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Abstract

Key message We mapped three adult plant resistance (APR) loci on oat chromosomes 4D and 6C and developed
flanking KASP/PACE markers for marker-assisted selection and gene pyramiding. Using sequence orthology search
and the available oat genomic and transcriptomic data, we surveyed these genomic regions for genes that may control
disease resistance.

Abstract Sources of durable disease resistance are needed to minimize yield losses in cultivated oat caused by crown rust
(Puccinia coronata f. sp. avenae). In this study, we developed five oat recombinant inbred line mapping populations to
identify sources of adult plant resistance from crosses between five APR donors and Otana, a susceptible variety. The pre-
liminary bulk segregant mapping based on allele frequencies showed two regions in linkage group Mrg21 (Chr4D) that are
associated with the APR phenotype in all five populations. Six markers from these regions in Chr4D were converted to high-
throughput allele specific PCR assays and were used to genotype all individuals in each population. Simple interval mapping
showed two peaks in Chr4D, named QPc.APR-4D.1 and QPc.APR-4D.2, which were detected in the OtanaA/CI4706-2 and
OtanaA/CI9416-2 and in the Otana/PI1189733, OtanaD/PI1260616, and OtanaA/CI8000-4 populations, respectively. These
results were validated by mapping two entire populations, Otana/P1189733 and OtanaA/CI9416, genotyped using Illumina
HiSeq, in which polymorphisms were called against the OT3098 oat reference genome. Composite interval mapping results
confirmed the presence of the two quantitative trait loci (QTL) located on oat chromosome 4D and an additional QTL with
a smaller effect located on chromosome 6C. This mapping approach also narrowed down the physical intervals to between
5 and 19 Mb, and indicated that QPc. APR-4D.1, QPc.APR-4D.2, and QPc.APR-6C explained 43.4%, 38.5%, and 21.5% of
the phenotypic variation, respectively. In a survey of the gene content of each QTL, several clusters of disease resistance
genes that may contribute to APR were found. The allele specific PCR markers developed for these QTL regions would be
beneficial for marker-assisted breeding, gene pyramiding, and future cloning of resistance genes from oat.

Keywords Adult plant resistance - APR - Oat - Crown rust - Resistance breeding - KASP markers - PACE markers -
Selective genotyping - Sequence-anchored map
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Introduction

The use of genetic resistance is considered the most
important and effective strategy to manage oat crown rust,
a destructive disease caused by the fungus Puccinia coro-
nata f. sp. avenae (Simons 1985; Nazareno et al. 2017).
Resistance to crown rust, or to cereal rusts in general, can
either be race-specific or non-race specific, depending on
the number of genes involved and the nature of resist-
ance (Periyannan et al. 2017). Race-specific resistance
(also called seedling resistance) is usually controlled by a
single gene that encodes nucleotide-binding site leucine-
rich repeat (NBS-LRR) proteins (Dodds et al. 2006). This
type of resistance provides protection all throughout plant
development, but it is vulnerable to the emergence of new
pathogen races through pathogen evolution. Race-specific
resistance to oat crown rust is conferred by Pc genes but
these identified genes have not proven durable; and most
are only effective for less than five years (Carson 2008).
There are more than 100 known Pc genes, and the majority
of these are race-specific and exhibit a hypersensitive reac-
tion phenotype (Klos et al. 2017). Race-specific resistance
results from the recognition of the avirulence (Avr) pro-
tein from the pathogen by the corresponding R protein in
the plant (Flor 1971; Dodds and Rathjen 2010). Effective
sources of seedling resistance have been identified from
A. sterilis, A. strigosa and A. magna, and successfully
introgressed into commercial oat varieties (Simons 1985;
McMullen et al. 2005; Rines et al. 2007, 2018). Some of
the race-specific R genes that have been identified from
wild relatives are still used today but often in combina-
tion with other genes (Brown et al. 2001) or in produc-
tion areas where virulence to those genes has not been
reported (Sowa and Paczos-Grzeda 2020). To date, only a
few race-specific genes have been genetically mapped with
available molecular markers, including Pc38, Pc48, Pc54,
Pc58a, Pc59, Pc68, Pc71, Pc91, Pc92, Pc94, and PcKM
(Penner et al. 1993; Rooney et al. 1994; Bush and Wise
1998; Wight et al. 2004; Chong et al. 2004; McCartney
et al. 2011; Klos et al. 2017). The recent mapping of Pc39,
Pc45, and Pc53 (Admassu-Yimer et al. 2018; Kebede et al.
2019; Sowa and Paczos-Grzeda 2020; Zhao et al. 2020)
adds to the growing list of mapped Pc genes.

Non-race specific resistance, also termed partial or
adult plant resistance (APR), does not prevent all path-
ogen infection and tends to be more durable than race-
specific resistance (Leonard 2002; Carson 2009). Partial
resistance is thought to be polygenic, although it may be
controlled by major loci as suggested by recent studies (Fu
et al. 2009; Krattinger et al. 2009; Lin et al. 2014; Moore
et al. 2015). Non-race specific resistance is generally char-
acterized by a reduction in pathogen multiplication and
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colonization, and a lower disease severity (Pilet-Nayel
et al. 2017). This is often associated with reduced infec-
tion frequency, longer latency period, smaller uredinium
size, and early telia formation (Leonard 2002; Diaz-Lago
et al. 2003). Furthermore, the known genes for partial
resistance are only effective in the adult plant stages;
thus, seedlings are moderately susceptible (Rinaldo et al.
2017; Rines et al. 2018). Some examples of APR genes
in wheat include Lr34, which encodes an ATP-binding
cassette (ABC) transporter that induces flag leaf senes-
cence and simultaneously provides resistance to leaf rust,
stripe rust, and powdery mildew (Krattinger et al. 2009).
Another senescence-associated rust resistance gene is
Yr36, a kinase-START protein whose activity reduces
the ability of the cells to detoxify reactive oxygen spe-
cies (ROS), which leads to host cell death that confers
resistance to stripe rust (Fu et al. 2009; Gou et al. 2015).
In addition, Lr67 is a mutated hexose transporter APR
gene that causes leaf tip necrosis and limits colonization
of biotrophic pathogens (Moore et al. 2015).

