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Abstract

Crown rust, caused by the fungal pathogen Puccinia coronata f. sp. avenae (Pca),

is a destructive foliar disease of oat. Use of host resistance is the preferred method
of disease management. However, frequent emergence of new Pca races has
hindered crown rust management in oat. ldentification and deployment of non-
race-specific genetic resistance will aid oat breeding efforts to develop germplasm
with durable crown rust resistance. To map and characterize crown rust resistance,

a recombinant inbred line (RIL) population was developed from a cross between
LAO07065_SBSBSB_32-2 and CDC Dancer and evaluated for crown rust reaction in
four field environments for two years. The RIL population was genotyped using the
oat 6K Infinium iSelect single nucleotide polymorphism (SNP) array and a total of 956
polymorphic SNP markers were used to construct the linkage map. Quantitative trait
loci (QTL) mapping detected a total of six QTL on chromosomes 2D, 4A, 7A, 7C, and
7D influencing crown rust resistance. Two of these QTL were validated using
genotype-phenotype association analysis in an independent set of oat lines. The
identified QTL demonstrated additive effects on crown rust resistance within the RIL
population. A major QTL on chromosome 7C, QPca-ars-7C, was detected consis-
tently across environments and explained up to 16.54% of the phenotypic variation.
Markers linked to QPca-ars-7C, and other QTL detected in this study have the poten-
tial to be used in marker-assisted selection for crown rust resistance.

Introduction

Oat (Avena sativa L.), a staple crop, holds an important position in global cereal pro-
duction, ranking seventh among cereals in terms of production [1]. Its versatile appli-
cations as forage, in the cosmetic industry, and as a valuable component of a healthy
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diet have contributed to its popularity. Increased awareness among consumers about
its nutritional value, and cardiovascular health benefits have elevated the importance
of oat production worldwide [2]. However, oat production has been impacted by many
biotic and abiotic stresses. Crown rust, caused by the fungal pathogen Puccinia cor-
onata f. sp. avenae (Pca), is a destructive foliar disease of oat. Crown rust infection
negatively affects oat yield, groat percentage, and straw strength [3,4].

Several management strategies that include, but are not limited to, genetic resis-
tance, chemical (fungicide) control, eradication of the alternate host, and cultural
practices that reduce the primary inoculum and rate of infection can be utilized to
control crown rust [4,5]. Use of fungicides is not highly recommended because of
negative environmental impacts, high cost of application, and likely development of
fungicide resistance in rusts pathogen populations [1,4]. Genetic resistance is the
most effective and preferred method to control crown rust.

The genetics of crown rust resistance in oat is broadly classified into seedling and
adult plant resistance (APR). Seedling resistance, also known as all stage resistance,
is race-specific and provides a high level of resistance. However, a major risk of
using single-gene race-specific resistance in cultivar development is that pathogen
evolution can overcome the resistance before the breeder can identify and deploy a
replacement. The effectiveness of race-specific resistance typically lasts from 3 to 7
years [6]. More than 100 crown rust resistance genes (Pc genes) have been discov-
ered [4,7] and most of them confer race-specific resistance. Only a few have been
genetically mapped including Pc38 and Pc39 [8], PcKm/Pc45 [9,10], Pc48 [8], Pc50-5
[11], Pc53[12], Pc54 [13], Pc58[5,14], Pc68 [15], Pc71 [16], Pc91 [17], Pc94 [18],
Pc96 [19] and Pc98 [20]. The complexity of the oat genome, with highly repetitive
sequences, makes it challenging to genetically map and characterize Pc genes [21].

APR is conferred by multiple genes with minor effects that slow pathogen coloni-
zation and sporulation at the adult plant stage, thus reducing epidemic severity and
limiting impact on crop yield and quality. Under field evaluations at the adult plant
stage, researchers typically record rust severity data to study the genetics of none-
race specific resistance; however, since plants are exposed to a diverse mixture of
Pca races, it is also important to record the possible presence of a hypersensitive
reaction, which indicates the presence of race-specific resistance in addition to none-
race specific resistance [4,22]. Selection pressure on Pca populations from APR is
lower compared to race-specific resistance making it more durable than single gene
resistance [1]. Out of the catalogued Pc genes, only some have been definitively con-
firmed to confer APR [12,23—-25]. Among these, the precise genomic position of only
a few APR-associated QTL have been mapped on the oat reference genome [26-29].

The objective of most oat breeding programs worldwide is the release of cultivars
with high yield/quality potential and disease resistance, especially to crown rust dis-
ease. P. coronata f. sp. avenae poses a persistent challenge in oat breeding in North
America due to its potential for rapid mutation generating new races that overcome
existing resistance mechanisms [4,30]. Thus, the pursuit of oat cultivars resistant
to crown rust remains pivotal in oat breeding. Most southern U.S. oat germplasm in
advanced trials has some level of crown rust resistance, but the type of resistance,
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and specific genes involved are unknown. The objectives of this study were to dissect the genetics of crown rust resis-
tance in a southern oat breeding line and to identify QTL influencing crown rust resistance. This knowledge enables
breeders to effectively implement resistance sources in the breeding programs, leading to the development of superior oat
cultivars with enhanced crown rust resistance.

