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Abstract

Wheat cultivar Shannong 33 (SN33) has remained highly resistant to stripe rust in the
field since its release in 2009. To unravel the genetic architecture of stripe rust
resistance, seedlings of 161 recombinant inbred lines (RILs) from the cross Avocet S x
SN33 were evaluated with two isolates (PST-Lab.1 and PST-Lab.2) of the stripe rust
pathogen (Puccinia striiformis f. sp. tritici) in the greenhouse, and the RILs were
evaluated in naturally and/or artificially inoculated field sites during two cropping
seasons. The RILs and parents were genotyped with the wheat 55K single nucleotide
polymorphism (SNP) array. Three genomic regions conferring seedling resistance were
mapped on chromosomes 1DS, 2AS, and 3DS, and four consistent quantitative trait loci
(QTL) for adult-plant resistance (APR) were detected on 1BL, 2AS, 3DL, and 6BS.
The 2AS locus conferring all-stage resistance was identified as the resistant gene Yr/7
located on 2NS translocation. The QTL identified on 1BL and 6BS likely correspond
to Yr29 and Yr78, respectively. An APR QTL on 3DL explaining 5.8—-12.2% of the
phenotypic variation is likely to be new. Molecular marker detection assays with the
2NS segment (Yr17), Yr29, Yr78, and QYrsn.nwafu-3DL on a panel of 420 current
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Chinese wheat cultivars and breeding lines indicated that these genes were present in
11.4%, 7.6%, 14.8%, and 7.4% entries, respectively. The interactions among these
genes/QTL were additive suggesting their potential value in enhancing stripe rust
resistance breeding materials as observed in the resistant parent. In addition, we also
identified two leaf necrosis genes, Nel and Ne2, however, the F; plants from cross
Avocet S x SN33 survived indicating that SN33 probably has another allele of Ne/

which allows to harvest seeds.

Common wheat (77iticum aestivum L.), one of the most important cereal crops,
provides more than 20% of total grain production and feeds 36% of the world
population (Singh et al. 2016). It is predicted that with climate change, biotic stresses
especially fungal diseases will continue to be a major threat to the maintenance of production
levels. Among the three rust diseases, stripe rust or yellow rust, caused by Puccinia
striiformis Westend. f. sp. tritici Erikss. (Psf), occurs more frequently in areas with cool
conditions during the growing season (Carvajal-Yepes et al. 2019). China was
considered one of the largest stripe rust epidemic regions in the world (Stubbs 1985),
and frequent epidemics have been reported (Han and Kang 2018). Fungicides can
provide effective control when used at the right time. However, when a crop is
overwhelmed by high disease pressure and application is too late, fungicide is often
ineffective in providing adequate control (Chen 2014). Moreover, chemical control
adds to production costs and might have effects on human health and the environment.

Therefore, the use of genetic resistance is the preferred strategy to control stripe rust.

Resistance to stripe rust is broadly classified into two groups/categories based on
expression at different growth stages; namely, seedling or all-stage resistance (ASR) and
adult-plant resistance (APR) or high-temperature adult-plant (HTAP) resistance (Chen
2013). To date, 83 formally named genes for resistance to stripe rust have been
catalogued (Li et al. 2020; MclIntosh et al. 2017). However, most of the designated
stripe rust genes confer ASR that is race-specific and prone to be overcome by the
emergence of virulent races following widespread deployment (McIntosh et al. 2018;
Niks et al. 2015). There are well documented cases of sequential losses in effectiveness
of genes Yrl, Yr3, Yr6, Yr4, Yr9, and Yr24 (=Yr26) in China (Han and Kang 2018).
Race CYR34 is not only virulent to Y724 that is deployed in many cultivars in the rust-
prone regions of Sichuan, Shaanxi, and Gansu provinces but is also virulent for a
number of other previously effective genes including Y710, Yri7, Yr27, Yr3l, Yr4l,
Yr43, Yr44, Yr50, and Yr67 (Huang et al. 2019; Mu et al. 2019b; Wu et al. 2016, 2018a,
2020). Although Yr5, Yri5, Yr53, Yr6l, Yr64, Yrés, Yr69, and Yr83 are still effective

against CYR34 and other Yr24-virulent races, most of them are not available in well-
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adapted Chinese germplasm (Han and Kang 2018).

Adult-plant resistance or HTAP resistance is often non-race-specific and determined
by combinations of two or more genes or quantitative trait loci (QTL) acting additively and
therefore showing quantitative inheritance (Johnson 1984; Niks et al. 2015). Wheat
cultivars with only APR are generally susceptible at the seedling stage, but gradually
become resistant as plants grow and temperature increases (Chen and Line 1995). Since
genetic analyses have consistently shown that diverse sources of highly effective
durable resistance are based on combinations of partially effective genes that have
additive effects, it is reasonable that a strategy of breeding that ensures gene
combinations should be employed for obtaining prolonged resistance (Nelson et al.
2017). Moreover, many of the QTL so far described have been discovered in adapted

genetic material and their utilization is less likely to be confronted by linkage drag.

In our previous studies with approximately 2,000 common wheat accessions,
including Chinese local landraces, core collections, modern cultivars, and foreign
germplasms were screened for stripe rust response under controlled greenhouse
conditions and in naturally and artificially inoculated fields since 2008. A large number
of accessions with excellent resistance to prevalent Chinese Ps¢ races were identified
(Han et al. 2015; Mu et al. 2019b). Among them, ‘Shaannong 33’ (SN33) has exhibited
a high level of resistance since its release in 2009 (Mu et al. 2019b; Wu et al. 2016).
SN33 was developed from the cross ‘Zhoumai 18’ x ‘Shaanmai 981°, and it has been
grown on over 80,000 ha in the Yellow and Huai River Valleys. Despite the significant
impact of SN33 on increasing wheat production, little is known about the genetic basis

of resistance.

