the identification of new
sources of oat stem rust resistance.

Abstract New races of Puccinia graminis f. sp. avenae (Pga) threaten global oat production. An A. strigosa accession known
to carry the broadly effective oat stem rust resistance gene, Pg6, was crossed with two susceptible A. strigosa accessions to
generate 198 F,.; families and 190 Fs.¢ RILs. The RIL population was used to determine that Pg6 was a single dominant gene
located between 475 and 491 Mbp on diploid chromosome AA2 of the A. atlantica genome. This region was further refined
by identifying SNPs associated with Pg6 resistance in a panel of previously sequenced A-genome accessions. Twenty-four
markers were developed from SNPs that showed perfect association between the Pg6 phenotype and 11 sequenced Avena
diploid accessions. These markers were validated in the RILs and F,.; families, and the markers most closely linked with
resistance were tested in a diverse panel of 253 accessions consisting of oat stem rust differentials, all available diploid Avena
spp. accessions, and 41 A. vaviloviana accessions from the National Small Grains Collection. One SNP marker located at
483,439,497 bp on AA2, designated as AA2_483439497, was perfectly associated with the Pg6 phenotype in Avena strigosa
diploids and was within several Kb of a resistance gene analog, RPP13. The marker results and seedling testing against Pga
races DBD, KBD, TIJS, and TQL enabled the postulation of Pg6 and potential new sources of resistance in the Avena panel.
These results will be used to infer Pg6 presence in other germplasm collections and breeding programs and can assist with
introgression, gene pyramiding, and cloning of Pg6.

Introduction

Oat (Avena sativa L.) is an important cereal crop with
23 million t of oat grain harvested globally in 2018
(FAOSTAT 2020). Dehulled oat groats are high in protein,
antioxidant polyphenols, and saponins. Oat grain is high
in #-glucan soluble fiber, which can lower plasma glucose
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and cholesterol levels (Pomeranz et al. 1971; Fardet 2010).
Oat is also used extensively as grain and forage for cattle,
horses, and poultry and can provide a nutritive complement
or organic alternative to other animal feed (Federizzi and
Mundstock 2004; Winkler et al. 2018).

Oat stem rust caused by the fungal pathogen Puccinia
graminis f. sp. avenae Erikss. and Henning (Pga) is an eco-
nomically important foliar disease of oat. Urediniospores
of Pga rapidly proliferate on susceptible oat cultivars and
can cause severe yield and quality losses under favorable
environmental conditions (Roelfs and Long 1980; Martens
1985). Van Niekerk et al. (2001) demonstrated that after an
experimental stem rust epidemic, oat grain yield and test
weight were reduced by 85% and 45%, respectively. His-
torically, oat profit margins were low (Hoffman and Livezey
1987) making genetic resistance an attractive, cost-efficient
form of disease control for this crop.

Stakman et al. (1923) first documented physiologic races
of Pga and specific virulence patterns on a set of three
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differential oat varieties. Since then, 15 unique, numbered
oat stem rust resistance (Pg) genes and the Pg-a complex
have been described (Fetch and Jin 2007). Many of the Pg
resistance genes are ineffective at high temperatures and
were originally described in hexaploid oat accessions (Fetch
and Jin 2007; Boshoff et al. 2019). Resistance conferred by
Pg6, originally identified in the A-genome diploid, Avena
strigosa Schreb. accession Clav 6956, is temperature insen-
sitive and has been widely effective against North Ameri-
can Pga isolates. Of the 77 North American oat stem rust
races evaluated by Fetch and Jin (2007), only two, NA1 and
NA70, showed virulence to Pg6. Similarly, a survey of oat
stem rust isolates from a recent epidemic in Hebei Province,
China, detected virulence to all Pg genes except Pg6 and
Pgl5 (Li et al. 2015). However, virulence surveys of oat
stem rust isolates from oat-producing regions in Australia
and South Africa have detected a high frequency of iso-
lates with virulence to Pg6 (Adhikari et al. 2000; Boshoft
et al. 2019). Steinberg et al. (2005) evaluated 9978 Avena
spp. accessions from the Canadian, US, and Israeli national
germplasm repositories and concluded that A. strigosa
accessions might harbor novel sources of resistance. Unfor-
tunately, field-resistant accessions from their study (Stein-
berg et al. 2005) were susceptible to oat stem rust race NA1,
which indicated the widespread presence of Pg6 in the tested
group of accessions.

Race-specific oat crown rust resistance has been quickly
overcome in North America due to rapidly evolving Puc-
cinia coronata Corda. f. sp. avenae Eriks. (Pca) popula-
tions on the alternate host, buckthorn, Rhamnus cathartica
L. (Carson 2008). In contrast, the Pga population may be
more stable in North America due to eradication efforts of
the stem rust alternate host, barberry (Berberis vulgaris L.).
For a closely related disease, wheat stem rust, combining
two to three adult plant resistance (APR) genes in a single
cultivar, has been shown to be an effective control strat-
egy (Rouse et al. 2014; Kosgey et al. 2021). There are two
known APR oat stem rust sources, Pg/l and Pgl7 (Fetch
and Jin 2007), but Pg17 has been reported to have extremely
high levels (70 to 90% severity) of disease in oat stem rust
field trials in Canada (Steinberg et al. 2005). To protect oat
production from oat stem rust epidemics, it is imperative
that oat rust surveys continue to document pathogen race
diversity and new sources of effective resistance identified
and characterized.