Materials and methods
Plant Materials

A recombinant inbred line (RIL) population, consisting of 124 lines, was generated through a cross between the spring
breeding line LA07065_SBSBSB_32-2 and a spring oat cultivar CDC Dancer. This population, referred to as AIA1405
hereafter, was developed at the Small Grains and Potato Germplasm Research Facility of the USDA-ARS in Aberdeen,
Idaho. The CDC Dancer cultivar originated from the University of Saskatchewan in Canada, with a pedigree of OT344 x
0OT269. It showed intermediate reaction to crown rust. The LA07065_SBSBSB_32-2 was developed by Louisiana State
University (LSU) with the pedigree of TAM 0O-405 x UFRGS 028152-1 and exhibits crown rust resistance at the adult plant
stage.

Field tests for crown rust assessment

The AIA1405 population and parental lines were evaluated for adult pant crown rust reaction at the Louisiana State
University experimental station at Baton Rouge, LA in 2020-2021 (BR21) and 2021-2022 (BR22), at Winnsboro, LA in
2021-2022 (WIN22), and at the University of Florida — Citra station in 2021-2022 (CFL22) growing seasons. The plant
materials were planted in 11/20/2020, 11/23/2021, 11/03/2021, and 12/08/2021 at BR21, BR22, WIN22, and CFL22, envi-
ronments, respectively. A randomized complete block design was used with two replications in the 2020-2021 season,
and with three replications in the 2021-2022 growing season at all locations. To facilitate natural infection, a susceptible
cultivar named ‘Brooks’ was used as a disease spreader and planted after every 10 rows. Disease severity was assessed
at the milk to dough grain filling stage on a whole plot basis using the modified Cobb Scale, which ranges from 0 to 100%
[31]. The infection response (IR) was categorized based on plant responses, as follows: resistant (necrotic flecks — R),
moderately resistant (small uredinia surrounded by necrosis or chlorosis — MR), moderately susceptible (medium to

large uredinia surrounded by chlorosis — MS), and susceptible (large uredinia with no chlorosis or necrosis — S) [17]. The
categorical score of IR was later converted into numerical value (R=0.2, MR=0.4, MS=0.8, and S = 1.0) and used in the
subsequent genetic analysis [32]. Combinations of IRs were also possible when the symptoms observed were intermedi-
ate between IR categories.

Statistical analysis of phenotypic data

Summary statistics of phenotypic data from all location-years were visualized using JMP Pro 17 software (SAS Institute,
Cary, NC). Analysis of variance (ANOVA) was performed using the proc GLM procedure in SAS software version 9.4
(SAS Institute, Cary, NC). Least-square means (LS mean) were calculated separately for each environment and across
all environments and used in downstream analysis. Distribution of the phenotypic data was visualized using the ‘ggplot’ in
R [33]. Pearson correlation coefficients (r) for crown rust severity and IR within and among environments were calculated
using the pairs.panel function in R package “psych” [34] to determine the consistency of crown rust response across envi-
ronments. Broad sense heritability (H?) was calculated separately for individual environments and across all environments
using Equations 1 and 2, respectively.
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where aé is the genotypic variance, aéE is the genotype by environment interaction variance, o2 is the error variance, and
e and r denote the number environments and replications, respectively. PROC VARCOMP in SAS 9.4 software was used
to estimate variance components.

Genotyping, linkage map construction, and QTL analysis

DNA was extracted using the cetyltrimethylammonium bromide protocol of [35] with modification including use of a Fast-
Prep homogenizer (MP Biomedical) for 5 minutes at 25 strokes/second to homogenize tissue. The high-quality DNA from
parental lines and RILs was genotyped using the oat 6K Infinium iSelect SNP array that is manufactured by lllumina (San
Diego, CA) at the Cereal Crops Research Unit of ARS-USDA in Fargo, ND. SNP markers were called automatically using
the Genome Studio 2.0 software (lllumina, San Diego, CA, 2016) and were manually assessed for call accuracy. Poly-
morphic markers that had less than 20% missing data and >0.05 minor allele frequency (MAF) were selected and used
for linkage map construction. Of 4,852 SNP markers, 956 markers passed the quality control parameters. Information
about the chromosomal location and physical position of SNP markers were obtained from A. sativa OT3098 v2 (PepsiCo,
https://wheat.pw.usda.gov/jb?data=/ggds/oat-ot3098v2-pepsico).