To dissect the genetic architecture of Pst resistance in SN33, a recombinant inbred
lines (RIL) population was developed from cross Avocet S x SN33 and a panel of 420
current Chinese wheat cultivars and breeding lines were evaluated for stripe rust
resistance in different environments. The specific objectives of our study were to: 1)
map and identify QTL conferring stripe rust resistance in SN33, 2) develop polymerase
chain reaction (PCR) markers linked to the corresponding gene/QTL for marker-
assisted selection, and 3) evaluate the interaction among these genes/QTL and their

frequencies in current Chinese wheat cultivars and breeding lines.
Materials and methods

Plant materials. The Fs-derived F¢ RIL population of 161 lines was developed from
cross Avocet S (AvS) x Shaannong 33 (SN33). The Chinese landrace Mingxian 169
(MX169) and cultivar Xiaoyan 22 (XY22) were both used as susceptible controls. VPM
1 (Yr17), Hugenoot (¥Yr25), Pavon 76 (¥Yr29), Stephens (¥Y778), and Madsen (Yr17+Yr78)
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were also included for comparative analysis. A panel of 420 current Chinese wheat
cultivars and breeding lines from winter wheat growing regions were evaluated for
resistance to stripe rust across multiple field environments and used to determine the
prevalence of resistance genes identified in SN33 based on flanking SNP markers.
Furthermore, a set of Y7 near-isogenic lines in the AvS background, set of Chinese
differential cultivars, and certain Y7 gene donor lines (Table S1) were included in the

study as reference stocks for individual Y7 genes.

Greenhouse trials. Phenotyping for seedling reactions to different Pst races was
conducted under controlled greenhouse conditions at Yangling, Shaanxi province.
Three single spore-derived Pst isolates, PST-Lab.1, PST-Lab.2, and PST-V26.1, from
predominant Pst race groups were used in the study; their avirulence/virulence
attributes are described in Table S1. PST-Lab.1 and PST-Lab.2 were developed from
two different collections of the predominant Pst race CYR32. Five to six seeds of SN33,
AvS, and RILs were planted in plastic pots as three sets, and each set of the 14-day old
seedlings was inoculated with a single Pst isolate. Inoculated plants were incubated at
10°C in a dew chamber in darkness for 24 h, and then transferred to a greenhouse at 17
+ 2 °C with 14 h of light (20,000 1x) daily. Infection types (IT) based on a 0-9 scale
(Line and Qayoum 1992) were recorded 18-21 days after inoculation. Lines with IT

scores of 0-3 were repeated thrice with the same isolate to validate resistance response.

Field experiments and hybrid necrosis. SN33, AvS, and the 161 RILs were
evaluated for stripe rust response at Jiangyou (JY) in Sichuan and Yangling (YL) in
Shaanxi provinces in 2017-2018 and 2018-2019, and Tianshui (TS) in Gansu province
in 2018-2019. The locations in Sichuan and southern Gansu are cool and wet during
late spring and early summer considered ideal sites for stripe rust development. The
fields at Yangling were inoculated with Pst isolate PST-V26.1 suspended in a light oil
(1:300) sprayed onto MX169 and XY?22 at flag leaf emergence. Each plot consisted of
a 1 m row sown with approximately 30 seeds and 30 cm row spacing. Two rows of
spreader XY22 were planted after every 20 rows to ensure uniform disease
development. A randomized complete block design with two replicates was used in all
experiments. IT and disease severity (DS) were used to evaluate for adult plant

reactions. IT was recorded using a 0 (resistant) to 9 (susceptible) scale (Line and

Qayoum 1992); DS was scored based on the modified Cobb Scale (Peterson et al. 1948).

The first scoring was done when AvS and MX169 reached approximately 80% severity
or higher during the period 5-25 April at JY, 3—17 May at YL, and 10-15 June at TS.
IT and DS of homozygous lines were recorded as single values; and for segregating
lines IT and DS were recorded as two or more values, but later averaged for each line.

Disease assessment was made at least twice and, finally, the highest ITs and the
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maximum DS (MDS) were used for phenotypic and QTL analyses.

Although leaf necrosis was present at all sites, phenotyping was carried out only at
YL. When the flag leaves emerged completely, we evaluated the progress of necrosis
as 0 or 1, where 0 = no necrosis in any leaf (Green), 1 = show necrosis in leaves
(Yellow), and the segregating lines were scored using the mean values. Necrosis
eventually affected the flag leaves making us unable to score stripe rust reactions
accurately on necrotic plants. Thus, the lines homozygous for necrosis (serious necrosis)

should be deleted in rust analyses (Prof. Robert McIntosh, personal communication).

Phenotypic analysis. Analysis of variance (ANOVA) was conducted using the mean
IT and DS data for RILs across five environments to determine the effects of genotype
(G), environment (E), and G x E interaction. Pearson’s correlation coefficient ()
analysis and ANOVA were conducted using the “AOV” function in QTL IciMapping
software 4.1 with the default parameters (Meng et al. 2015). Estimation of broad-sense
heritability (42 b) of resistance was based on the equation 42 b= 02 g/(c2 g+ o2 gele +
o2 ¢/re), where a2 g, o2 ge, and o2 r represent genotypic (RILs), G x E, and error
variances, respectively, and e and » were the numbers of environments and replicates.
Based on the phenotypic data including IT and DS across ten environments, the BLUP
(best linear unbiased prediction) data were used to evaluate the genetic effects and find

a more possible position for QTL detection (Bates et al. 2015).