The mechanism of APR in oat is still poorly understood,
though a number of oat lines have been identified to be effec-
tive sources of APR. Notably, MN841801, a line developed
by the University of Minnesota, has exhibited a resistant
phenotype in over 30 years of testing under high disease
pressure (Leonard 2002). The resistance in MN841801 is
controlled by a major QTL on oat chromosome 14D (Lin
et al. 2014); however the causal gene has not been iden-
tified so far. Recently, two lines derived from diploid A.
strigosa, MNBT1020-1 and MNBT1021-1, were identified
to be useful sources of APR to crown rust after over 8§ years
of testing. These lines carry two dominant genes in the oat
linkage group Mrg20 conferring the resistance (Rines et al.
2018). Not only do these lines provide durable sources of
resistance but they also offer opportunities to understand
the mechanism of APR in oat through identification and
future cloning of APR genes. In light of the recent crown
rust epidemics in the United States (Nazareno et al. 2017),
more sources of APR are needed to develop oat varieties
with broad spectrum crown rust resistance. In this study, five
recombinant-inbred mapping populations were generated
and mapped with molecular markers to identify APR loci
and developed PCR markers linked to the QTL for marker-
assisted breeding.

Materials and methods

Selection of oat donors with adult plant resistance
(APR) to crown rust

To select for donors of APR based on the phenotype,
thirty-three A. sativa lines were screened at the University
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Fig.1 Selection of APR donors (1-9 severity scale). A Screening
procedure for potential APR sources in the buckthorn nursery and
inoculated greenhouse nursery. B Regression plot of mean crown
rust severity in the buckthorn nursery (BN) and mean crown rust
severity in the inoculated nursery (IN) for the 33 oat lines. Recom-

2 3

4
Mean Severity (BN)

binant inbred mapping populations were developed for the oat lines
are shown in red font; populations that were mapped in this paper
are boxed. The oat differential line postulated to contain the seedling
resistance gene Pc94 was included as experimental control

Table 1 The total number of recombinant inbred lines, number of selected highly resistant and highly susceptible lines, and number of markers
used for bulk segregant analysis (BSA) mapping and QTL validation in each of the mapping populations

Population Total no. No. of selected highly ~ No. of selected highly No. of markers from Oat 6 K No. of GBS markers
of lines  resistant lines for BSA  susceptible lines for BSA SNP Chip used for BSA map- used for QTL valida-
ping tion
OtanaA/CI4706-2 130 12 12 1792 -
OtanaA/CI9416-1 195 12 12 1466 523
Otana/P1189733 185 24 24 1124 307
OtanaD/PI260616-1 191 24 24 1260 -
OtanaA/CI8000-4 227 24 24 1288 -

of Minnesota Matt Moore Buckthorn Plots at the Min-
nesota Agricultural Experiment Station, in St. Paul, MN
(buckthorn nursery), where a sexually recombining crown
rust population is present. In addition, bulk urediniospores
were collected from these field plots, stored, and then used
to inoculate individual entries at the seedling stage under
controlled conditions in the greenhouse (24 °C, 45% rela-
tive humidity). The urediniospores from susceptible pus-
tules observed on these seedlings were collected from each
oat entry. At adult plant stage, the bulk urediniospores
were then used to inoculate the same entry from which
the spores were collected, in a subsequent greenhouse
test with two replicates (Fig. 1 A). Lines with moderate to
low severity reactions in both buckthorn and inoculated
nurseries were selected as parents for biparental mapping
(Fig. 1B).

Mapping populations and crown rust phenotyping

Five recombinant inbred mapping populations derived from
crosses between the susceptible cultivar Otana and five APR
donors were developed using the single seed descent method
(Table 1). Recombinant inbred lines (RILs) from each map-
ping population were sown as head rows (1-3 m long, 0.3 m
apart) in the buckthorn nursery in May during three seasons
(2017, 2018, and 2020). The populations were phenotyped
for APR around the milk to dough stages on a per row basis
using the modified Cobb’s scale (Peterson et al. 1948).
Crown rust reaction was assessed by assigning each plot a
disease severity, which is the estimate of the percentage of
leaf area covered by pustules, and a reaction class (resist-
ant (R), moderately resistant (MR), moderately susceptible
(MS), and susceptible (S), that was then converted to a reac-
tion score from 0 to 1 (R=0, RMR=0.1667, MR =0.3333,
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MRMS =0.5, MS =0.6667, MSS =0.8333, S=1). The dis-
ease severity (DS) was then multiplied to the reaction class
(RC) to obtain the coefficient of infection (CI) (Lin et al.
2014). The CI (%) was used in the rank analysis to determine
lines that consistently exhibit extreme phenotypes (highly
resistant and highly susceptible) (Table 1). For trait analysis
of the CI phenotype, a pairwise correlation was performed
in Microsoft Excel v16.48 using the CORREL function. The
CI, DS, and RC data were used in simple and composite
interval mapping.