Molecular markers closely linked with known stem rust
resistance genes provide a quick way to identify germ-
plasm with potentially novel resistance. RFLP markers
have been developed for Pg9 near an oat prolamin gene,
pOp6 (O’Donoughue et al. 1996). SNP markers have
recently been developed for Pg2 at 241 ¢cM on Mrg 20
(Kebede et al. 2020b) and Pgl3 between 67 and 69 cM on
Mrg 18 (Kebede et al. 2020a). Recently, the first genome
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sequences for the A-genome A. atlantica and C-genome, A.
eriantha (Maughan et al. 2019), and a publically released
genome reference for the ACD-genome, A. sativa (PepsiCo
2020), became available. These pseudo-molecule, refer-
ence-quality sequences may provide access to additional
molecular variants with close linkage to resistance loci.
The purpose of this study was to design diagnostic
molecular markers for Pg6 in order to determine if diploid
Avena accessions offer new sources of stem rust resist-
ance. This goal was accomplished by (1) genetic mapping
of the Pg6 locus in two bi-parental mapping populations,
(2) comparative sequence-based SNP marker develop-
ment within the Pg6 target region in A. strigosa acces-
sions, (3) screening of available diploid oat accessions
from the National Small Grains Collection (NSGC) with
Pg6-specific Pga races and markers, and (4) identifying
accessions with unique resistance for further study.

Materials and methods
Population development

An A. strigosa accession carrying Pg6, Clav 6956, was
crossed as the pollen parent with two A. strigosa acces-
sions susceptible to stem rust, Clav 2524 and PI 573582.
The resulting populations were denoted as 2524/Pg6 and
573582/Pg6. The 2524/Pg6 population consisted of 198
F,.; families, and the 573582/Pg6 consisted of 190 Fs.¢
recombinant inbred lines (RIL) generated by single seed
descent.

Avena spp. validation panel

Accessions of all of the diploid Avena spp. available from
the NSGC were selected for Pg6 validation including: A.
atlantica, A. brevis, A. nuda., A. strigosa, A. wiestii, A.
damascena, A. longiglumis, A. eriantha, and A. ventricosa
(Table 1). Four of these species including A. atlantica, A.
brevis, A. strigose, and A. wiestii were previously shown to
compose a single A-genome species complex. An additional
41 accessions of the tetraploid AB-genome oat, A. vavilo-
viana (Malzev) Mordyv., were selected based on reports of
novel intermediate levels of field resistance in this species
and its previous diploid classification (Steinberg et al. 2005).
Together, there were 253 accessions selected for Pg6 resist-
ance validation including 198 diploid accessions, 41 tetra-
ploid accessions, 12 A. sativa stem rust differentials obtained
from the USDA-ARS Cereal Disease Lab (CDL), and three
susceptible A. sativa cultivars ‘Marvellous,” ‘Otana,” and
‘Rodney 0’ (Supplementary Table S1).
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Table 1 Avena species genome assignment, ploidy, number of accessions tested, and Pg6 postulation

Avena species Genome* Ploidy No. tested Pg6 phenotype®  Pg6 genotype® Other
resistance?

A. atlantica B. R. Baum and Fedak A, 2n 2 0 0 2

A. brevis Roth A, 2n 22 2 2 0

A. damascena Rajh. & B. R. Baum Ay 2n 3 0 0 0

A. eriantha Durieu G, 2n 9 0 0 0

A. longiglumis Durieu A 2n 17 6 1 2

A. nuda L A, 2n 9 0 0 0

A. strigosa Schreb A 2n 127 46 41 5

A. ventricosa Balansa ex Coss C, 2n 2 0 1 0

A. wiestii Steud A 2n 6 2 1 0

A. vaviloviana (Malzev) Mordv AB 4n 41 0 0 11

A. sativa L ACD 6n 15 0 0 13

4Genome assignment based onYan et al. (2016)

"Based on a typical Pg6 phenotypic response of 0; or;13 to races DBD, KBD and TJS and an IT of 3 or 4 to TQL
“Number of accessions that carry the Pg6 resistant-associated allele for AA2_483439497

4 Accessions with resistance reactions that are not typical of Pg6, as described above

Inoculation and phenotyping

Seedling phenotyping was carried out as previously
described for the CDC Boyer/GS-7 population in Kebebe
et al. (2020a). Oat stem rust race KBD (virulence pattern
shown in Table 2) was used to inoculate seedlings of the
573582/Pg6 and 2524/Pg6 populations in three and four
independent replications, respectively. Within each test,
two seeds per family were planted into containers (3.8 mm
diameter X 210 mm depth, Stuewe & Sons, Inc., Tangent,
OR). Three replicates of each parent were included in each
population, and the planting order was randomized within
each replication. Oat stem rust races DBD, KBD, TQL and
TJS (Table 2) were used in separate tests to inoculate the
253 Avena accessions within the diversity panel and postu-
late the presence of Pg6. Race TIS is virulent to all known
stem rust resistant genes except Pg6, Pgl0, and Pgl6 while
TQL is virulent to Pg6 and was used to postulate Pg6 pres-
ence. Seedling infection types (IT) were recorded on the
first seedling leaves 14 days after inoculation based on the

0=fully resistant to 4 =fully susceptible scale developed by
Stakman et al. (1962). Seedlings were classified as resistant
if they had an IT below 3 and susceptible if they had an IT
of 3 or above. Individual accession phenotype data for each
of the four oat stem rust races are listed in Supplementary
Table S1 and are available from the US National Germplasm
System online database: Germplasm Resources Information
Network (GRIN), accessed at https://npgsweb.ars-grin.gov/
gringlobal/search.aspx.