SNP calling and clustering. DNA of the parents and RILs was extracted from 10-
15 plants per line at the jointing stage using the cetyltrimethylammonium bromide
(CTAB) protocol (Clarke et al. 2002), and DNA quality and quantity were assessed
using a NanoDrop ND-1000 (Thermo Scientific, Wilmington, DE, USA). The wheat
55K SNP array from CapitalBio Corporation (Beijing; http://www.capitalbio.com) was
used for genotyping. SNP genotype calling and allele clustering was processed with the
polyploid version of the Affymetrix Genotyping Console™ (GTC) software. The SNPs
were classified into six groups: (i) PolyHighResolution (PHR) SNPs that were
polymorphic and co-dominant with a minimum of two samples containing the minor
allele; (i1) No Minor Homozygote (NMH); these polymorphic and dominant SNPs had
only two clusters, one being the heterozygote; (iii)) Mono High Resolution (MHR) or
monomorphic SNPs having only one cluster/allele; (iv) Of-Target Variants (OTV)
showing four clusters including one for a null allele; (v) Call Rate Below Threshold
(CRBT) having all cluster properties above the threshold except for the call rate cut-of;

and (vi) other type SNPs with one or more cluster properties below quality thresholds.

Linkage map construction and QTL analysis. The filtering criteria of SNP
markers for linkage map construction were as follows: PolyHighResolution

(PHR)/polymorphic, <10% missing values, major allele frequencies (MAF) <95%, and
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1:1 segregation ratio confirmed by ? tests (P >0.001). A linkage map was constructed
using QTL IciMapping V4.1 software and generated with Mapchart V2.3 (Meng et al.
2015; Voorrips 2002). Recombination fractions were converted to centiMorgans (cM)
using the Kosambi function (Kosambi 1943). The phenotypic data including IT, DS,
and BLUP values were used to identify the QTL. One marker was selected from each
co-segregating marker group using the “BIN” function. The selected markers were used
to construct the genetic map using the “MAP” function, and inclusive composite
interval mapping with the additive tool (ICIM-ADD) and in IciMapping V4.1 was
performed to detect QTL for IT and DS. Combining the calculated value by 1000
permutations at a probability of 0.01, the LOD score to determine significant QTL was
4.8 in all five environments. The phenotypic variances explained (PVE) by individual
QTL and additive effects at the LOD peaks were also obtained. In addition, inclusive
composite interval mapping of digenic epistatic QTL (ICIM-EPI) functionality was also

used to detect epistatic interactions between the detected QTL.

Comparisons with previously published Yr genes and QTL. To determine the
relationships between loci identified in SN33 and previously reported Yr genes/QTL,
we compared the relative genetic distances of loci based on the integrative genetic maps
(Maccaferri et al. 2015; Dr. Fa Cui, personal communication). For previously reported
Yr genes/QTL, the closest flanking markers were used to generate confidence intervals
(Bulli et al. 2016; Chen and Kang 2017; Maccaferri et al. 2015). Whether loci identified
in SN33 were new depended on actual stripe rust responses, molecular detection, and

relative genetic distances.

The frequencies of identified gene/QTL revealed by linked PCR marker. Based
on the mapping results, polymorphic SNP markers flanking the consistent QTL were
converted into kompetitive allele specific PCR (KASP) primers and were first used to
test the parents and the selected RILs following Wu et al. (2018b). KASP end-point
fluorescent images were visualized using a microplate reader (FLUOstar Omega, BMG
LABTECH, Offenburg, Germany) and allelic discrimination was determined using
Klustering Caller software (LGC, Middlesex, UK). To determine the frequencies of the
identified genes/QTL in the Chinese wheat cultivars and breeding lines, KASP-SNP or
PCR markers VENTRIUP/LN2, csLV46G22, and IWA7257 specific for Aegilops
ventricosa 2NS (harboring Yr17) (Helguera et al. 2003), Lr46/Yr29 (Ren et al. 2017),
and Yr78 (Dong et al. 2017), respectively, were also used for molecular detection in
SN33 (control) and a panel of 420 current Chinese cultivars and breeding lines. In
addition, these lines were also phenotyped for stripe rust severity during the 2018-2019
crop season in JY, YL, and TS, and the data were used for the evaluation of the effect

of gene combinations.
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Results

Phenotypic evaluation. SN33 seedlings displayed resistance (IT 1-2) to PST-Lab.1
and PST-Lab.2 but were susceptible (IT 8-9) to Pst isolate PST-V26.1. At the adult-
plant stage, SN33 was highly resistant (IT 1-2, DS <5%) to all tested isolates (Fig.
STA). AvS was highly susceptible (IT 9) to all races at both growth stages (Fig. S1B).
Based on these results, we concluded that SN33 possesses both seedling resistance and
APR. In seedling tests with PST-Lab.1 and PST-Lab.2, the RILs showed continuous IT
distribution and could not be clearly classified into resistant and susceptible classes (Fig.
1A and B). Thus, seedling resistance to PST-Lab.1 and PST-Lab.2 was quantitatively
inherited.

In field experiments, AvS was susceptible (IT 8-9, DS >80) and SN33 was resistant
(IT 0-3, DS <10). Both IT and MDS data for RILs showed continuous and normal
distributions (Fig. 1C, D, E, and F), indicating that APR in SN33 was quantitatively
inherited. Pearson’s correlation coefficients of pairwise comparison for IT and DS
ranged from 0.62-0.81 and 0.61-0.83 (P <0.001) (Table 1), respectively. Both IT and
DS data for the broad-sense heritability values were 0.90 (Table 2). P values in the
ANOVA for IT and DS values showed significant differences (P <0.0001) among RILs,
environments, and line x environment interactions. However, the lack of significant
variation between the replicates suggested that the resistance genes in RIL population
were the main source of phenotypic variation (Table 2). The resistance of SN33 at the
adult-plant stage in the field in comparison with the susceptibility of AvS are illustrated
in Fig. ST1A and B. These results indicated that the expression of QTL controlling APR

was consistent across all five environments.