DNA extraction, selective genotyping, and allele
frequency calculation

Genomic DNA was extracted from silica-dried leaves of
plants from each population, including the parents, using
BioSprint 96 DNA Plant Kit (Qiagen, MD, USA), following
the manufacturer’s protocol. The DNA concentration was
measured using a Biotek plate reader (Biotek Instruments,
Inc., VT, USA) and normalized to 50 ng/ul for genotyping
assays. From each population, 12 to 24 highly resistant and
12 to 24 highly susceptible lines were selected for geno-
typing (Table 1). Each line was individually assayed using
the 6 K Oat SNP Chip (Illumina, CA, USA). Allele calling
was conducted using the Illumina GenomeStudio v2.0 poly-
ploid clustering module. Genotypes were clustered using
both Polygentrain and DBSCAN algorithms and markers
with allele frequencies of either 1 or 0 were discarded. After
filtering, the allele calls of the remaining markers were
manually inspected to only include polymorphic markers
(Table 1), prior to their use for mapping resistance loci based
on allele frequencies. In both resistant and susceptible allele
groups, the frequency of the resistant allele was computed
by counting the number of individuals possessing the allele
and dividing it by the total number of individuals in the
group. The allele frequency difference (AFD) was calculated
by obtaining the absolute value of the difference in allele
frequency between resistant and susceptible groups. The
Wilcoxon rank sum test imbedded in the compare_means
function in R v4.0.5 was used to determine linkage groups
with significantly different AFD per population. AFD values
for all five populations were plotted using ggplot2 v3.3.3.
To determine the relatedness among APR donors, a neigh-
bor-joining tree was created in TASSEL v5 (Bradbury et al.
2007) using 3015 SNP markers from the Infinium 6 K Oat
SNP Chip (Tinker et al. 2014) (Supplementary Fig. 1).

Kompetitive allele-specific PCR (KASP) and PCR
allelic competitive extension (PACE) marker
development and assays

The KASP markers were designed by inputting the flank-
ing sequence of the desired SNP marker in the Web-based
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Allele Specific Primer (WASP) design tool (https://bioinfo.
biotec.or.th/ WASP) (Wangkumhang et al. 2007) with default
parameters. The sequences of the HEX (5 GAAGGTCGG
AGTCAACGGATT 3’) and FAM (5 GAAGGTGACCAA
GTTCATGCT 3’) dyes were then added to the 5’ end of the
forward primers (Supplementary Table 1). Meanwhile, the
PACE markers were designed using the free assay design
service by 3CR Bioscience (Essex, UK) (www.3crbio.com/
free-assay-design). The forward and reverse primers were
maintained at stock concentrations of 100 pM. In a 100 ul
assay mix, 12 ul each of the forward primers was mixed with
30 ul of the reverse primer and 46 ul of DEPC water. The
final 10 pl reaction mix per well is composed of the follow-
ing: 5 ul 2X KASP buffer (LGC Genomics, MA, USA) or
2X PACE Genotyping Master Mix (3CR Bioscience, Essex,
UK), 2.86 ul DEPC water, 0.14 assay mix, and 2 pl tem-
plate DNA. The PCR assay in LightCycler 480 II (Roche,
IN, USA) was performed under the following conditions:
Pre-incubation- 1 cycle, 95 °C target, 15 min hold, 4.4 °C/s
ramp rate; Amplification- 40-50 cycles, 94 °C target, 20 s
hold, 2.2 °C/s ramp rate; Annealing- 40-50 cycles, 61-63 °C
target, 1 min hold, 2.2 °C/s ramp rate, 55 °C sec target, 5 °C
step size; Endpoint read- 37 °C target, single acquisition
mode, 2 min hold, 2.2 °C/s ramp rate. The KASP/PACE
assays were optimized by adjusting the number of cycles,
annealing temperature, and concentrations of the forward
primers (Supplementary Table 1). Genotype data from each
population were exported from LightCycler 480 II and visu-
alized in R v4.0.5 using ggplot2 v3.3.3.

Simple interval mapping using KASP/PACE
genotyping data

Six KASP/PACE markers were developed from the two
QTL regions in Chr4D that were initially identified using
bulk segregant analysis (BSA) mapping. The markers were
used to genotype all individuals of the five populations and
the genotype data were converted into ABH format using a
custom R script. The genetic map was constructed using the
MAP functionality of the IcIMapping software v4.2 (Meng
et al. 2015) with grouping by threshold value (REC =0.30),
ordering by k-Optimality (by REC, 2-OptMap, and NN ini-
tials of 10), and rippling by REC (window size=15) options.
The phenotype (DS, RC, and CI), marker, and genetic map
data were converted to qdf format for the QTL analysis in
QGene v4 (Joehanes and Nelson 2008). Simple interval
mapping was performed to detect loci associated with APR
and logarithm of odds (LOD) scores of 3 or higher were
considered significant (Bernardo 2020). Mapping statistics
were exported from QGene and loaded into ggplot2 v3.3.3
for visualization in R v4.0.5. Linkage maps were visualized
using the R package LinkageMapView v2.1.2 (Ouellette
et al. 2017).
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Validation of BSA mapping results
with genotyping-by-sequencing (GBS) data