Genetic mapping

DNA was extracted from leaf tissue following the protocol
described by Sika et al. (2015). A 2 cm section of leaf tissue
from seedlings with two or three leaves was collected into
96-well Corning® Costar® tubes (Corning, NY). Tissue was
macerated in an extraction buffer composed of 1% sodium
dodecyl sulfate, and 5 M NaCl, and the resulting homoge-
nate was spun at 3500 rpm for 15 min. Supernatant was

Table 2 Puccinia graminis f. sp.

b

Race? Isolate Effective/ineffective Pg genes Number of accessions
avenae races used and number
of accessions resistant to each Resistant Susceptible
e DBD 051ID107 1,2,4,6,8,9, 10,12, 13,16/ 3, 15 87 147

KBD 141D001 1,6,8 9 10,12,13,16/2, 3,4, 15 71 166

TIS 07ND124 6,10,16/ 1,2, 3,4, 89,12, 13,15 64 166

TQL 11TX004-8 9,10,13,15,16/1, 2, 3,4,6,8 12 17 219

“Based on the letter code system of nomenclature for Pga (Fetch and Jin 2007)

b Accessions tested from the 253 Avena spp. diversity panel

Pg genes shown in bold are effective to the the race in the corresponding row
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washed with 500 pl of 2-propanol, placed on ice for 5 min,
then spun at 3500 rpm for 15 min. Resulting DNA pellets
were washed with 500 pl of 70% ethanol and suspended in
100 pl of 10 mM Tris—HCI pH 8.0.

DNA samples from 140 Fs., families and two parent rep-
licates from the 573,582/Pg6 population were sent to the
USDA-ARS Small Grains Genotyping Laboratory in Fargo,
ND, where they were genotyped using the 6 K iSelect SNP
assay as described by the manufacturer (Illumina, San
Diego, CA). Manual allele clustering was performed using
Genome Studio v.2.0.2 (Illumina). JMP Genomics v.9.0
(SAS Institute Inc., Cary, NC) was used to filter curated
markers for all subsequent linkage analyses. Heterozygous
calls were excluded from the analysis as were markers with
minor allele frequency (MAF) < 5%, or missing data> 10%.
Within this A. strigosa population, 4514 of the 4852 Illu-
mina SNP markers either did not amplify or were mono-
morphic between the parents. A final set of 238 markers and
136 families and the parents were used to perform linkage
analysis.

Stem rust infection types were coded so that 0 =sus-
ceptible, 1 =mixed or segregating, and 2 =resistant for
preliminary linkage analysis. Using JMP Genomics v.9.0,
SNP markers were assigned to seven linkage groups, that
expected for A-genome diploids, and genetic distances were
calculated through the interactive hierarchical clustering and
linkage map ordering processes using the Kosambi mapping
function. Composite interval mapping was used to find LOD
scores, additive effects, and percent variation explained by
each marker.

Bioinformatics and marker design

The recently published A. atlantica (diploid A-genome)
reference genome sequence (Maughan et al. 2019) was
used to locate the mapped genetic region by searching for
SNP sequences using the Comparative Genomics (CoGe)
BLAST function https://genomevolution.org/coge/CoGeB
last.pl. Ten accessions of Avena strigosa and its homotype
Avena brevis that were previously sequenced by Maughan
et al. (2019) were identified for which consistent disease
phenotypes were available. An additional sequenced acces-
sion with unknown phenotype (PI 436102) was included for
diagnostic purposes. These 11 previously sequenced acces-
sions (Supplementary Table S2) were analyzed for addi-
tional resistant associated SNPs within the genomic region
linked with Pg6 resistance between 475 and 490 Mbp using
Fast-WGS (Torkamaneh et al. 2018). Fast-WGS employed
BWA version 0.7.17 to map paired-end Illumina sequence
reads of whole-genome shotgun libraries with a minimum
base quality of 20 to the A. atlantica reference genome.
Mapped reads with minimum map quality of 20 were sorted
by Samtools version 0.1.19 to generate sorted BAM files.
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Platypus version 0.8.1.1 (Rimmer et al. 2014) was used to
call sequence variants with a minimum of two reads per vari-
ant and create the output VCF file. The VCF file was filtered
with VCFtools version 0.1.16 (Danecek et al. 2011) to retain
only bi-allelic SNPs in the identified map region.

Results in VCF format were further filtered to specifically
identify SNP variants that were diagnostic between resist-
ant and susceptible accessions and then to record these as
simple genotype strings, where ‘0’ represents the reference
allele (A. atlantica), ‘1’ represents the alternate allele, ‘h’ is
a heterozygote, and ‘x’ is missing data. SNPs that matched
string patterns corresponding to perfect associations (i.e.,
the string patterns described in Supplementary Tables S2
and S3) were recorded for further work, while a set of 13
SNPs that did not match these strings were selected ran-
domly as non-associated controls. An in-house script was
used to extract 50 bp of context sequence on either side of
each target SNP from the A. atlantica reference genome
and to produce a SNP design string showing all target and
non-target SNPs within this design string (Supplementary
Tables S4 and S5).

Competitive SNP molecular marker assays were designed
by 3CR Bioscience (Harlow, UK). SNP assays were
designed from the two Illumina SNP sequences that flanked
either side of the Pg6 locus in the RIL population, and 24
assays were designed from the A. atlantica sequence design
strings. Only sequences with the primary target SNP and < 1
additional SNP were used for primer design (Supplementary
Table S6). Primers were ordered through IDT (Coralville,
IA). Assays were tested according to the PACE™ master
mix protocol described by 3CR Bioscience (Harlow, UK).
In each well, 5 ul of gDNA (20 ng/ul), 0.138 pul of assay mix
(12 uM of each competing forward primer, 30 uM of the
common primer and 46 pM of water), and 5 ul of 2X PACE
master mix were added. Cycling conditions were 94 °C for
15 min, 10 cycles of 94 °C for 20 s and 65 °C for 60 s with
an annealing temperature decrement of 0.8 °C per cycle, and
30 cycles of 94 °C for 20 s and 57 °C for 60 s. When cycling
had ended, assays were read for FAM and HEX fluorescence
with a CFX96 or CFX384 (BioRad, Hercules, CA). Assays
that showed SNP polymorphism between accession Clav
6956 (Pg6 carrier) and the susceptible parents were tested
in the 573582/Pg6 RIL population. A subset of markers that
were closest to the resistance locus were validated in the
2524/Pg6 population and the diverse panel of 253 Avena
spp. accessions described above.
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Results
Seedling resistance