Genetic linkage map. Among 53,063 SNPs, 12,294 (23.17%) showed
PHR/polymorphism in the entire RIL population. Among these polymorphic SNPs, 401
were removed due to >10% missing data or distorted segregation. The remaining
11,893 SNPs fell into 2,577 bins. After removing 9,316 redundant SNPs, 2,577 were
chosen to represent the corresponding bins and were used to construct the genetic
linkage map; they were distributed in 31 linkage groups spanning a total length 4,772.88
cM. The A, B, and D genomes included 925 (39.98%), 1,067 (39.49%), and 585
(20.52%) markers covering lengths of 1,604.16, 1,617.91, and 1,550.81 cM with
average marker intervals of 2.96, 2.90, and 1.57 cM, respectively. Chromosomes 1A,
1B, 1D, 2A, 2D, 3A, 3B, 4A, 4D, 6A, 6B, 7A, 7B, and 7D each had a single linkage

group; the other chromosomes had two or more groups (Table S2).

QTL mapping for seedling resistance. QTL on chromosomes 1DS (QYrsn.nwafu-
1DS), 2AS (QYrsn.nwafu-2A4S.1), and 3DS (QYrsn.nwafu-3DS) were identified using
seedling test data (Table 3; Fig. S2). The consistent QTL QYrsn.nwafu-1DS flanked by
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markers AX-110480216 and AX-111475929, explained 6.5 and 31.5% of the phenotypic
variation in data obtained using PST-Lab.1 and PST-Lab.2, respectively. QYrsn.nwafu-
24S.1 flanked by markers AX-108853005 and AX-109973606 explained 16.0% of the
variation in the seedling test with isolate PST-Lab.1. QYrsn.nwafu-3DS with smaller
effect, flanking the markers AX-109446046 and AX-94498685, explained 9.4% of the
phenotypic variation (Table 3). The QTL QYrsn.nwafu-1DS had different resistance
response; resistance was higher against PST-Lab.2 but significantly lower against PST-
Lab.1. QYrsn.nwafu-2AS.1 and QYrsn.nwafu-3DS gave higher (16.0%) and lower
(9.4%) effects, respectively, and were only detected in seedling tests with PST-Lab.1.
When tested with PST-V26.1, SN33, AvS, VPM 1, and Madsen were all susceptible.

QTL analysis for APR to stripe rust and QTL combinations in RILs. Both IT
and DS data from five field environments were used to detect QTL. Four consistent
QTL on chromosome arms 1BL, 2AS, 3DS, and 6BS, designated QYrsn.nwafu-1BL,
QYrsn.nwafu-2A4S.2, QYrsn.nwafu-3DL, and QYrsn.nwafu-6BS, respectively, were
identified in all environments and using the BLUP. All detected QTL were derived
from the resistant parent SN33 (Table 3; Fig. 2). Among these QTL, QYrsn.nwafu-1BL,
closely linked to markers AX-86184925 and AX-111713183, explained 4.2-18.9% and
5.0-18.6% of IT and DS variations, respectively (Fig. 2A). QYrsn.nwafu-2AS.2 located

in a 2 cM interval spanned by AX-109357922 and AX-109973606, explained 10.4-36.1%

and 13.5-33.0% of the phenotypic variation across environments in IT and DS,
respectively (Fig. 2C). QYrsn.nwafu-3DL flanked by AX-94499713 and AX-108814752
and explained 5.8-12.2% and 8.4-12.2% in the tests with IT and DS data (Fig. 2E).
QYrsn.nwafu-6BS, linked to AX-110602591 and AX-110199811, explained 6.5-18.5%
(IT) and 7.1-15.1% (DS) of the phenotypic variance. Most confidence intervals for this
QTL overlapped a 7.0 cM region flanked by the markers 4X-110086144 and AX-
108908139 (Fig. 2G). All these QTL had additive effects for APR to stripe rust.

Different QTL combination had different stripe rust severity reduction. To determine
the effects of individual QTL and QTL combinations, RILs were classified into six
genotypic groups based on the field tests in YL, JY, and TS (Fig. 3, Table S3). In the
field tests, RILs with four QTL QYrsn.nwafu-1BL, QYrsn.nwafu-2AS.2, QYrsn.nwafu-
3BS, and QYrsn.nwafu-3DL were more resistant (lower IT and DS) than all of the others,
displaying almost similar resistance levels to SN33 (Fig. 3). These results indicated that
the additive effects of the individual QTL and more QTL in a combination determined

higher resistance.

Additive effects were detected for all QTL in both seedling adult-plant tests (Table
3). In seedling tests, three QTL with low additive effects (-0.6 to -1.6), probably due to

their race specificity. According to the field tests, the additive effects of IT were in a
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range from -0.4 to -1.3, and those of DS ranged from -5.6 to -14.9. Based on the seedling
and field tests, the disease reduction by additive effects of individual QTL was
influenced by the phenotype data (IT and DS) and different environments.

Mapping of genes contributing to leaf necrosis. The leaf necrosis, or hybrid
necrosis, controlled by the interaction of complementary dominant genes Nel (on
chromosome arm 5BL) and Ne2 (on chromosome arm 2BS) (Zhang et al. 2016), was
observed in the field experiments. As expected, the parents did not show necrosis, but
27 RILs showed the phenotype, of which 12 RILs were excluded from the mapping
analysis for stripe rust QTL because of yellowing on flag leaves in YL (Fig. S1C). Two
QTL on 2BS and 5BL were detected in the RIL population, and shown to be Ne2
(ONesn.nwafu-2BS) contributed by AvS with the closet markers /70672470 and AX-
111559203 and Nel (QNesn.nwafu-5BL) by SN33 flanked by the markers AX-
109338502 and AX-108885332.