Linkage map construction and QTL analysis were performed using QTL IciMapping v4.2 software [36]. For linkage map
construction, the MAP function was used with the default parameters including 3.0 LOD threshold, k-optimality algorithm,
and 5-marker window size. A genetic distance of 50 cM between the adjacent markers was used as a threshold to deter-
mine the linkage groups. The graphical representation of the genetic map was generated using MapChart [37]. QTL anal-
ysis was performed using the BIP (QTL mapping in bi-parental populations) function of the inclusive composite interval
mapping of additive (ICIM-ADD) QTL method. After performing a 1000-permutation test, a logarithm of odds (LOD) thresh-
old of 3.0 was set to declare significant QTL. LOD score of 3, which corresponds to a chance of 1 to 1000 that observed
linkage is false position, is a commonly used statistical cutoff to declare significant QTL in linkage mapping [38]. The QTL
IciMapping software by default provided the proportion of the phenotypic variance explained by each QTL and the mag-
nitude of their additive effects. The additive effect of QTL was determined by calculating the mean severity and IR of RILs
with resistance and susceptible alleles and comparing them using the Tukey’s HSD test (p<0.05).

Genotype-phenotype association analysis

To further investigate the presence and effect of the QTL detected in this study, two sets of oat consisting of 119 and 400
lines were selected from the Collaborative Oat Research Enterprise (CORE) panel [39]. The119 oat lines (southern panel)
were from the southern US oat subpopulation and included lines developed by the LSU breeding program. The 400 oat
lines (northern panel) were from the northern US oat subpopulation developed by various breeding programs for spring
planted oat. The CORE panel was previously genotyped using genotyping-by-sequencing (GBS) [40]. SNPs with MAF of
> 0.05 and missing data of < 0.2 were retained and used for the genotype-phenotype association analysis. For these anal-
yses, markers were also removed if there were fewer than 10 rare allele homozygotes within subpopulation. After quality
filtering, a total of 437 and 413 SNP markers were retained for the analysis in the southern and northern panels, respec-
tively. Crown rust field observations from Baton Rouge, LA and Castroville, TX were used for the southern panel whereas
the observations from Fargo, ND, St. Paul, MN, Winnipeg, MB, and Ottawa, ON were used for the northern panel [7].

The 95% confidence interval around each QTL detected in the AIA1405 RIL population was established as the 1-LOD
region from the peak position as described by Klos et al. [41]. The corresponding regions on the oat consensus map were
determined based on the position of shared markers within the QTL regions [40]. All SNPs located within the QTL regions
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on the consensus map were identified, but only those present in the genotypic data of the southern and northern panels
were retained for analysis. Based on the population structure analysis of Klos et al. [39], association between marker gen-
otype and phenotype was conducted using a mixed linear model (MLM) in TASSEL v5.2.8 [42]. The Bonferroni correction
method was chosen to reduce the false positive rate as a result of multiple testing and p<0.000114 and p<0.000121 at
a=0.05 was taken as a threshold to declare significant genotype-phenotype association in the southern and northern
panels, respectively.

Results
Phenotypic analysis of RIL population

In the BR21 environment (location and year), the disease pressure was relatively low, and both parents showed resis-
tant reactions with disease severity less than 10%. The disease pressure in BR21 was low with most lines showing
LS means of severity <30%; however, all locations in the following year experienced a substantial increase in disease
pressure (Fig 1).

LAO7065_SBSBSB_32-2 displayed moderately resistant (MR) to moderately susceptible (MS) crown rust reactions
with disease severity ranging from 30-50%. CDC Dancer showed MS to susceptible (S) reactions with severity ranging
from 50-60%. The range of LS means of crown rust severity in BR22, WIN22, and CFL22 was 30-80%, 23.33-70%, and
50-90%, respectively, in the RIL population. The distribution of LS means of crown rust severity and IR in each single
environment and across all environments is presented in Fig 1. RILs differed significantly (p<0.05) for their reaction
to crown rust in all environments (location-years) except IR at CFL22 (S1 Table). IR phenotypes from CFL22 were not
used in QTL mapping. When the phenotypic data across all environments was combined, ANOVA detected significant
(p<0.0001) variation among RILs, environments, and line x environment interactions (S1 Table). In all environments,
transgressive segregation in the AIA1405 population for reaction to crown rust was observed, indicating that both parents
contributed to the resistance responses.