When inoculated with Pga races DBD, KBD, and TJS, the
Pg6 differential accession Clav 6956 showed resistant ITs
that ranged between ‘0;” and ‘;13—" and the susceptible
parents, Clav 2524 and PI 573,582, had ITs that ranged
between ‘3’ and ‘4’ (Fig. 1, Supplementary Table S1). The
2524/Pg6 F,.; population fit a single dominant gene model
segregation ratio with 88 resistant families, 61 segregat-
ing families and 49 susceptible families across four trials
(¢*=3.9, P=0.14). The 573582/Pg6 Fs.¢ population RILs
also fit a single gene model with 95 resistant lines, 6 segre-
gating lines and 89 susceptible lines recorded across three
trials (y*=0.38, P=0.83).

Seedling resistance to Pga races DBD, KBD, and TJS
was widespread within the diversity panel. Approximately
30% of the Avena spp. accessions were resistant to these
races (Table 1), but only 8 of the accessions showed resist-
ance to race TQL. Accessions susceptible to Pga race TQL
and with clear resistance ITs of 0; to;13 to Pga races DBD,
KBD, and TJS were postulated to carry Pg6. Within the
diversity panel, 56 such accessions were identified, and
all were A-genome diploids, primarily from A. strigosa
(Table 3).

Twenty accessions exhibiting resistance had ITs across
Pga races that did not match the expected Pg6 pheno-
typic profile (Table 4). Only eight of the potentially novel
sources were resistant to race TQL, and the others had

Fig.1 Avena strigosa primary leaf infection type (IT) phenotypes
inoculated with oat stem rust race KBD and shown 14 dpi; from left
to right, Clav 6956 carrying Pg6 with two different ITa; Nandb; 1,
¢ Susceptible parent, Clav 2524, with IT 3 +and d susceptible parent,
PI1 573,582, with IT 4

resistance that was unique in another way. For instance,
eight of the accessions were resistant to Pga race DBD,
but susceptible to all the other tested races. Of the unique
resistant accessions, 11 were tetraploids from Ethiopia and
three of those, P1 412764, P1 412765, and PI 412768, had
consistent ‘2’ ITs across races. Within the diploid group,
PI 131695, PI 158247, and PI 657297 had the lowest ITs
to race TQL.

Marker development and validation

A sparse genetic map with seven linkage groups was con-
structed from 238 polymorphic SNPs generated from the
573582/Pg6 Fs., bi-parental population. Thirteen of the
SNP markers were linked within 10 cM of the Pg6 locus,
and one [1lumina SNP, GMI_ES02_¢32129_380, showed
a high LOD and additive effect values (Table 5). The
resistance locus was initially mapped to a region between
475 and 491 Mbp on chromosome AA2 (scaffold Sco-
FOjO_1702_2338) with the closest Illumina SNP marker
at 490 Mbp on AA2. Of the 13 closely linked Illumina
SNP markers, 12 were mapped to the A. atlantica refer-
ence genome and their linkage map order was generally
consistent with their physical positions (Table 5).

A total of 196,468 variant calls were made in the 15
Mbp sequenced target region associated with the Pg6 locus
across the 11 sequenced accessions shown in Supplemen-
tary Table S2. These variants were further filtered based
on string patterns (Supplementary Table S3) to identify a
set of 1,338 SNPs having one allele in all five putative Pg6
accessions and the other allele in all five susceptible acces-
sions (Supplementary Table S4). The sequence for this
target region can be accessed in a genome browser hosted
by GrainGenes (Blake et al. 2019) at the link provided in
Supplementary Table S3. Interestingly, only strings 1 or 4
(Supplementary Table S3) were found, suggesting that the
unknown accession PI 436102, formerly misclassified as
A. sativa, is most likely an A. strigosa accession that car-
ies the Pg6 allele. All of the filtered Pg6-associated SNPs
were located exclusively in three clusters between 478 and
484 Mbp, with the cluster between 478.4 and 479.4 Mbp
showing the highest frequency of perfect associations
(Fig. 2 and Supplementary Table S5).

SNP assays were designed for two of the flanking Illu-
mina SNPs and 24 of the perfect Pg6-associated SNPs
across the region of interest (Supplementary Table S6).
Most of the assay designs were near two resistance gene
analogs (RGAs). One RGA was a leucine-rich repeat
receptor-like protein kinase (LRRK) in a 3-kb region
beginning at 478,733,268 bp, while the other RGA was
the 5 kb Resistance to Peronospora Parasitica protein 13
(RPP13) beginning at 483,423,997 bp. Thirteen of the
assays were polymorphic between the Pg6 carrier, Clav
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Table 3 Accessions postulated to carry oat stem rust resistance gene, Pg6 based on genotype (Based on SNP AA2_483439497) and infection
type (Infection type scale according to Stakman et al. (1962) where 0 =immune and 4 =fully susceptible) when challenged with four Pga races

Accession Species Origin Pg gene postulation Pg6 genotype Pga race
DBD KBD TIS TQL