DNA extractions and library preparation for the dou-
ble digest (PstI-Mspl) of OtanaA/CI9416-2 and Otana/
PI189733 populations sequencing libraries were performed
as described in previous work (Huang et al. 2014). The DNA
libraries were pooled (96 samples per flow-cell lane) and
sequenced on an [llumina HiSeq4000 instrument in PE 150
mode. Paired end reads were quality filtered and adapter
trimmed with bbduk v37.02 (https://jgi.doe.gov/data-and-
tools/bbtools/bb-tools-user-guide/bbduk-guide/) and demul-
tiplexed with sabre (https://github.com/najoshi/sabre). Reads
were aligned to the RefSeqV1 oat genome (PepsiCo 2020)
with bowtie2 using the -very-sensitive-local option. SNPs
were called with beftools v1.9 from reads with a mapQ score
greater than 20. Using VCFtools v1.16, SNPs were con-
verted to missing if the read depth was less than 4 and SNPs
were removed if they have more than 50% missing data or
have a minor allele frequency (MAF) of less than 0.01 within
a given population. The genotype data was converted into
ABH format and loaded in the IcIMapping software v4.2 to
remove markers that are present in the same genetic posi-
tion using the BIN functionality. For binning, markers with
100% missing rate and distortion P value of O were deleted;
the option ‘consider anchor info’ was selected and redundant
markers were deleted by missing rate (%). The genetic map
was then constructed using the MAP functionality with the
sequence-anchor option, and the phenotype (CI, DS, and
RC), genetic map, and marker data were loaded to QGene v4
for linkage mapping, as described above. In QGene v4, com-
posite interval mapping was selected with default settings
of forward cofactor selection for QTL analysis. The option
that allows QTL as cofactor, instead of markers, was also
selected to compare the results. To declare significant QTL,
a permutation analysis for LOD score of CI was conducted
with 1000 iterations (P <0.05) to compute for the LOD
threshold. Mapping statistics were exported from QGene
and loaded into ggplot2 v3.3.3 for visualization in R v4.0.5.
To determine the linkage disequilibrium (LD) in the QTL
regions, the genotype data (HapMap format) was loaded to
TASSEL v5, where pairwise LD was analyzed after KNNi
imputation (Money et al. 2015). The results were exported
from TASSEL v5 and visualized in R v4.0.5 using the pack-
age LDheatmap v1.0.4 (Shin et al. 2006).

Survey of putative candidate genes in QTL regions

A survey of orthologous genes within the physical interval
of the three APR loci was conducted by performing BLAST
alignments of the available oat OT3098 vl mRNA tran-
scripts (PepsiCo 2020; Hu et al. 2020) with the non-redun-
dant NCBI database using default parameters of BLASTN.

An alignment E value of less than 1e™!°, query coverage
of at least 30%, and sequence identity of at least 50% were
used to declare orthologous genes. The mRNA sequences
and coordinates were obtained from the oat genome browser
accessible at https://wheat.pw.usda.gov/GG3/graingenes_
downloads/oat-0t3098-pepsico.

Results

Selection of oat donors that contain APR
against crown rust

Thirty-three oat lines were screened to determine potential
sources of APR (Carson, unpublished). These lines were
planted in the buckthorn nursery for initial screening and
then bulk urediniospores from that nursery were collected to
inoculate seedlings in the greenhouse. Urediniospores from
all pustules with scores of 3, 3+, and 4 in the modified
Murphy’s scale (Murphy 1935) that developed in each entry
were collected and used to inoculate the same entry in the
greenhouse (Fig. 1A). Nine potential sources of APR were
identified (Fig. 1B). Recombinant inbred mapping popula-
tions were developed from five donors, namely: CI4706,
P1260616, CI9416, CI8000, and P1189733 (Table 1). Oat
lines were considered appropriate sources of APR if low
to moderate severity of crown rust was observed in adult
plants in both inoculated and buckthorn nurseries (Fig. 1B).
In Fig. 1B, oat line Pc94 is a distinct outlier that shows low
mean severity in the buckthorn nursery but high mean sever-
ity in the inoculated nursery, which is expected for an oat
differential line that contains only one major Pc gene, while
Lodi and Portage cultivars were more susceptible than the
remainder of the entries. The total number of recombinant
inbred lines, number of selected highly resistant and highly
susceptible lines, and number of markers used for bulk seg-
regant analysis (BSA) mapping and QTL validation in each
of the mapping populations are reported in Table 1.

Phenotypic analysis of recombinant inbred
mapping populations

Phenotypic data for disease severity (DS), reaction coeffi-
cient (RC), and coefficient of infection (CI) were collected
in 2017 for OtanaD/P1260616-1 (OTD/PI1260616-1) and
OtanaA/CI8000-4 (OTA/CI8000-4), in 2018 for OtanaA/
CI4706-2 (OTA/CI4706-2) and OtanaA/CI9416-2 (OTA/
CI9416-2), and in 2020 for Otana/P1189733 (OT/P1189733)
(Fig. 2). All five populations showed a normal distribution
for DS. However, OTA/CI4706-2 and OTA/CI9416-2 exhib-
ited a distribution skewed towards susceptible phenotypes
for RC, in contrast to OT/PI189733 population, which
had more resistant lines, and OTD/PI260616-1 and OTA/
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Fig.2 Phenotypic scores for disease severity (DS), reaction class
(RC), and coefficient of infection (CI) for each of the five map-
ping populations. The y-axis in each plot represents the number of

CI8000-4 which displayed more even distributions. For CI,
generally bimodal distributions were observed for the OTA/
CI4706-2, OTA/CI9416-2, and OTA/CI8000-4 populations.
The susceptible parent, Otana and its reselections, OtanaA
and OtanaD, did not differ considerably for DS, RC, and CI.
The range of phenotypic values for the five APR parents
were 30—40 for DS, 0.33 to 0.5 for RC, and 9.9 to 20 for
CI. The pairwise correlation analysis of the CI phenotype
suggested that OTA/CI4706-2 and OTA/CI9416-2 were
more closely correlated, as were OTA/CI8000-4 to OTD/
PI260616-1. However, OT/PI189733 was correlated to
both OTA/CI9416-2 and OTD/P1260616-1 (Supplementary
Table 2).