Comparisons with previously known Yr genes. Three PCR markers linked to
previously reported loci Y717, Yr29, and Yr78 were assayed on AvS, SN33, and wheat
lines with those genes (Table S4). All except csLV46G22 were detected in SN33. New
KASP markers linked to QYrsn.nwafu-1BL, QYrsn.nwafu-3DL, and QYrsn.nwafu-6BS
were also assayed on wheat lines Pavon 76 (Y729, chr. I1BL), VPM 1 (Yr17, chr. 2AS),
PI1 181434 (Yr45, chr. 3DL), Stephens (Y778, chr. 6BS), and Madsen (Yr17+Yr78) (Fig.
S3). These results showed that SN33 shared the alleles of Y7/7 with VPM 1 and Yr78
with Stephens and Madsen, indicating that SN33 likely carry these genes.

Comparative analyses of genetic positions and stripe rust responses were also carried
out based on the integrative genetic map. Yr24 (=Yr26) and Yr29 were previously
mapped on chr. 1BL. QYrsn.nwafu-1BL conferring partial APR in the field was located
within the region 212.7 to 217.8 ¢cM in the genetic map and corresponding to 661.9 to
668.7 Mb in the physical map overlapped the region of the Y729 locus. In molecular
detection assay, however, AvS and SN33 did not produce the positive band of
csLV46G22. Further studies are needed to determine the relationship of QYrsn.nwafu-
IBL with Yr29.

QYrsn.nwafu-2AS.1, QYrsn.nwafu-2AS.2, and Yrl7 clustered to the terminal region
of chromosome 2AS. Yrl7 originated from the 2NS chromosome of Aegilops
ventricosa (syn. Triticum ventricosum) introgressed to the hexaploid wheat lines VPM1
and then to Madsen. SN33 with QYrsn.nwafu-24S.1 and AvSYrl7NIL conferred
seedling resistance (IT 1-2) to PST-Lab.1 but had intermediate to high ITs (3-7) to PST-
Lab.2 and PST-V26.1. In addition, these lines also harboring QYrsn.nwafu-2AS.2
conferred APR in all field tests. AvSYr17NIL, VPM1, Madsen, and SN33 were
susceptible at seedling stage but displayed partial APR in fields (Mu et al. 2019b; Wu
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et al. 2016). These results suggested that QYrsn.nwafu-2AS.1 should be Yr17, and that
QYrsn.nwafu-2AS.2 was also corresponding to Yr/7 as they all located in the same

region.

QYrsn.nwafu-6BS was mapped to a resistance gene-rich region (Dong et al. 2017)
harboring Yr36, Yr78, and other QTL. Previous studies have confirmed that several
APR QTL such as QYr.wgp-6B.1 in Stephens, QYr.sun-6BS in Janz, and QYrMa.wgp-
6BS in Madsen are synonymous of Y778 (Liu et al. 2018). Likewise, our results showed
the presence the “T” allele for the closest marker, /IWA7257, in SN33, Stephens, and
Madsen, and the “G” allele in AvS indicating that QYrsn.nwafu-6BS is likely Yr78. The
linked markers IWA7257 for Yr78 and AX-109408478 for QYrsn.nwafu-6BS were
located at 98,033,320 and 118,028,360 bp, respectively.

Frequencies of Yrl7, Yr29, Yr78, and QYrsn.nwafu-3DL in Chinese wheat
germplasm. PCR marker VENTRIUP/LN?2 representing the 2NS segment harboring
QYrsn.nwafu-2AS (Yrl7), KASP markers or combinations AX-86184925, AX-
109408478 + IWA7257, and AX-109466386 representing QYrsn.nwafu-1BL (Yr29),
QYrsn.nwafu-6BS (Yr78), and QYrsn.nwafu-3DL, respectively, were used to genotype
the panel of 420 current Chinese cultivars and breeding lines (Table S4, Table S5). The
frequencies of Yr17, Yr29, Yr78, and QYrsn.nwafu-3DL based on markers were 11.4%
(48 lines), 7.6% (32), 14.8% (62), and 7.4% (31), respectively.

Discussion

Race CYR34 of Pst, represented by isolate PST-V26.1 in this study, is virulent to a
number of Y7 genes in addition to Y724 and therefore narrowed down the options such
as Yr10 and Yr24/26/CH42/Gn22 available to wheat breeders. Expanding the numbers
of effective resistance genes is an ongoing task. In a previous study, SN33 was
identified to display APR to stripe rust in field environments since its release in 2009
(Han et al. 2012). The present study showed that the high level and potentially durable
resistance in SN33 was controlled by a combination of known race-specific and APR
genes with additive effects. Those genes included Yr/7 and Yr78, also ASR QTL on
1DS and 3DS, and APR QTL on 1BL and 3DL.

Yr25 is the only designated gene on 1DS and its more detailed chromosomal location
is unknown (Chen and Kang 2017). The reference line Hugenoot for Yr25 was
susceptible in the present study and to PST-V26.1 in a previous study. Eight QTL have
been reported on chr. 1D, five from biparental populations including QYrdr.wgp-1DS
in Druchamp (Hou et al. 2015), QYr.caas-1DS in Naxos (Ren et al. 2012), QYrst.orr-
1DS in Stephens (Vazquez et al. 2012), QYr.sun-1D in CPI133872 (Zwart et al. 2010),

YrCEN in Centrum (Mu et al. 2019a), and three detected in genome-wide association
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studies included QYr.wpg-1D.1 (Naruoka et al. 2015), QYr.ucw-1D (Maccaferri et al.
2015), and QYr.nwafu-1DS.1 (Wu et al. 2020). Among these QTL, YrCEN, QYr.nwafu-
IDS.1, and QYr.wpg-1D.1 were characterized as ASR genes in common with
QYrsn.nwafu-1DS. Based on an integrated genetic map and physical position (Bulli et
al. 2016), QYr.nwafu-1DS. I with flanking markers AX-110480216 and AX-111475929,
was located from 9,235,355 bp to 10,404,607 at the distal of chromosome 1DS and only
QYr.wpg-1D. 1 with linked marker IWA6960 at 8,184,770 was in a similar location (Fig.
S2B).