.
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Fig 1. Boxplot showing the distribution of crown rust severity and infection response (IR) data in the AIA1405 RIL population.BR21, Baton
Rouge 2021; BR22, Baton Rouge 2022; WIN22, Winnsboro 2022; CFL22, Citra Floria 2022; Combined, data across all location years was
combined.

https://doi.org/10.1371/journal.pone.0351420.9001
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Correlation and heritability analysis

As expected, there was a significant positive correlation between crown rust severity and IR data within environments and
when the data across all environments was combined (Fig 2). The crown rust phenotypic data were significantly correlated
across environments with values ranging from r=0.19 (p<0.05) to 0.83 (p<0.001) indicating a stable crown rust response
across environments (Fig 2). Similarly, when the data across environments was combined, the severity and IR data were
highly correlated with r=0.83 (p<0.001). H? estimates for both crown rust severity and IR were 0.69 when the data across
environments was combined, indicting that crown rust resistance in this population was highly heritable (S2 Table).H?
estimates in individual environments ranged from 0.29 to 0.83 (S2 Table). H? estimates for crown rust severity and IR data
were higher in BR22 environment followed by WIN22, BR21, and CFL22 indicating that the environmental effect on crown

rust reaction was larger in CFL22 (S2 Table).
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Fig 2. Correlation analysis of crown rust severity (SEV) and infection response (IR) data of AIA1405 recombinant inbred line (RIL) population
collected from four field environments (BR21, Baton Rouge 2020-2021; BR22, Baton Rouge 2021-2022; WIN22, Winnsboro 2021-2022; CFL22,
Citra Florida 2021-2022; and Combined, data across all location years was combined). The diagonal plots show the frequency distribution of
phenotypic data. The panel above and below the diagonal represents Pearson’s correlation coefficient and scatter plots, respectively. *, ** and *** depict
significant at 0.05, 0.01 and 0.001 probabilities levels, respectively.

https://doi.org/10.1371/journal.pone.0351420.g002
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Genotyping data and linkage maps

After quality control, 956 SNP markers were used for linkage map construction and QTL analysis. The distribution of SNP
markers among the 21 oat chromosomes ranged from 8 markers on chromosome 3A to 83 markers on chromosomes 1D
and 4C (S3 Table). The total length of the linkage map was 3,836.76 cM with an average distance of 4.01 cM between
adjacent markers (S3 Table). Since a distance between adjacent markers >50 cM was observed on chromosomes 3A, 3D,
4D, 5D, 6A, and 7A, these chromosomes were split into two linkage groups (LGs) making a total of 27 LGs. Chromosome
4D (LG15), which harbored only 4 markers with a genetic distance of 8.69 cM, was the shortest linkage map whereas
chromosome 1D (LG3), which harbored 83 markers with a genetic distance of 376.70, was the longest linkage map. The
A-genome contained the greatest number of markers followed by the C-and D-genomes (S3 Table).

Detection of crown rust resistance QTL

QTL mapping identified QTL on chromosomes 2D, 4A, 7A, 7C, and 7D influencing crown rust resistance in the AIA1405
RIL population (Table 1, Fig 3). Two QTL, QPca-ars-2D (resistance contributed by CDC Dancer) and QPca-ars-4A (resis-
tance contributed by LA07065_SBSBSB_32-2), were detected when IR and severity data across environments was com-
bined. The phenotypic variation they explained was 14.09% and 14.31% explained by QPca-ars-2D and QPca-ars-4A,
respectively (Table 1). A QTL on chromosome 7A, QPca-ars-7A, was detected using IR data from BR22 and also when
the severity data across all environments was combined. The allele that conferred resistance in QPca-ars-7A was derived
from LA07065_SBSBSB_32-2. QPca-ars-7A had LOD score of 3.98 and 5.13 when BR22-IR and the combined-SEV
dataset was used, respectively, and explained 6.79% of the phenotypic variation when combined severity data was used
(Table 1). AQTL on chromosome 7C, QPca-ars-7C, was detected using severity and IR data from BR22 and the com-
bined data from all environments. QPca-ars-7C was derived from LA07065_SBSBSB_32-2 and explained up to 16.54%
of the phenotypic variation (Table 1). One or two QTL on chromosome 7D, QPca-ars-7D1 and QPca-ars-7D2, were
detected using IR and severity data, respectively. QPca-ars-7D1 was derived from CDC Dancer with LOD value of 3.05

Table 1. Quantitative trait loci (QTL) detected for crown rust resistance in the AIA1405 recombinant inbred lines (RIL) population.

QTL Env-trait? Chr Peak Marker Peak Physical LOD¢ PVE(%)° Addf
Position (cM)® position (Mb)°
QPca-ars-2D Combined-IR 2D GMI_DS_LB_7828 148.00 153.69 3.82 14.09 0.06
QPca-ars-4A Combined-SEV 4A GMI_ES_LB_9185 138.00 294.27 3.12 14.31 -3.30
QPca-ars-7A BR22-IR 7A GMI_ES01_c22124_205 2.00 68.62 5.13 8.55 -0.05
Combined-SEV A GMI_ES01_c22124_205 2.00 68.62 3.98 6.79 -2.35
QPca-ars-7C Combined-SEV 7C GMI_DS_LB_10336 90.00 67.44 5.33 10.45 -2.82
Combined-IR 7C GMI_DS_LB_10336 90.00 67.44 5.52 8.40 -0.04
BR22-SEV 7C GMI_DS_LB_10336 90.00 67.44 6.64 16.54 -3.78
BR22-IR 7C GMI_DS_LB_10336 90.00 67.44 6.31 12.08 -0.05
QPca-ars-7D1 WIN22-IR 7D GMI_ES05_c2441_293 114.00 462.81 3.05 10.20 0.04
QPca-ars-7D2 BR22-SEV 7D GMI_ES_CC4504_192 116.00 506.91 9.45 21.96 -4.46

aEnv-trait, environment and trait combinations; BR22, Baton Rouge 2022; WIN22, Winnsboro 2022; Combined, data across all environments combined;