Identifying APR loci based on allele frequencies

The number of polymorphic SNP markers used for BSA
mapping of APR loci are shown in Table 1. Differences in
marker allele frequencies were computed for each popula-
tion and the results of the Wilcoxon rank sum test (P < 0.05)
revealed a significant difference in AFD for linkage group
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lines from each population that display scores shown in the x-axis,
while population ID is shown on the right y-axis; OT=Otana,
OTA =OtanaA, OTD =OtanaD

Mrg21 (Chr4D) in all five populations examined (Supple-
mentary Fig. 2). Changes in allele frequencies between the
resistant and susceptible groups also showed the presence
of two peaks in Chr4D. A total of six SNP markers spanning
these peaks were converted for KASP/PACE assays. The
optimized PCR markers were polymorphic and differentiated
marker genotypes across five populations (Supplementary
Fig. 3, Supplementary Table 1).

BSA mapping using KASP/PACE markers

The six PCR markers were used to genotype all individuals
in all five populations and generate data for validation and
Mrg21 linkage map construction (Fig. 3). For simplicity,
the markers were arranged according to their positions in
the consensus linkage map (Chaffin et al. 2016). However,
analysis of the marker order per population showed that the
markers were linked in three pairs: GMI_ES17_c5923_221
with GMI_DS_LB_3908, GMI_ES05_c8031_345 with
GMI_DS_LB_4204, and GMI_ESO05_c15948_428 with
GMI_ES03_c2344_498 (Supplementary Fig. 4). The genetic
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Fig.3 Simple interval mapping using markers identified from the
bulk segregant analysis (BSA) in Chr4D (Mrg21). The markers were
ordered based on their positions in the consensus linkage map and

distances among the six markers in these populations also
deviated considerably from the consensus map. Simple inter-
val mapping revealed the presence of two QTL regions in
Chr4D (Fig. 3). The first significant region was detected in
the OTA/CI4706-2 and OTA/CI9416-2 populations flanked
by GMI_DS_LB_4204 (238,688,556 bp) and GMI_ES05_
c15948_428 (294,423,672 bp), while the second significant
region was mapped in the OT/PI189733, OTD/PI260616-
1, and OTA/CI8000-4 populations, and was flanked by
GMI_ES03_c2344_498 (332,650,198 bp) and GMI_ES17_
€5923_221 (414,098,082 bp). The physical positions of the
KASP/PACE markers in the oat genome were obtained from
the T3 Oat Database (https://triticeaetoolbox.org/oat/) and
through aligning the flanking sequence of the markers to the
OT3098 reference genome, which indicated that the signifi-
cant regions in Mrg21 were physically located on oat chro-
mosome 4D (Supplementary Table 1). The six KASP/PACE
markers were also used to genotype a set of oat germplasm
for validation (Supplementary Table 4).

Composite interval mapping using GBS data

Composite interval mapping of two populations, OTA/
CI9416-2 and OT/PI1189733, which were fully genotyped
by Illumina HiSeq GBS, was conducted to verify the results
of the BSA mapping and narrow down the significant
regions. The genetic mapping results confirmed the pres-
ence of two distinct regions on chromosome 4D (Fig. 4),
named QPc.APR-4D.1 and QPc.APR-4D.2, while an addi-
tional minor QTL on chromosome 6C also was detected in

regressed against the disease severity (DS), reaction class (RC), and
coefficient of infection (CI) data per population. The physical posi-
tions of the KASP/PACE markers in Chr4D are shown in parenthesis

OT/PI189733. Two methods of composite interval mapping
were compared: selecting QTL as cofactor vs. selecting
markers as cofactor. The results suggest that the forward
selection of markers as cofactor (in auto mode) narrowed
down the significant regions into 19 Mb, 5 Mb, and 16 Mb
sizes for QPc.APR-4D.1, QPc.APR-4D.2, and QPc.APR-
6C, respectively (Fig. 5A—C). The mapping statistics for
the two populations are shown in Table 2. The maximum
LOD score for CI was 21.37 for QPc.APR-4D.1, 17.97 for
QPc.APR-4D.2, and 8.95 for QPc.APR-6C, while the R?
values were 43.4%, 38.5%, and 21.5% respectively. Based
on the physical positions of markers linked to the QTL, QPc.
APR-4D.1 and QPc.APR-4D.2 were about 150 Mb apart.
Further, GMI_DS_LB_4204 and GMI_ES03_c2344 498
could be used for haplotype selection of QPc.APR-4D.1,
GMI_ES17_¢5923_221 and GMI_DS_LB_3908 for QPc.
APR-4D.2, and S6C_515268054 and S6C_531401236 for
QPc.APR-6C (Table 3). Pairwise LD between markers in
chromosome 4D was also computed to determine the extent
of linkage within the QTL regions. LD blocks are evident in
chromosome 4D in both mapping populations, as shown by
high R? values (Fig. 5A—C). Meanwhile, the physical order
of markers coincides with the genetic order in OT/P1189733,
while a deviation from the physical order was observed in
OTA/CI9416-2.

Results of the additive effect analysis from composite
interval mapping showed that the per copy effect of resist-
ant SNP alleles could explain the decrease in CI by up to
4 to 8.7 (Table 2), equivalent to 8 to 17.4 in lines homozy-
gous to these alleles. Haplotype analysis of flanking
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cofactor vs. using QTL as cofactor. The genetic positions of markers
were anchor-ordered based on recombination fraction estimates in
each population. Pairwise linkage disequilibrium (LD) was computed

markers for QPc.APR-4D.1 and QPc.APR-4D.2 showed
significant differences in lines containing the resistant
alleles compared to those that possess the susceptible
alleles (Table 3). Among lines that contain the resistant
allele haplotypes, the mean CI was lowered by 14.3 to 17.7
units for QPc.APR-4D.1, and 10.1 to 22.9 units for QPc.
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and is shown based on the physical order of markers in chromosome
4D. Higher R? indicate higher LD; dotted lines denote relative posi-
tions of LD blocks in the linkage map and the physical map. Markers
in bold have been converted to KASP/PACE; those in italic-bold were
used for haplotype analysis