QYrsn.nwafu-3DS was identified only in the seedling test with isolates PST-Lab.1
and PST-Lab.2, while QYrsn.nwafu-3DL conferred consistent APR in all field
environments (Table 2). QYrsn.nwafu-3DS was mapped about 50 cM from
QYrsn.nwafu-3DL on chr. 3DL (Fig. 2E, Fig. S2E). Genes/QTL reported in previous
studies included Yr45 in PI 181434 and PI 660056, Yr49 in Chuanmai 18, Yr66 in
AGG91584WHEA and AGG91586WHEA, Yr71 in Sunco (unpublished according to
Mclintosh et al. 2017), Yr73 (YrA) in Avocet R (Dracatos et al. 2016), QYr.tam-3D in
Quaiu 3 (Basnet et al. 2014), QYr-3DS (Singh et al. 2000) and QYR6 (Boukhatem et al.
2002) in Optata 85, and QYr.inra-3D in Récital (Dedryver et al. 2009). Among these
genes on chr. 3DS, only Yr66 was known as ASR and QYrsn.nwafu-3DS overlapped
with the region indicated for Y766 based on the integrated genetic map, suggesting that
QYrsn.nwafu-3DS could be Yr66. In previous studies, there were three designated gene
(Yr45, Yr71, and Yr73) on 3DL. Apparently, Yr73 (YrA), conferring ASR, was different
from QYrsn.nwafu-3DL. The polymorphic SNP marker 4X-109466386, linked to
QYrsn.nwafu-3DL, was used to genotype the parents and the Yr45 carrier PI 181434.
The result showed that SN33 carried a different allele than PI 181434 and AvS. Thus,
QYrsn.nwafu-3DL should not be Yr45 (Fig. S3). Comparisons of the physical positions
on chromosome 3DL showed that the Yr7/-linked markers KASP 17207 and
KASP 16434 (Bariana et al. 2016) were located at 598,356,516 and 614,366,302 bp,
respectively, whereas QYrsn.nwafu-3DL linked marker AX-109582945 was located
near 407,401,578 bp. These results indicated that Yr7/ location was far from
QYrsn.nwafu-3DL. Although QYrsn.nwafu-3DL was near to QYr.tam-3D, QYr.inra-3D,
and QYr.cim-3D in the integrated genetic map (Fig. 2F), their physical positions based
on the Chinese Spring genome are also well separated. QYrsn.nwafu-3DL was a
consistent QTL with a medium effect (PVE = 5.8-12.2%) detected in all five
environments (Table 3), whereas QYr.tam-3D, QYr.inra-3D, and QYr.cim-3D were
environment dependent QTL detected in one or two environments. Récital harboring
QYr.inra-3D was susceptible in Chinese field tests (Dejun Han, unpublished data).
These results showed that QYrsn.nwafu-3DL is likely a new QTL. Flanking marker AX-
109466386 at 180,398,197 bp was polymorphic among 420 Chinese cultivars and thus
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can be used for MAS. As a novel resistance QTL, QYrsn.nwafu-3DL can contribute to
durable resistance through marker-assisted pyramiding with other known APR or ASR

genes.

As a major source of resistance, Y»/7 was introduced into northern European wheat
cultivars in the mid-1970s. Subsequently, this resistance gene was widely used in
breeding programs worldwide and is also present in many cultivars in China. Although
Yr17 was originally considered as a seedling (all-stage) resistance gene and virulent Ps¢
isolates detected since 1995 (Bayles et al. 2000), expression of Yr/7 resistance varied
with genetic background, pathogen isolate and environmental conditions in later studies.
Milus et al. (2015) demonstrated that some factors need to be considered when
evaluating Yr/7 reactions at the seedling stage such as night temperatures over 12°C,
assessment of the seedling reaction on the first leaves of multiple differentials with Y777,
and known avirulent, partially virulent, and virulent isolates as controls, etc. In addition,
several researchers found that cultivars with Y»/7 showed intermediate to high ITs to
Yri7-avirulent isolates in seedling tests despite its effectiveness at adult-plant stages
(Bayles and Herron 1987; Fang et al. 2011). Yr/7 conferred intermediate resistance
when present alone however displayed adequate resistance when combined with other
genes/QTL against prevalent races in tested environments (Coriton et al. 2019; Singh
R.P. unpublished results). Liu et al. (2018) hypothesized that the 2NS translocated
region contains at least one gene in addition to Yr/7, and the group has successfully
obtained mutant lines with HTAP resistance from the Y777 near-isogenic line with Yr/7
demolished (Y. X. Li and X. M. Chen, unpublished data). In the present study, the Yr/7
carriers displayed various responses (IT 1-7) to different races but moderate to high
resistance in fields at adult plant stage. These observations were consistent with the
hypothesis of HTAP resistance that is affected by temperature, growth stage, and

disease pressure.

QYrsn.nwafu-1BL was detected near the distal end of chromosome arm 1BL. Several
stripe rust APR QTL in chromosome 1BL have been reported, most of which
correspond to the Y729/Lr46 locus (Rosewarne et al. 2013; Singh et al. 1998). The result
showed that the Yr29/Lr46 linked marker csLV46G22 was negative in SN33 and the
KASP markers AX-86184925 linked to QYrsn.nwafu-1BL also showed different allele
between SN33 and Y729 carriers. However, the presence of Y729 in SN33 cannot be
ruled out as the marker csLV46G22 is not known to be diagnostic. Also, similar results
were found in other mapping populations (Zeng et al. 2019; R. P. Singh unpublished
results). Dong et al. (2017) suggested that QYr.sun-6BS in Janz, QYr.wgp-6B.1 in
Stephens, and QYr.wsu-6B.1 could be designated as synonymous of QYr.ucw-6B

(named as Y778). QYrsn.nwafu-6BS was also located in a similar region and shared the
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same alleles at the KASP markers loci indicating that QYrsn.nwafu-6BS was likely to
be Yr78. QYrsn.nwafu-3DL, conferring APR, was detected as a novel gene. Further
studies are required to dissect the chromosomal regions and confirm the genetic
relationships among the Y7 genes/QTL on 1BL, 3DL, and 6BS.