PI 119009 A. brevis Brazil Pg6 + H H N 3+
PI 158204 A. brevis Portugal Pg6 + 1; 4 3= 4
Clav 9088 A. longiglumis Morocco Pg6 - ;1 ; ;1 3+
PI 657295 A. longiglumis Morocco Pg6 - ;1 ;13 HE 4
PI 657342 A. longiglumis Morocco Pg6-mixed ;1 ;1 /3 4
PI 657386 A. longiglumis Morocco Pg6-mixed - ;1 ;1 3= 3
PI 657388 A. longiglumis Morocco Pg6 ; 33— 3
PI 657389 A. longiglumis Morocco Pg6 ; 1= 3
Clav 2525 A. strigosa UK Pg6-mixed +/- 3+ /4 4 4
Clav 4639 A. strigosa Brazil Pg6 + 0; H 0;1 4
Clav 5057 A. strigosa Soviet Union Pg6 + N3 — ;N N3 — 4
Clav 5082 A. strigosa Uruguay Pg6 + 0; ; 0; 4
Clav 6858 A. strigosa Uruguay Pg6 + 0 ; ;13— 3+
Clav 6956 A. strigosa Canada Pgo6 differential + ;1- 1 31 4
Clav 7010 A. strigosa Brazil Pg6 + 0; R 0; 3+
Clav 7280 A. strigosa USA Pg6 + 0 ; 0;1— 3+
Clav 8087 A. strigosa Spain Pg6 + ; ; ;1 3+
Clav 8089 A. strigosa USA Pg6 + 0 0; 0; 3+
Clav 9020 A. strigosa Argentina Pg6 + 0; ; 0; 3+
Clav 9021 A. strigosa Canada Pg6 + 0 ; 0 3+
Clav 9035 A. strigosa Russia Pg6 + ; ; ; 3
Clav 9038 A. strigosa UK Pg6 + ; ; ; 3
ClIav 9065 A. strigosa Canada Pg6 + e ] ; 3+
Clav 9066 A. strigosa Canada Pg6 + 1 H 3= 3
PI 158245 A. strigosa Spain Pg6 + ; ;1 ; 3
PI 158246 A. strigosa Spain Pg6 + 0 31 ; 3
PI 186606 A. strigosa Brazil Pg6 + 0; H H 3
PI 244466 A. strigosa Brazil Pg6 + 0; ; ;1 3+
PI 244470 A. strigosa Brazil Pg6 + ; 0 ;1 3+
PI 244471 A. strigosa Brazil Pg6-mixed +/— /3 /4 /3 3
PI 244472 A. strigosa Brazil Pg6 + 0; ; 1= 3
PI 258730 A. strigosa Spain Pg6 + 0; 0; ; 3
PI 258731 A. strigosa Spain Pg6 + ;1 3N ;1 3+
PI 258733 A. strigosa Spain Pg6 + ; ;1- ;1 3
PI 291990 A. strigosa Israel Pg6 + ; 0; ; 4
PI 291991 A. strigosa Israel Pg6 + 0; ; 0; 4
PI 292226 A. strigosa Israel Pg6 + 0; ; 0; 4
PI 304557 A. strigosa UK Pg6 + R ;1 ;1 3
PI 436031 A. strigosa Chile Pg6 + 2; H O;N 4
PI 436080 A. strigosa Chile Pg6 + 0; JIN H 4
PI 436081 A. strigosa Chile Pg6-mixed - N 4 :N/3 4
PI 436103 A. strigosa Chile Pg6 + 0; 0; H 4
P1 436104 A. strigosa Chile Pg6 + 0; 0; 0 4
P1 436105 A. strigosa Chile Pg6 + 0; ; 0 4
PI 436106 A. strigosa Chile Pg6 + 0 0; 0 4
PI1 436108 A. strigosa Chile Pg6 + N ; ;N/3 4
P1436109 A. strigosa Chile Pg6 + 0 ; 0 3+
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Table 3 (continued)

Accession Species Origin Pg gene postulation Pg6 genotype Pga race

DBD KBD TIS TQL

PI 436110 A. strigosa Chile Pg6 + 0; ; 0 4

PI436111 A. strigosa Chile Pg6 + 0; ;IN 0; 4

PI 436114 A. strigosa Chile Pg6 + 0; 0 0 4

PI 436117 A. strigosa Chile Pg6 + 0; ; 0; 4

PI 436118 A. strigosa Chile Pg6-mixed +/—- /4 4 ;1/3 4

PI 573584 A. strigosa Spain Pg6 + H 3 2 3

PI 573585 A. strigosa Spain Pg6-mixed + 4 ;4 0/3+ 4

Clav 9053 A. wiestii Canada Pg6 + ;N ;1313 3+

PI 657352 A. wiestii Morocco Pg6 - N H ;1 4

Tal.)le 4 Avena acc;essions with Accession  Species Origin Pg gene postulation Pg6 genotype Pga race

unique and potentially novel

oat stem rust resistance based DBD KBD TJS TQL

on genotype (Based on SNP

AA2_483439497) and Pga race PI 657294 A. atlantica Morocco ? - 4 4

phenotypes (Infection type scale  PI 657393  A. atlantica ~ Morocco  ? - 1+ 4 3 3

according to Stakman et al. P 657297 A. longiglumis Morocco ?-mixed B- 1 B 23

(1962) where 0 =immune and ) .