APR-4D.2, and 7.8 units for QPc.APR-6C. Additive effects
of for QPc.APR-4D.2 and QPc.APR-6C also significantly
reduced the CI in lines with the two QTL, compared to
having just one of these QTL (Table 3). All the susceptible
allele haplotypes originated from Otana, which contrib-
uted to a significant increase in CI.
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Table2 Summary of composite interval mapping statistics for Chr4D and Chr6C for coefficient of infection (CI), disease severity (DS), and

reaction class (RC) in OTA/CI9416-2 and OT/PI189733

Statistic OTA/CI9416-2 (QPc.APR-4D.1) OT/PI189733 (QPc.APR-4D.2) OT/PI1189733 (QPc.APR-6C)
CI DS RC (I DS RC DS RC

LOD 21.37 20.85 14.85 17.97 3.72 23.58 8.95 4.239.54
R* (%) 434 426 326 385 9.6 472 215 11.3 22.8
Additive effect 8.7 4.7 108 63 14 141 4 1.5 1738
Significant interval (cM) 85-86.9 106.4-108.4 34.6-39.5
QTL peak (cM) 86.5 106.8 38.1
Position of 4D KASP/PACE 86, 100 96, 97, 109 34.6,38.2,39.5

markers (cM)
Significant interval (bp) 274035316:292846561 420825423:424640819 515268054:531401236
QTL peak (bp) 290359479 423291406 517047,090
Position of 4D KASP/PACE 276823920, 413971695, 515268054,

markers (bp) 332650198 414098082, 516636972,

424640819 531401236

Survey of putative candidate genes in QTL regions

Using the recently released oat genome and transcriptome
assemblies (PepsiCo 2020; Hu et al. 2020), we performed
a sequence orthology search on NCBI, which identified
genes within and near the physical interval of the three APR
loci that may contribute to resistance (Fig. 6A—C). Based
on the genome assembly, chromosome 4D has a length of
425 Mb out of the total oat genome size of 11 Gb (PepsiCo
2020). The 4D chromosome has an estimated total of 9300
expressed genes, 758 of which are within the 19 Mb region
of QPc.APR-4D.1 and 124 genes are within the 5 Mb inter-
val of QPc.APR-4D.2. By contrast, oat chromosome 6C has
a size of 625 Mb and 8612 expressed genes, 596 of which
are within the 16 Mb significant region of QPc. APR-6C. For
the two major QTL, QPc.APR-4D.1 and QPc.APR-4D.2, the
gene content of the region flanking the APR locus was also
surveyed (Fig. 6A-C).

For QPc.APR-4D.1, gene such as those that encode for
protein kinases, WRKY-like protein, and disease resistance
proteins were detected in the significant region. Nearby
genes outside the interval include orthologs of barley ser-
ine/threonine kinase rust resistance gene Rpgl (ABC1041),
Triticum dicoccoides powdery mildew resistance gene
Pm41 with coiled-coil, nucleotide-binding site and leucine-
rich repeat domains, and Brachypodium distachyon protein
kinase (brassinosteroid-signaling kinase 5, BSKS5). For
QPc.APR-4D.2, distinct clusters of resistance genes were
detected near the telomere of chromosome 4D. The 5 Mb
significant region contained an ABC transporter, a disease
resistance gene analog (RGA), a defensin, and other genes
that may contribute to plant immunity. Proximate to the

significant region, a cluster including a receptor kinase, ABC
transporter, and RGA was present, and further upstream,
orthologs of the wheat Yr36 (WKS1 and WKS2) and a
receptor-like protein coding gene were detected. For QPc.
APR-6C, the 16 Mb significant region includes genes for
kinases, ABC and sugar transporters, disease resistance, and
other genes that code for F-box/leucine-rich repeat (LRR)
protein, along with an mRNA decapping enzyme, aquaporin,
and ethylene sensor genes (Fig. 6C). Near the peak of the
QTL, we found genes encoding an RGA, a LRR-receptor
kinase, a phosphatase, and several ethylene receptor genes.

Discussion

Understanding the nature of the genes involved in dis-
ease resistance is important in supporting crop breeding
programs. This is particularly relevant for pathogens like
P. coronata f. sp. avenae, which display broadly virulent,
diverse, and fast-evolving populations (Menzies et al. 2019;
Miller et al. 2021). In these cases, finding sources of APR
(quantitative resistance or partial resistance) provides a
mechanism to slow down pathogen evolution and the emer-
gence of new races by reducing inoculum levels in the field
(Leonard 2002). Differentiating quantitative from qualita-
tive resistance (seedling resistance) in field trials presents
challenges, particularly when potential donors of APR are
screened with uncharacterized pools of pathogen races and
seedling resistance have masking effects. To increase the
chances of detecting quantitative resistance and reduce inter-
ference from seedling resistance, it is best to conduct donor
screenings under high pathogen diversity and complement
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Fig.6 Gene content in A QPc.APR-4D.1, B QPc.APR-4D.2, and C
QPc.APR-6C showing orthologs of genes in the significant interval
and adjacent regions in chromosome 4D. Oat OT3098 v1 transcripts

such trials with controlled seedling infection assays. A
screening procedure was employed that involved collecting
bulk urediniospores from the buckthorn nursery and using
these spores to inoculate oat lines at seedling stage under
controlled conditions to identify APR sources. By collecting
only virulent pustules from each oat entry from the green-
house tests and inoculating each oat entry with its specifi-
cally virulent population as adult plants in the greenhouse,
APR was differentiated from seedling resistance. Putative
donors of APR were also validated in the buckthorn nursery
in several trials across multiple years. Given that buckthorn
hedges facilitate sexual reproduction of P. coronata f. sp.
avenae, oat entries were screened against a high number of
pathogen genotypes under maximum disease pressure. This
scheme has been used previously to identify oat lines with
effective APR (Leonard 2002; Carson 2009). Based on this
approach, five donors of APR were selected for downstream
analysis in this study.