The characteristics of wheat hybrid necrosis are progressive chlorosis and necrosis
of plant leaf and sheath tissues, which is controlled by the interaction of complementary
dominant genes Nel and Ne2 on chromosomes 5SBL and 2BS, respectively (Chu et al.
2006; Zhang et al. 2016). In Mexico, the hybrid necrosis genes Nel and Ne2 completely
kill F; plants in 3-4 weeks resulting in no seed production. In the present study, RILs
with weak or medium degree of chlorosis and necrosis were observed among RILs
carrying the complementary genes Nel and Ne2. ONesn.nwafu-2BS and QNesn.nwafu-
SBL, which were associated with alleles of Ne2 and Nel, respectively were detected in
our RIL population. However, the F; plants from the cross AvS x SN33 survived

indicating that SN33 probably has another allele of Ne/ which allows to harvest seeds.

In previous studies, there were 9.11% (45) of 494 cultivars and 10.4% (19) of 183
advanced wheat breeding lines from winter wheat growing regions in China to have the
specific marker linked to Yr/7, respectively (Wu et al. 2016; Zeng et al. 2014). There
were 38.5% (37) of 96 wheat breeding lines from Sichuan province to have Y729 (Liu
et al. 2015). There were 63% of 620 genotyped lines from three recent CIMMYT
international spring wheat screening nurseries were positive for the Y78 marker
(Huerta-Espino et al. 2019). All of the above results indicated that Y17, Yr29, and Yr78
were widely used or common in China since 1980s through germplasm exchange with
CIMMYT and other sources. In the present study, it was noted that most of the carriers
of Yri7, Yr29, Yr78, and QYrsn.nwafu-3DL were from Sichuan, Shaanxi, and Henan
where stripe rust occurs very frequently. This observation probably reflects the regular
selection for stripe rust resistance by breeders in these provinces although the individual
genes alone do not reduce disease severity to acceptable levels under epidemic
conditions. Consequently, these genes are selected as important components of
unknown gene combinations, and it is only the effectively pyramided lines that are

ultimately accepted for release.

Finally, Yri7, Yr29, Yr78, and QYrsn.nwafu-3DL are partially effective stripe rust
resistance genes that in combination, and preferably in further combination with other
partially effective genes, can provide very high levels of potentially durable resistance
in hot spot regions of China. Shaannong 33 has a role to play as a breeding parent in

achieving that goal.
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Figure legends

Fig. 1. Frequency distributions of seedling infection type (IT) data for recombinant
inbred lines (RILs) derived from AvS x SN33 tested with two Puccinia striiformis f.
sp. tritici isolates (A, B). C, D, E, and F: Distributions of IT data and disease severities
(DS) for the RIL population evaluated in 2018 (A, B) at Yangling (YL) and Jiangyou,
and in 2019 (C, D) at Yangling (YL), Jiangyou (JY), and Tianshui (TS).

Fig. 2. Genetic map of recombinant inbred lines from the cross AvS x SN33 population.
Locations of adult-plant QTL QYrsn.nwafu-1BL, QYrsn.nwafu-2AS.2, QYrsn.nwafu-
3DL, and QYrsn.nwafu-6BS in the linkage maps (A, C, E, and G). The regions
identified in the BLUP and BLUP analyses were considered the most likely locations
(colored red). B, D, F, and H: Overlays of previously mapped (black bars) and current
(red bars) in integrated genetic maps (Maccaferri et al. 2015; F. Cui, personal

communication).

Fig. 3. Effects of combined quantitative trait loci (QTL) on stripe rust using infection
type (A) and maximum disease severity (B) data for the AvS x SN33 RIL population
data from Yangling (YL), Tianshui (TS), and Jiangyou (JY). Y-axes ‘QTL combination’

Supplemental Materials

Fig. S1. A and B: Stripe rust responses of SN33 and AvS mid-dough growth stage at
Yangling in 2019. C: Symptoms of necrosis in homozygous necrotic RIL 59 spike
emergence prior to stripe rust development. Necrosis eventually progresses to the flag

leaf and leads to lower rust development.

Fig. S2. Linkage maps and relative locations of seedling resistance QTL QYrsn.nwafu-
1DS, QYrsn.nwafu-2AS.1, and QYrsn.nwafu-3DS identified in the AvS x SN33 RIL

population.

Fig. S3. A, B, and C: The performance was described for QTL QYrsn.nwafu-1BL,
QYrsn.nwafu-3DL, and QYrsn.nwafu-6BS linked single-nucleotide polymorphism
markers in a panel of 420 wheat cultivars and breeding lines, respectively. “+”
indicates wheat lines have the same target marker genotypes as in SN33; “-” indicates

wheat materials that did not have the target QTL fragment or allele.