SEV, severity; IR, infection response

®Genetic position of the QTL peak in centimorgan (cM)

°Physical position of the QTL peak marker in megabase pairs (Mb)
9LOD, Logarithm of odd value
¢PVE, percentage of phenotypic variation explained by the QTL
Add, additive effect. Negative and positive value indicates that the QTL was contributed by LA07065_SBSBSB_32-2 and CDC Dancer, respectively.

https://doi.org/10.137 1/journal.pone.0351420.t001
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Fig 3. Linkage maps showing crown rust resistance QTL detected on chromosomes 2D, 4A, 7A, 7C, and 7D in the AIA1405 recombinant
inbred line (RIL) population. The marker in the QTL peak position is highlighted in red font.

https://doi.org/10.1371/journal.pone.0351420.g003

and explained 10.20% of the crown rust severity variation in BR22. The other QTL on chromosome 7D, QPca-ars-7D2,
was derived from LA07065_SBSBSB_32-2 with a LOD value of 9.45 and explained 21.96% of the IR variation in WIN22
(Table 1). These overlapping LOD peaks may represent two tightly linked QTL or a single QLT with environmentally-
dependent resistance alleles derived from both parents.

Validation of QTL using genotype-phenotype association

Markers closest to LOD peaks in the AIA1405 RIL population (S4 Table) were not genotyped in the CORE associa-

tion mapping panel, except GMI_ES_LB_9185 (QPca-ars-4A), GMI_ES02_c5812_271 (QPca-ars-7C), and GMI_ES_
CC4504_192 (QPca-ars-7D2). The 95% confidence interval region of QTL detected in the AIA1405 RIL population and
the corresponding region in the consensus map is presented in S4 Table. Out of all markers with genotypes available for
the CORE panel, 836 markers were within the 95% confidence intervals of the QTL mapped in the AIA1405 RIL popula-
tion. None of the markers available for the southern oat lines in the CORE were significantly associated with crown rust
resistance at the Bonferroni correction threshold. Two markers within the 1-LOD confidence region of QPca-ars-4A were
deemed suggestive of association with disease severity in the southern oat lines of the CORE at a less stringent thresh-
old of p<0.001 (S5 Table). In the larger panel of northern oat CORE lines, markers in the 1-LOD confidence regions of
QPca-ars-4A and QPca-ars-7C were significantly associated with crown rust severity, while markers near QPca-ars-7D1/
QPca-ars-7D2 were suggestive of association.

QTL pyramiding effect

Three QTL, QPca-ars-4A, QPca-ars-7A, and QPca-ars-7C, influencing crown rust severity combined data and two QTL,
QPca-ars-2D and QPca-ars-7C, influencing infection response combined data were further investigated to determine the
effect of pyramiding resistance alleles. RILs were grouped based on the number of resistance alleles present, including

a null group. Significant difference (p<0.05) between the group of RILs with highest number of resistance alleles and the
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nulls was observed for both traits (S6 Table). As expected, pyramiding resistance alleles reduced crown rust severity and
infection response (S2 Fig). The presence of one, two, and three resistance alleles reduced mean crown rust severity by
7.03, 14.40, and 26.86%, respectively, compared to the null group. Similarly, one and two resistance alleles reduced mean
infection response by 5.95 and 15.48%, respectively, compared to the null group, suggesting an additive effect of these
QTL (S6 Table).

Discussion

The oat breeding line LA07065_SBSBSB_32-2 has consistently demonstrated a high level of crown rust resistance
in germplasm evaluation nurseries. Therefore, to characterize the genetic architecture of crown rust resistance

in the LA07065_SBSBSB_32-2, it was crossed with a susceptible oat cultivar CDC Dancer, and the resulting RIL
population was evaluated under multiple field environments for crown rust reaction. As expected, given the large
influence of environmental variation on crown rust disease, differing levels of infection were observed in the AIA1405
population across locations and over years. During the first year, crown rust infection at the Baton Rouge experi-
ment station was low. However, in the second year of trial, a high disease pressure was observed at all locations
(Fig 1). Although the diversity of Pca races in experimental sites has not been characterized in this study, the crown
rust pathogen population in North America is extremely diverse due to its sexual reproduction on the alternate host
Rhamnus spp. [1,6]. We believe that the diversity in virulence of prevalent Pca races across locations and over time
also contributed to the differences in infection levels to some extent. Using inclusive composite interval mapping in
the AIA1405 RIL population, six QTL on chromosomes 2D, 4A, 7A, 7C, and 7D influencing crown rust resistance
were identified in this study (Table 1, Fig 3).