4="fully susceptible) P1 657387 A. longiglumis Morocco ? - ;1 4 3 3
PI 131695 A. strigosa Poland  ? - 4 3 34
PI 131640 A. strigosa Poland ? - ; 4 3 3+
PI 158247 A. strigosa Portugal ? + 2 4 2 23—
PI 186614 A. strigosa Brazil ? - 4 4 4 4
PI361911 A. strigosa Romania ? - 2 4 3+ 3+
P1 412726 A. vaviloviana Ethiopia ? - 1+3- 3+ 3 3
P1412742 A. vaviloviana Ethiopia ? - 1+3 3 13 3+
P1 412748 A. vaviloviana Ethiopia ? - 13- 3 3- 3
P1 412749 A. vaviloviana Ethiopia ? - 2 2 2 22+
PI1 412751 A. vaviloviana Ethiopia ? - 13- 3 3 3+
P1412752 A. vaviloviana Ethiopia ? - 13— 3 3 3+
P1412764 A. vaviloviana Ethiopia ? - 2 2+ 2 2
PI1412765 A. vaviloviana Ethiopia ? - 2 2 2 2—
P1412766 A. vaviloviana Ethiopia ? - 2 2+ 2 3
P1412767 A. vaviloviana Ethiopia ? - 2 2 3 2—
P1412768 A. vaviloviana Ethiopia ? - 2 2 2 2—

6956, and the two susceptible A. strigosa parents, Clav
2524 and PI 573,582 (Table 6). SNPs near the LRRK RGA
were between 3.4 and 5.3 cM and 6.4 and 10.1 cM rela-
tive to Pg6 carrier status in the 573582/Pg6 population
and 2524/Pg6 population, respectively. SNPs near the
RPP13 RGA were perfectly aligned with the Pg6 pheno-
types in the 573582/Pg6 population and between 0.0 and
4.9 cM relative to the Pg6 carrier statusin the 2524/Pg6
population.

Selected SNP assays showing close linkage with the
resistance locus in the mapping populations were well
aligned with postulated Pg6 phenotypes in the diverse
panel of 253 Avena accessions (Supplementary Table S1

and Fig. S1). The SNP assay showing the best association
with Pg6 resistance, AA2_483439497, corresponded per-
fectly with the Pg6 phenotype of every A. strigosa acces-
sion (Table 6, Supplementary Table S1). Additionally,
AA2_483439497 correctly differentiated every A. sativa
Pg differential, tetraploid A. vaviloviana accession, and
showed failed reactions in all but two of the C-genome
A. eriantha and A. ventricosa accessions (Supplementary
Table S1).
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Table 5 Mapping the Pg6 locus using Pga KBD IT phenotypes, 238
SNP and 136 RILs from the 573582/Pg6 RIL population marker

cM?®*  Mbp® LOD Additive® R?
GMI_ES_CC7849_819 4822 469.0 3.0 0.51 0.10
GMI_DS_LB_10925 4784 4846 44 0.64 0.15
GMI_GBS_37983 4784 4720 44 0.64 0.15
GMI_DS_LB_7139 4784 4723 44 0.64 0.15
GMI_DS_LB_2908 4784 4722 44 0.64 0.15
GMI_DS_LB_5657 47.84 44  0.64 0.15
GMI_ES15_Irc19156_98 47.84 470.6 4.4 0.64 0.15
GMI_GBS_9578 4579 4749 56 087 0.18

Pga_KBD_locus 40.6

GMI_ES02_c32129_380 35.22 491.1 60.7 1.83 0.89
GMI_ES22_c12033_457 35.22 490.2 209 137 0.53
GMI_ES15_¢c16513_175 3446 491.8 33 0.63 0.11
GMI_ESO01_c25986_126 32.51 4936 33 0.56 0.11
GMI_GBS_53244 3062 4952 19 041 0.07

Linkage groups (LG) c¢M positions calculated from the SNPs and
phenotypes within the population

Physical positions on chromosome AA2 of the Avena atlantica
genome sequence using Comparative Genomics (CoGe) BLAST

“Additive effect where stem rust infection types were coded so that
0 =susceptible, ] =mixed or segregating, and 2 =resistant
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Fig.2 Number of SNP variants with perfect Pg6 phenotype asso-
ciation across a group of 11 A-genome Avena accessions; candidate
resistant genes are shown for reference

Discussion

In the present study, 56 Avena accessions were postulated
to carry Pg6 and 20 Avena accessions were identified with
potentially novel resistance (Table 4). Unique resistance
was rare in the diploids and only three accessions, PI
158247, an A. strigosa accession from Portugal, PI 131695
an A. strigosa accession from Poland and PI 657297 an
A. longiglumis accession from Morocco showed moderate
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resistance to race TQL. Additionally, PI 186,614, from Rio
Grande do Sul, Brazil, had a unique ITs pattern across the
Pga races and did not contain the allele associated with
Pg6. All four of these diploid accessions warrant addi-
tional study to determine if their unique resistance is con-
ferred by novel resistance genes.

Four of the accessions in this study were resistant to
DBD but susceptible to all the other races tested. This type
of race-specific resistance has not been previously docu-
mented within A-genome Avena species. This resistance
could be conferred by either Pg2 or Pg4, as these genes
are effective against race DBD and ineffective against race
KBD, or some previously unreported resistance. How-
ever, this DBD-only resistance will be ineffective in fields
where virulence to these genes is widespread.

Steinberg et al. (2005) identified 35 accessions of the
9978 tested as having high levels of field resistance to oat
stem rust. Of these, 33 were susceptible to race NA1 with
virulence to Pg6, indicating that these accessions may
carry Pg6. We were able to compare 22 of the accessions in
their study using PI/CI accession numbers matching acces-
sions with Pg6 postulations in the present study and deter-
mined that all of them likely contain Pg6 (Supplementary
Table S1). In their study, only two A. barbata accessions,
CN 23731 and CN 26171, were resistant to NA1 with IT
of 0;1, which was more pronounced resistance than the IT
of ‘2’ exhibited by the resistant tetraploid accessions in the
present study, and may represent another novel source of
resistance.