Similarity among the oat populations was evident based
on the phenotype and BSA mapping data on Chr4D. Based
on the trait correlation analysis of CI, OTA/CI4706-2 and
OTA/CI9416-2 were similar, as were OTD/PI260616-1 and
OTA/CI8000-4, while OT/PI189733 has similarity to both
OTA/CI9416-2 and OTD/PI1260616-1. BSA mapping results
also showed that OTA/CI4706-2 and OTA/CI9416-2 contain
the same APR region with peak while OT/PI189733, OTD/
P1260616-1, and OTA/CI8000-4 possess the same QTL
(Fig. 3). To determine the relatedness between APR donors,
we conducted a phylogenetic analysis using polymorphic
SNP markers, which showed that PI189733 belonged to a
different clade compared to the rest of the APR parental
lines (Supplementary Fig. 1). This supports the results of the
phenotypic analysis and indicated that PI189733 is geneti-
cally unique compared to the other parents. Based on the
passport data from GRIN-Global (https://npgsweb.ars-grin.
gov/gringlobal), PI189733 was a collection from Pichincha,
Ecuador, while the other parents are either breeding lines or

were aligned to the non-redundant NCBI database to identify putative
candidate genes

varieties (Supplementary Table 3), which might explain the
genetic differences among these lines.

Normally distributed phenotypic values for a quantita-
tive trait implies that the phenotype is controlled by several
minor genes (Li et al. 2015). This is not the case for our
populations, particularly with the CI trait, suggesting that
a few major QTL with large effects confer the resistance.
While APR is thought to be a polygenic trait, detecting
major QTL is a common finding when BSA is used to map
RIL populations (Liu et al. 2014; Zou et al. 2016). Due to
the simplicity of BSA with regards to sampling and reduced
cost compared to genotyping all individuals of each popula-
tion, this approach was favored to achieve the primary goal
of quickly mapping APR loci with large effects. The modi-
fied BSA method involved individual genotyping of selected
lines, which allowed scoring for allele frequency for each
marker. To statistically determine the effects of the APR loci,
SNP markers in putative regions of Chr4D (Supplementary
Fig. 2) were converted into KASP/PACE markers and used
to genotype all individuals in each population for linkage
mapping. With this, the APR-associated loci were rapidly
narrowed down, and two genomic regions of interest were
detected in the linkage group in all five populations (Fig. 3).
These KASP/PACE markers will be useful for germplasm
selection and future gene pyramiding to extend the lifetime
of disease resistance genes in oat varieties. To demonstrate
this, we used the six KASP/PACE markers to genotype a set
of 16 oat germplasm and found that they could detect the
presence/absence of the two QTL (Supplementary Table 4).
It should be noted, however, that other QTL for rust resist-
ance may be present in these lines and caution must be exer-
cised when using the markers with diverse materials.

To corroborate the BSA mapping results, two representa-
tive populations that possess two different QTL in Chr4D
were selected for whole population genotyping. We utilized
an Illumina HiSeq genotyping platform to generate geno-
typing-by-sequencing (GBS) data from all lines in OTA/
CI9416-2 and OT/PI189733 populations and SNPs were
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called against the OT3098 oat genome. This enabled anchor-
ing of the genetic markers onto the physical oat map for
linkage mapping, enhancing the resolution and estimates of
the QTL effects, and determine the relationships between the
linkage map and the physical map. The results of the interval
mapping confirmed the BSA mapping results (Fig. 4) and
implied that Mrg21 corresponds to oat chromosome 4D, as
also suggested previously (Maughan et al. 2019). Further,
a minor QTL in OT/PI189733, named QPc.APR-6C, was
detected in Chr6C (Mrgl7). The correspondence of the
Mrg groups and physical chromosomes in this study was in
accordance with the recently approved nomenclature by the
International Oat Nomenclature Committee (IONC, 2021).

The marker cofactor selection improved the mapping
resolution and estimates of QTL effects (Fig. SA—C). Com-
posite interval mapping uses both interval mapping, which
defines the location of the QTL, and multiple regression,
which reduces the background noise caused by presence of
other QTL through selection of a few markers as cofactors
(Zeng 1994; Bernardo 2020). This enabled the narrowing
down of the significant regions into 5 to 19 Mb sized regions
and indicated that QPc.APR-4D.1 and QPc.APR-4D.2 are
QTL with large effects, while QPc.APR-6C is a QTL with
small effect. QPc.APR-4D.1 and QPc.APR-4D.2 were found
in different positions of the chromosome 4D linkage map,
which in parallel, are also observed in positions that are
150 Mb apart in the physical map, suggesting that they are
different QTL.