The efficiency of linkage-based QTL mapping greatly depends on the size and type of the mapping population, marker
type, and the density of the molecular markers used to construct the linkage maps [43,44]. The linkage maps developed
for six chromosomes in this study (3A, 3D, 4D, 5D, 6A and 7A) had poor marker coverage, which is likely because the
genomes of the two parental lines are similar in those regions, and local SNPs on the lllumina 6K assay were not polymor-
phic. However, the linkage maps developed in this study are comparable, and in some cases, represented an improve-
ment to previously reported linkage maps in oat. For example, Ociepa and Okon [45] reported linkage maps in oat that
covered a total genetic distance of 24, 209.96 cM. Similarly, Ubert et al. [46] genotyped two oat RIL populations using the
6K Infinium iSelect SNP array, and constructed linkage maps consisting of 49 and 52 linkage groups, covering a total of
1450.5 and 1699.0 cM genetic distance, respectively. While the density of markers used to construct linkage maps in our
study was sulfficient for QTL analysis, it is unlikely to provide a high level of mapping resolution, and this should be consid-
ered in the interpretation of results and designing of future work.

Oat chromosome 2D, where QPc-ars-2D was detected in this study, harbors crown rust resistance genes including
Pc45/PcKM and Pc53[1,10,12] and multiple QTL including Qpc.CORE.08.1, Qpc.CORE.08.2, Qpc.CORE.08.3 and
QCr.cdl9-12D [7,47]. Adamassu-Yimer et al. [12] reported that Pc53 was mapped to within 1 cM location of Pc45/PcKM
indicating that Pc53 and Pc45/PcKM are likely allelic or linked. The markers closely linked to QPc-ars-2D, GMI_DS_
LB_7828 is 18.3 cM away from GMI_ES02_c14533_567 (linked to Pc53), respectively, based on the oat consensus map
of Chaffin et al. [48]. Klos et al. [7] mapped three QTL: Qpc. CORE.08.1, Qpc.CORE.08.2, and Qpc.CORE.08.3 for crown
rust resistance on chromosome 2D, and based on the oat consensus map, these three QTL are>17 cM away from QPc-
ars-2D. Babiker et al. [47] mapped QCr.cdl9-12D on chromosome 2D for crown rust resistance using a RIL population
derived from a cross between Provena (susceptible parent) and CDC-Boyer (partially resistant parent). Based on the
consensus map, markers GMI_ES15_c3200_563 (associated with QCr.cdl9-12D) and GMI_DS_LB_7828 (associated
with QPc-ars-2D) are 10.9 cM apart. Given the overlapping evidence of genes/QTL on chromosome 2D, QPc-ars-2D may
represent any one of the previously reported genes/QTL or a novel locus for crown rust resistance which warrants further
investigation.
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Two crown rust resistance genes, Pc48 and Pc98, and multiple QTL including QCr.cdl9-19A, QPc.CORE.20.1, QPc.
Based on the consensus map of Chaffin et al. [48], SNP markers linked to QPc-ars-4A are more than 100 cM away from
GMI_DS_LB_7494, a marker linked to Pc98, suggesting that QPc-ars-4A and Pc98 are separate loci for crown rust resis-
tance. Pc48 was mapped on chromosome 4A using RFLP markers [1,8]. The markers linked to Pc48 were located within
4-12 cM from QPc-ars-4A linked marker GMI_ES_LB_9185, based on the consensus map. Furthermore, the GrainGenes
0OT3098 v2 QTL/gene inventory data placed/mapped Pc48 within the QPc-ars-4A region suggesting that they may rep-
resent the same locus for crown rust resistance. However, 65-100% of Pca isolates collected in the US and evaluated
by the USDA-ARS Cereal Disease Lab between 2020 and 2023 were virulent on the Pc48 differential line [49]. Although
Pc48 is defeated in many oat producing regions and fails to provide crown rust resistance [49], it is possible that Pc48 was
effective against some proportion of the naturally occurring crown rust in the environments used in this study, and contrib-
uted a small amount of resistance. Further research is needed to determine if QPc-ars-4A represents Pc48 or a different
locus for crown rust resistance.