Five A. vaviloviana accessions from Oromiya, Ethiopia,
had resistant ITs of ‘2’ across the oat stem rust races tested
(Table 4). A. vaviloviana is an allotetraploid species with
an AB-genome that is closely related to A. barbata Pott
ex Link and A. abyssinica Hochst. (Chew et al. 2016; Yan
et al. 2016). Intermediate levels of field resistance to oat
stem rust were previously reported at low frequency among
tested accessions in all three species (Steinberg et al. 2005).
Given their similar origin, collection date, and IT, these
five A. vaviloviana accessions likely contain a single novel
source of resistance which warrants further investigation.
A. barbata and A. abyssinica may harbor additional novel
alleles, and accessions from these species and other tetra-
ploids should be tested against important oat stem rust races
DBD, TIJS and TQL to identify additional resistant sources.

All 56 Pg6-carrying accessions from the diversity panel
were A-genome diploids with A  or A, genomes (Table 1).
Maughan et al. (2019) demonstrated that A. atlantica, A.
strigosa, and A. wiestii constitute a single species complex
differentiated by seed dispersal mechanisms, whereas A. bre-
vis could not be genetically differentiated from A. strigosa.
Fifty-one of the postulated Pg6-carrying accessions were
in this A clade and six accessions were in the distantly
related A. longiglumis clade. The SNP marker most closely
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Table6 SNP marker analysis Marker Chr Position (bp) R SNP* 573,582/Pg6 2524/Pg6 cMC  Misclassified?

with genetic distances from cMP
the Pg6 resistance locus in two

bi-parental mapping populations  GMI_ES15_Irc19156_98 AA2 470,632,868 C/T 143 8.2 24
:‘i‘iﬂ‘;“s“t‘fi;;’i ﬁ;gli:;ﬁed AA2_478733268 AA2 478,733,268 T/C 52 10.1 17
AA2_478733705 AA2 478,733,705 A/C 34 7.4 19
AA2_478736172 AA2 478,736,172 G/A 53 6.4 15
AA2_479335146 AA2 479335146 A/C 6.3
AA2_479345016 AA2 479345016 C/T 110
AA2_482018487 AA2 482,018487 C/T 42
AA2_482100965 AA2 482,100,965 C/T 2.6
AA2_483427147 AA2 483427147 CIG 0.0 2.3 5
AA2_483429191 AA2 483429191 A/G 0.0 3.6 8
AA2_483439497 AA2 483439497 C/T 0.0 0.0 0
AA2_483451960 AA2 483451960 A/G 0.0 49 8
AA2_483503144 AA2 483,503,144 C/A 1.4
AA2_485680524 AA2 485,680,524 C/T 53
GMI_c32129_380 AA2 491081975 C/T 122 5.6 2

4SNP underlined and in bold type is associated with the resistant parent

®Centimorgans from the Pg6 resistance locus in the 573582/Pg6 Fs., mapping population

“Centimorgans from the Pg6 resistance locus in the 2524/Pg6 F,.; mapping population

dNumber of A. strigosa accessions, of the 127 tested, that showed a misclassification between allelic call

and phenotype

associated with the Pg6 phenotype in the diversity panel
matched the Pg6 phenotype in all but one of the A-genome
accessions, but did not align with the Pg6 phenotypes asso-
ciated with A. longiglumis accessions (Table 3). A. longig-
lumis has a distinct morphology from other A-genome spe-
cies, is distantly related to other A-genome diploids, and
is thought to be the progenitor of all extant Avena hexa-
ploids (Yan et al. 2016). It would be interesting to under-
stand whether the resistance in A and A; genome diploids is
conferred by the same gene or different race-specific genes
that have identical resistance patterns across stem rust races.
Cloning Pg6 in A. strigosa and mapping the Pg6-like resist-
ance in A. longiglumis would expand understanding of how
resistance arose in A-genome Avena accessions and might
provide valuable insights into race-specific resistance gene
evolution.

Only 11 C-genome accessions were available for testing,
and they were susceptible to all four oat stem rust races used
in this study (Table 2). A more exhaustive investigation uti-
lizing C-genome accessions from other collections would
be required to conclude that oat stem rust resistance is not
present in C-genome diploids. Recent genetic studies pro-
posed that speciation between the A- and C-genome diploids
occurred between 5.4 and 12.9 million years ago and sub-
sequent tetraploidization and hexaploidization events likely
occurred during the Miocene-Pliocene interval in northwest
Africa (Chew et al. 2016; Liu et al. 2017; Maughan et al.
2019). If further testing verifies that the Pg6 phenotype

is present in only A-genome diploids, then Pg6 may have
arisen after the A-, C-genome diploid speciation event and
was absent in the diploid progenitors of current tetraploid
and hexaploid species.

Eight of the Pg6 carrying accessions showed mixed IT
reactions (Table 3). Mixed IT reactions indicate the impor-
tance of deriving accessions from a single seed source and
retesting the derived line to confirm the phenotype before
proceeding with further genetic testing. Mixed accessions
can also make it difficult to draw conclusive associations
between previously genotyped or sequenced materials and
current phenotyping efforts. Care was taken in this study to
choose accessions with clear phenotypic responses for SNP
development.

Clav 6956, the Pg6 carrier, showed strong seedling
resistance and moderate field resistance to crown rust (T.
Gordon, unpublished). Crown rust resistance in another A.
strigosa accession PI 258731 is remarkably stable and has
been introgressed into hexaploid oat (Rines et al. 2018).
Another broadly effective source of oat crown rust resist-
ance, Pc94, was introduced from the A. strigosa acces-
sion PI 186606, ‘Saia’ from Rio Grande do Sul, Brazil.
The molecular markers that have been developed for the
crown rust resistance loci in PI 258731 and Pc94 are on
A. atlantica chromosome scaffolds ScoFOjO_350_483 and
ScoFOjO_324_449, respectively, whereas Pg6 resistance
was localized to ScoFOjO_1702_2338. These results sup-
port a hypothesis that resistance to these rusts is derived
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from different chromosomal regions, but the relationship
between rust resistance loci within A. strigosa warrants fur-
ther investigation.