Analysis of linkage disequilibrium in the APR loci
revealed high LD and presence of LD blocks on the chromo-
some, implying that these regions are not subject to frequent
recombination. However, recombination between LD blocks
likely occurs, as shown in OTA/CI9416-2 (Fig. 5A). This
further implies that the KASP/PACE markers within a LD
block will have a high chance of staying linked to the QTL,
even if situated a few cM or Mb away from the peak, which
was the case for the PCR markers that were developed for
both QPc.APR-4D.1 and QPc.APR-4D.2. This highlighted
one of the disadvantages of BSA and simple interval map-
ping, which is their inability to detect the exact QTL peak in
a significant region. After examining the KASP/PACE geno-
typing data to determine the additive effects of the QTL, we
found that CI could be lowered by up to 17.7 with QPc.APR-
4D.1 and 22.9 with QPc.APR-4D.2, while CI was decreased
by 7.8 with QPc.APR-6C (Table 3). Overall, this is a large
reduction of the disease coefficient, considering that the
maximum CI observed was 70. Selecting based on the hap-
lotype of the flanking markers also increased the chance of
selecting the entire QTL, compared to using only one marker
for selection. The additive effect of QPc.APR-4D.2 and QPc.
APR-6C in OT/P1189733 RILs also showed that the com-
bination of the two QTL could slightly reduce CI compared
to having just one of the QTL. It was also observed that the
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genetic distances of the KASP/PACE markers were not com-
parable to the ones indicated in the consensus map, which
may be attributed to chromosomal rearrangements, such as
inversions and translocations (Nikoloudakis and Katsiotis
2015; Chaffin et al. 2016; Latta et al. 2019) or other genetic
differences between our populations and those used in the
consensus map development.

In this study, two APR QTL on chromosome 4D and
one in chromosome 6C are reported: QPc.APR-4D.1 with a
physical interval of 19 Mb, QPc.APR-4D.2 with a physical
interval of 5 Mb, and QPc.APR-6C. The Chr4D intervals
can be further refined for future fine mapping of APR genes,
considering the size of the chromosome, which is 425 Mb.
The same can be inferred for the QPc. APR-6C interval, with
Chr6C having a size of 625 Mb. However, these intervals
were comparable to some recent coarse mapping work in
wheat (Yang et al. 2020; Lin et al. 2021), which has a larger
genome size (17 Gb) than oat. These QTL are also believed
to be novel, as no crown rust QTL have been reported in
these linkage groups thus far based on Pc genes and QTL
that have been resolved to the latest oat consensus map
(Chaffin et al. 2016; Klos et al. 2017), however, other crown
rust resistance QTL have been reported in linkage groups
Mrg02, Mrg03, Mrg06, Mrg08, Mrgl2, Mrgl7, Mrg20,
and Mrg23 (Zhu and Kaeppler 2003; Portyanko et al. 2005;
Acevedo et al. 2010; Lin et al. 2014; Babiker et al. 2015;
Klos et al. 2017). Based on BLAST analysis of the marker
sequences, neither of our two QTL on Chr4D are the same
with the highly effective QTL reported by Rines et al. 2018
on the Chr4A homeolog. There were, however, five crown
rust QTL that have been reported on Chr4A, in addition to
Pc48 (Klos et al. 2017).

Access to the newly released oat genome and transcrip-
tome (PepsiCo 2020; Hu et al. 2020) enabled us to survey
the gene content of the three APR loci. The gene survey
for QPc.APR-4D.1 revealed interesting genes; notably,
a WRKYI-like gene, a mitogen activated protein kinase
(MAPK)-kinase, a Pik-2 ortholog, an A. strigosa putative
resistance gene, an RGA, and a BAM1 ortholog (Fig. 5B).
WRKY transcription factors and MAPK kinases are known to
be involved in PAMP-triggered immunity (PTI) (Arthur and
Ley 2013; Bakshi and Oelmiiller 2014). The resistance genes
Pik-2 and Pik-1 confer resistance in rice to rice blast (Zhai
et al. 2011), while BAM1 works with a receptor-like pro-
tein kinase and is involved in a signaling pathway in Arabi-
dopsis (Shimizu et al. 2015). RGAs can either be NLRs,
receptor-like kinases, or receptor-like proteins (Sekhwal
et al. 2015), while the A. strigosa L7TM2.1 putative resist-
ance was predicted to be a NLR (GenBank: FJ829742.1).
For QPc.APR-4D.2, a narrower interval led to fewer puta-
tive candidates, including ABC transporter B, defensin,
RGAS5-like, and Pik6-NP-like genes. ABC transporters have
been shown to be engaged in a multitude of plant processes,
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including resistance to diseases (Kang et al. 2011), while
defensins are antimicrobial compounds primarily involved in
basal plant immunity (Parisi et al. 2019). On the other hand,
RGAS5 and Pik6 genes both encode for immune receptors
in rice that detect avirulence proteins from Magnaporthe
grisea (Ashikawa et al. 2008; Cesari et al. 2013). For QPc.
APR-6C, genes identified closest to the peak include those
that code for RGA, LRR-receptor kinase, phosphatase, and
an ethylene receptor, any of which could play a role in PTI
(Gallie 2015; Durian et al. 2016). Based on the gene surveys
from both QTL, it appears that both regions contain genes
that are involved in PAMP-triggered and effector-triggered
immunity (ETI), and thus, it would be beneficial to fine map
these regions to determine if there is only one gene affecting
the resistance phenotype, or if multiple genes are working
together to confer the resistance. By definition, NLRs can-
not confer APR and if these genes are responsible for the
phenotypes, we would not expect the resistance to be long
term durable. Isolation of the genes conferring the resistance
phenotype at the adult stage is critical to determine if they
are bonafide APR sources.

In summary, we identified several sources of resistance
against oat crown rust that act at the adult plant stage. We
subjected these donors to a modified bulked segregant analy-
sis to rapidly map major loci contributing to the resistance
phenotype. The QTL were validated using genotype data
from GBS and markers linked to them were developed for
marker-assisted selection and tested in a set of oat germ-
plasm. Finally, we identified genes in the QTL regions that
may be responsible for the resistance phenotypes. This study
lays a foundation for future fine mapping and cloning of
genes that control APR and provides insights for further
investigations of oat-crown rust interactions.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00122-022-04128-6.
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