Three closely linked crown rust resistance genes: Pc46, Pc50, and Pc68 were reported on oat chromosome 7A
[1,50,51]. However, Klos et al. [7] and Park et al. [1] have reported Pc68 on chromosome 3D. Since the placement of
these genes on the oat chromosome is not conclusive, comparison of the QTL detected on chromosome 7A in this study,
QPca-ars-7A, with previously reported genes was difficult. A major QTL QPca-ars-7C influencing crown rust resistance
was consistently detected on chromosome 7C in this study. Previous studies have reported crown rust resistance gene
Pc91 on chromosome 7C [1,52]. McCartney et al. [17] used DArT markers to map Pc91, and the alignment of the DArT
markers associated with it indicated that Pc91 was likely to be located either on chromosome 7C or 1A [1]. We believe
that QPca-ars-7C represents a different locus than Pc91. Firstly, Pc91 was derived from the hexaploid oat line ‘Amag-
alon (P1497742)’, an interspecific cross between a tetraploid (Avena magna) and a diploid (Avena longiglumis) line
[53]. LAO7065_SBSBSB_32-2, donor of QPca-ars-7C, does not have ‘Amagalon’ in its pedigree indicating that Pc91
and QPca-ars-7C likely represent separate loci for crown rust resistance. Secondly, haplotype analysis of LA07065_
SBSBSB_32-2 and the Pc91 differential line showed that the two did not share the same set of haplotypes indicating that
Pc91 gene is likely absent in LAO7065_SBSBSB_32-2.

Both CDC Dancer and LA07065_SBSBSB_32-2 carry crown rust resistance QTL on an overlapping region of chromo-
some 7D, although that contributed by LA07065_SBSBSB_32-2 was more effective in these field trials. Although these
QTL are placed to chromosome 7D based on the A. sativa OT3098 v2 sequence, the consensus map developed by
Chaffin e al. [48,54] placed markers GMI_ES05_c2441_293 (QPca-ars-7D1) and GMI_ES_CC4504_192 (QPca-ars-7D2)
to linkage groups Mrg33 (Chr2A) and Mrg02 (Chr7D), respectively. QPca-ars-7D1 had an effect on crown rust IR suggest-
ing race-specific resistance whereas QPca-ars-7D2 had an effect on severity suggesting none race-specific resistance
(Table 1). Crown rust resistance genes Pc54, Pc58 complex (Pc58a, Pc58b, and Pc58c), Pc38/Pc62/Pc63, and multiple
QTL including QPc.Core.02, qPCRFd, Prq1a, Prq1b, and QCR.TxH-Mrg02 were previously mapped to chromosome 7D
110.4 cM on the consensus map [5,13]. QPca-ars-7D2, located at 30.1 cM on consensus map, is unlikely to be part of the
Pc58 gene complex. Based on genetic analysis test, Harder et al. [55] reported that three crown rust resistance genes,
Pc38, Pc62, and Pc63, were either linked or allelic. Admassu-Yimer et al. [13] mapped crown rust resistance gene Pc54
by using two RIL populations on linkage group Mrg02 and reported that the location of Pc54 gene overlapped with Pc38/
Pc62/Pc63 gene cluster. Based on the position of linked markers, Pc54 spans 60—-88 cM on the oat consensus map [13].
QPca-ars-7D2, located at 30.1 cM on the consensus map, is unlikely to be Pc54 gene. The SNP marker associated with
crown rust resistance QTL, QPc.Core.02, predictive of seedling resistance, is located at 28.1 cM on the consensus map
[7]. Since QPc.Core.02 and QPca-ars-7D1 are located very close (2 cM apart) on chromosome 7D, they could represent
the same locus. However, more genetic studies are required to dissect the actual relationships among them.
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In addition to cross-referencing the QTL detected in the current study with those reported as detected in the CORE
genome-wide association mapping panel, we performed a re-analysis of the CORE data using only those markers within
the 1-LOD confidence interval of QTL mapped in this cross. This re-analysis differed from the original in two ways. First,
because we detected overlapping or allelic QTL on Chromosome 7D derived from both the northern and southern parents
of this cross, we chose to evaluate association within these groups of the CORE separately instead of using covariates to
adjust for population stratification. Second, since we were evaluating only markers within the 1-LOD confidence regions of
QTL mapped in the current study, we used two thresholds to determine statistical significance of association in the CORE.
P-values <0.000121 and p<0.000114 (in the northern and southern oat subsets of the CORE, respectively) were consid-
ered statistically significant evidence of association based on the Bonferroni correction necessary to maintain an a=0.05,
while p<0.001 were considered suggestive of association in a region previously determined likely to influence crown
rust reaction. CDC Dancer was included in the northern oat subset, while LA07065_SBSBSB_32-2 was not included in
the CORE. Of the six QTLs identified in the AIA1405 RIL population, two QTLs, QPca-ars-4A and QPca-ars-7C, were
detected in the northern panel of oat lines at the Bonferroni correction threshold (S5 Table). Although resistance alleles of
both QTL were contributed by southern line, LAO7065_SBSBSB_32-2 in the current cross (Table 1), they were detected
in the northern oat Core subset using crown rust data from a single location year. The resistance alleles at these QTL may
be present in oat germplasm developed by spring oat breeding programs in addition to fall-planted oat breeding programs.
On average, northern oat CORE lines carrying the rare allele of both SNP markers, avgbs_cluster_13926.1.38 (QPca-
ars-4A) and avgbs_10324.1.31 (QPca-ars-7C), exhibited lower crown rust severity compared to carriers of the common
allele (S3 Fig). However, disease severity in that location year (Winnipeg, Canada 2011) was very light, suggesting cau-
tion when interpreting these results. When the less conservative p-value threshold of <0.001 was used to suggest statis-
tical significance, three additional SNP markers were found to be associated with crown rust resistance in the CORE (S5
Table). SNP marker, avgbs_63110.1.59, located within the QTL region of QPca-ars-7D1 and QPca-ars-7D2 was found to
predict crown rust infection response data collected from St. Paul, MN (2011) and Fargo, ND (2010) for the spring planted
CORE oat lines. Two additional SNP markers, avgbs_6K_80511.1.64 and avgbs_cluster_18331.1.38, in the QPca-ars-4A
region were predictive of crown rust severity in Castroville, TX (2010) and Baton Rouge, LA (2011) of the southern oat
lines at p<0.001 (S5 Table).