Kebebe et al. (2020a) mapped the oat stem rust gene Pgl3
between 67.7 and 68.5 cM on hexaploid linkage group Mrg
18. The diagnostic markers reported for Pgl3 in their study
were between 491,649,525 and 498,515,330 bp on the dip-
loid chromosome AA2. They also found that the oat crown
rust resistance gene Pc91 co-segregated with Pg/3 on Mrg
18 at the 7C-17A translocation breakpoint. Pc91 was origi-
nally introgressed into A. sativa cultivars from the synthetic
hexaploid, ‘Amagalon,” Clav 9364. This line was produced
by crossing the tetraploid A. magna accession, Clav 8330,
with the A. longiglumis line, ‘CW 57, but it is not docu-
mented which species contributed this resistance (Roth-
man 1984). It is apparent that these three rust resistance
genes, Pg6, Pgl3, and Pc91, are very close to one another
on the A-genome. However, Pg6 and Pgl3, show different
race specificity (Supplementary Table S1) and the marker
most closely associated with Pg6 in the present study,
AA2_483439497, is at least 8 Mbp proximal to the markers
closest to Pgl3 and Pc91. Additional testing also indicated
that Amagalon is susceptible to Pga race KBD (T. Gordon,
unpublished). A comparative sequencing technique, like the
one presented in the current study, could be used to elucidate
the relationship between Pg6, Pgl3, and Pc91.

Maughan et al. (2019) previously annotated 1,563 RGAs
within the A. atlantica genome which typically clustered in
sub-telomeric regions. In this study, three clusters of SNPs
aligned perfectly with the Pg6 phenotype in the genomic
region between 475 and 490 Mbp on AA2 (Fig. 2). The
first cluster was composed of 1,138 SNPs, between 478.5
and 479.4 Mbp, the second was composed of 129 SNPs
between 482.0 and 482.4 Mbp and the third was composed
of 69 SNPs between 483.4 and 483.6 Mbp. Within the first
large SNP cluster there was one RGA, a leucine-rich repeat
receptor-like protein kinase (LRRK) in a 3 kb section begin-
ning at 478,733,268 bp and annotated as ‘AA012417’ in the
A. atlantica genome. Most SNPs with perfect association
in this region were located slightly downstream from this
LRRK gene. However, one SNP located at 478,733,705 bp
was within this gene. In contrast, the assay that interrogated
this SNP and other SNPs in the first cluster were several
cM away from the resistance locus in the RIL population
(Table 6).

Another RGA, a 5 kb resistance to Peronospora Para-
sitica protein 13 (RPP13) between 483,422,214 and
483,427,403 bp and annotated as ‘AA012586° was located
in the third SNP cluster. RPP13 is an NBS-LRR protein
which initiates a race-specific hypersensitive response in
Arabidopsis thaliana when challenged with the obligate
biotrophic oomycete pathogen, Hyaloperonospora arabi-
dopsidis (Rentel et al. 2008). The interaction between the
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cloned effector ATR13 and RPP13 elicits a common defense
response that was effective against oomycete, viral, and bac-
terial pathogens (Rentel et al. 2008). Assays used to inter-
rogate SNPs in the region close to the RPP13 analog were
predictive of Pg6, specifically, marker AA2_483439497
was perfectly aligned with the Pg6 phenotype in the map-
ping populations and within the A, genome accessions
in the diversity panel (Table 6). This marker was flanked
by two SNPs, AA2_ 483429191 and AA2_483451960,
that were slightly less predictive of the Pg6 phenotype.
Oddly, the SNP within the RPP13 gene sequence region
AA2_483427147, and the SNP only 2 kb distal to the gene,
AA2_483429191, were less predictive of the Pg6 phenotype
than AA2_483439497 which was 12 kb distal indicating a
slight rearrangement from the expected gene sequence. Nev-
ertheless, since no other annotated RGA genes were found in
this region, these results provide strong support for RPP13
as the candidate Pg6 resistant gene.

NBS-LRR type genes are effective at controlling bio-
trophic and hemibiotrophic pathogens, but wide deploy-
ment of this type of gene has been problematic in the case
of necrotrophic pathogens. Susceptibility to Victoria Blight
caused by the necrotrophic fungal pathogen Bipolaris vic-
toriae was shown to be conferred by the same NBS-LRR
resistance gene that conferred resistance to crown rust
caused by the biotrophic fungal pathogen Pca, and wide
deployment of this type of resistance could induce sus-
ceptibility to necrotrophic pathogens (Lorang et al. 2007).
Despite the close proximity of the most diagnostic SNPs to
an NBS-LRR gene, a causal association has not been made,
and further expression, annotation, and gene cloning studies
will be required to elucidate a mechanism for Pg6 resistance.

In conclusion, Pg6 is a widely effective oat stem rust
resistant gene, and SNP markers closely linked with this
gene enabled identification of novel sources of oat stem
rust resistance from within a diverse collection of Avena
diploid germplasm. A comparative sequencing technique
was used to quickly narrow a genomic region of interest
and select a candidate RGA. The utility of the SNPmarker at
483,439,497 bp on AA2 was validated in diverse germplasm
and can be used to screen additional germplasm collections
and assist with introgression and gene pyramiding of Pg6.
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