Table S1. Virulence/avirulence formulae of three Puccinia striiformis f. sp. tritici
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isolates used in the study

Table S2. Distribution of single-nucleotide polymorphism (SNP) markers on the 21
wheat chromosomes in the genetic map for the AvS x SN33 RIL population

Table S3. Effects of different QTL combinations in the RILs from the AvS x SN33
population based on infection type (IT) and disease severity (DS) in five field
experiments (Yangling, Tianshui, and Jiangyou during the 2017-2019 cropping seasons)

Table S4. The genotyping results of SSR and SNP markers for QYrsn.nwafu-1BL
(Yr29), QYrsn.nwafu-2AS (Yri7+), and QYrsn.nwafu-6BS (Yr78) in Shaannong 33,
Avocet S, AvSYr17NIL, VPM 1, Madsen, Stephens, and 420 Chinese wheat cultivars

and breeding lines

Table SS. Primers of KASP markers for QYrsn.nawfu-1BL, QYrsn.nawfu-3DL, and
QYrsn.nawfu-6BS
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Table 1. Correlation coefficients () of stripe rust infection type (IT) and disease
severity (DS) in the AvS x SN33 RIL population across field environments

Environment r value based on DS (IT)P

' 2018YL 2018JY 2019JY 2019YL
2018 Jy® 0.65(0.66) ) i i
2019 JY 0.67(0.62) 0.68(0.67) ) )
2019 YL 0.68(0.64) 0.64(0.63) 0.70(0.71)

2019 TS 0.68(0.70) 0.61(0.64) 0.76(0.72)  0.83(0.81)

aYL, TS, and JY denote Yangling, Tianshui, and Jiangyou, respectively.

b All » values were significant at P = 0.001.



728  Table 2. Analysis of variance (ANOVA) for stripe rust infection type (IT) and disease

729  severity (DS) data for the AvS x SN33 RIL population evaluated at Yangling and

730  Jiangyou in 2017 and 2018 and Tianshui in 2018

Page 22 of 30

IT DS

Source of variation df Mean F Povalue i Mean F Povalue

square value square value
RILs 148 31.8 30.9 <0.0001 148 5799.3 30.8 <0.0001
Replicates 1 3.2 1.3 1 667.6 3.5
Environments 4 170.7 166.1 <0.0001 4 26365.1 139.9 <0.0001
Line X environment 561 34 33 <0.0001 560 586.0 3.1 <0.0001
Error 571 1 571 188.5
h?b 0.9 0.9

731
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732 Table 3. Summary of stripe rust resistance QTL detected in the AvS x SN33 RIL
733 population in the seedling and adult-pant stages using IciMapping 4.1
Growth QTL Isolate or ) Genetic
. Marker interval . LOD® PVE® Add¢
stage enviroment? position
Seedling  QYrsn.nw PST-Lab.1 AX-110480216  AX-111475929 23 4.0 6.5 -0.6
afu-1DS
QYrsn.nw AX-108857922  AX-111730999 2 7.1 16.0 -0.9
afu-2AS.1
QYrsn.nw AX-109446046 AX-94498685 2 4.1 9.4 -0.7
afu-3DS
Qrsn.nw PST-Lab.2 AX-110480216  AX-111475929 2 127 315  -16
afu-1DS
Adult QYrsn.nw
(field) afu-1BL IT-18YL AX-108745708  AX-110483673 215 11.0 16.6 -0.8
DS-18YL AX-86184925 AX-108745708 214 8.6 11.7 -7.4
IT-19YL AX-108745708  AX-110483673 215 12.4 18.9 -0.9
DS-19YL AX-108745708  AX-110483673 215 11.4 18.6 -12.9
IT-18JY AX-86184925 AX-108745708 214 8.1 15.6 -0.6
DS-18JY AX-86184925 AX-108745708 213 9.9 15.2 -7.6
IT-19]Y AX-111156202 AX-86184925 211 2.9 4.2 -0.4
DS-19JY AX-86184925 AX-108745708 214 4.3 5.0 -5.8
IT-19TS AX-86184925 AX-108745708 214 6.0 8.7 -0.6
DS-19TS AX-108745708  AX-110483673 216 2.8 4.9 -5.6
IT-BLUP AX-111156202 AX-86184925 212 10.4 14.6 -0.6
DS-BLUP AX-111156202 AX-86184925 212 7.0 8.6 -6.2
QOYrsn.nw IT-18YL AX-108853005  AX-109973606 3 8.9 13.5 -0.7
afu-2A48S.2 DS-18YL AX-108853005  AX-109973606 3 12.7 20.0 -9.7
IT-19YL AX-108857922  AX-111730999 2 7.5 10.4 -0.7
DS-19YL AX-108853005  AX-109973606 3 8.9 13.5 -11.1
IT-18JY AX-108853005  AX-109973606 3 7.6 15.0 -0.6
DS-18JY AX-108857922  AX-111730999 2 13.4 21.5 -9.2
IT-19]Y AX-108857922 AX-111730999 2 21.2 36.1 -1.3
DS-19JY AX-108857922  AX-111730999 2 21.3 33.0 -14.9
IT-19TS AX-108857922  AX-111730999 2 10.2 16.6 -0.8
DS-19TS AX-108853005  AX-109973606 3 11.4 22.5 -11.9
IT-BLUP AX-108857922  AX-111730999 2 16.2 24.0 -0.8
DS-BLUP AX-108857922  AX-111730999 2 18.6 26.9 -11.0
QYrsn.nw IT-18YL AX-111383164  AX-111600316 60 8.0 12.2 -0.7
afu-3DL DS-18YL AX-110950126  AX-109582945 66 9.2 12.2 -7.5
IT-19YL AX-109466386  AX-108954437 54 4.5 5.8 -0.5
DS-19YL AX-109466386  AX-108954437 54 7.3 11.1 -10.0
IT-18JY AX-109582945  AX-110284733 69 4.0 7.3 -0.4
DS-18JY AX-110950126  AX-109582945 66 6.2 8.9 -5.9
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2YL, TS, and JY are abbreviations for Yangling, Tianshui, and Jiangyou, respectively;
BLUP = best linear unbiased prediction.

> LOD, logarithm of odds score.

¢PVE, percentage of the phenotypic variance explained by individual QTL.

d Add, additive effect of resistance allele. A negative value indicates that the resistance

allele is from SN33.
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Fig. 1
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Fig. 3
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Fig. S1
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Fig. S2
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