Interestingly, the effect of variation in the QPca-ars-4A region appeared stronger in the spring planted oat lines of the
CORE compared to effect within the AIA1405 population (Tables 1 and S5). This suggests potential benefits from greater
use of this resistance in spring planted oat. Inability to validate all QTL identified in the AIA1405 RIL population using
genotype-phenotype analysis in a subset of the CORE panel (southern and northern panels) indicates that either the link-
age between markers and trait in the AIA1405 RIL population is false positive, or the effects of these QTL are too small to
be detected in a genotype-phenotype association analysis. A small number of southern oat lines were used in the
genotype-phenotype association analysis, which may lack a statistical power to detect all loci contributing to the crown rust
resistance due to insufficient linkage disequilibrium between the markers and the QTL. Furthermore, since the AIA1405 RIL
population was evaluated nine years after the southern and northern panels was evaluated, the race diversity of the crown
rust pathogen may have changed, and different crown rust resistance genes/QTL may have been effective.

Molecular markers linked to QTLs could be of interest for plant breeders via marker-assisted selection (MAS) if they
could differentiate parents with desirable and undesirable alleles with low false positive rate [51]. For MAS to be success-
ful, QTL linked markers should be validated and effective in diverse genetic background. Of the markers linked to six QTL
identified in this study, only three markers, GMI_ES_LB_9185 (QPca-ars-4A), GMI_ES02_c5812_271 (QPca-ars-7C),
and GMI_ES_CC4504_192 (QPca-ars-7D2) segregated in lllumina 6K genotyping data of CORE lines. We observed
lower frequency of resistance allele in the CORE panel for the GMI_ES_LB_9185 marker (16%) as compared to other two
markers, GMI_ES02_c5812_271 (66%) and GMI_ES_CC4504_192 (66%), suggesting that GMI_ES_LB_9185 is a good
candidate for MAS.
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For non-race specific resistance, which is controlled by multiple QTL with minor effects, combining multiple QTL into
a common genetic background could add up to an economically effective level of crown rust resistance. While the exact
criteria to determine the economic level of crown rust resistance is not specified, previous studies have reported that
yield loss in oat, due to each percent increase in crown rust severity is high. For example, Bissonnette et al. [56] reported
that yield loss in oat cultivars Nobel and Ogle for each percent increase in crown rust severity was 56.7 and 46.0kg/
ha, respectively. Similarly, Bowen et al. [57] reported that depending upon cultivars and year, yield loss in oats could be
20-70kg/ha for each unit increase in crown rust disease. Many studies further reported a significant negative correlation
between crown rust infection and yield [58,59]. Overall, those studies have reported that the increase in crown rust dis-
ease, even in small percentage, could impact on oat yield and quality. In this study, when resistance allele from three QTL
influencing crown rust severity was combined, the difference in crown rust severity between the groups of RILs containing
three QTL and null was 14.70% (S6 Table). Out of 124 RILs evaluated for crown rust resistance in this study, six RILs pos-
sessed all three-resistance allele, and they have the potential to be used in breeding programs to develop durable crown
rust resistance germplasm.

Breeding for crown rust resistance is a continuous effort since new Pca races are regularly emerging and can over-
come effective genes. In this study, six QTL influencing crown rust resistance were identified including a major QTL,
QPca-ars-7C, consistently detected across environments. Although comparison of QTL identified in this study with previ-
ously reported QTL/gene was done, further genetic tests are required to validate the novelty of identified QTL. However,
regardless of whether the QTL detected in this study are novel or not, they represent a valuable source for crown rust
resistance embedded in an elite oat cultivar and are ready for use in an oat breeding programs. SNP markers linked to the
QTL have the potential to be converted into diagnostic markers that can be used in marker-assisted selection for crown
rust resistance in oats.
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