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Multi-stage resistance to
Zymoseptoria tritici revealed by
GWAS in an Australian bread
wheat diversity panel

Nannan Yang1, Ben Ovenden1, Brad Baxter1,
Megan C. McDonald2, Peter S. Solomon3

and Andrew Milgate1*

1NSW Department of Primary Industries, Wagga Wagga Agricultural Institute, Wagga Wagga,
NSW, Australia, 2University of Birmingham, School of Biosciences, Birmingham, West
Midlands, United Kingdom, 3Division of Plant Sciences, Research School of Biology, The Australian
National University, Canberra, ACT, Australia
Septoria tritici blotch (STB) has been ranked the third most important wheat

disease in theworld, threateninga largeareaofwheatproduction. Althoughmajor

genes play an important role in the protection against Zymoseptoria tritici

infection, the lifespan of their resistance unfortunately is very short in modern

wheat production systems. Combinations of quantitative resistance with minor

effects, therefore, are believed to have prolonged andmore durable resistance to

Z. tritici. In this study, new quantitative trait loci (QTLs) were identified that are

responsible for seedling-stage resistance and adult-plant stage resistance (APR).

More importantly was the characterisation of a previously unidentified QTL that

can provide resistance during different stages of plant growth or multi-stage

resistance (MSR). At the seedling stage, wediscovered a new isolate-specificQTL,

QSt.wai.1A.1. At the adult-plant stage, the newQTLQStb.wai.6A.2 provided stable

and consistent APR in multiple sites and years, while the QTL QStb.wai.7A.2 was

highlighted to have MSR. The stacking of multiple favourable MSR alleles was

found to improve resistance to Z. tritici by up to 40%.

KEYWORDS

Zymoseptoria tritici, bread wheat, genome-wide association studies (GWAS), adult
plant resistance, multi-stage resistance (MSR), QTL
Introduction

Zymoseptoria tritici (Mycosphaerella graminicola (Fuckel) J. Schrot, anamorph Septoria

tritici, synonym) (Quaedvlieg et al., 2011), severely threatens wheat production in

Australia, Europe, and North America. STB disease has been documented as the third

most important disease threatening wheat production with an average of 2.44% yield losses
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per year (Savary et al., 2019). Thirty to fifty percent yield loss is

possible in regions that experience high humidity and mild

temperatures during the growing season (Eyal, 1987). The use of

fungicides to control the spread of Z. tritici is becoming more

challenging, due to the increasing levels of resistance to azole

fungicides (Milgate, 2014; McDonald et al., 2019) and recently

strobilurin resistance (pers. comm F. Lopez-Ruiz) observed in

South Australia. Resistance to multiple fungicide chemicals occur

in Europe and the US, including azole, strobilurin (Hagerty et al.,

2017) and succinate dehydrogenase inhibitors (SDHI) (Dooley

et al., 2016; Blake et al., 2018). To reduce the instance of fungicide

resistance, fungicides need to be used as a part of an integrated

disease management (IDM) system. An important component of

effective IDM is the requirement for a robust level of host resistance

to Z. tritici in cultivated wheat varieties.

Major resistance (R) genes are important sources of

resistance that wheat breeders can use to protect against Z.

tritici. To date, twenty-four Z. triticimajor resistance genes have

been reported with tightly linked molecular markers, including

12 isolate-specific genes and 12 non-isolate specific genes from

wheat (Aouini, 2018; Tabib Ghaffary et al., 2018; Yang et al.,

2018; Langlands-Perry et al., 2022). However, this fungus has a

plastic number of chromosomes, sexual and asexual

reproduction systems, and the ability of long-distance

migration, which increases the threat of the host resistance

being overcome (Rudd, 2015; McDonald and Mundt, 2016).

For instance, the major seedling resistance genes Stb4 (Adhikari

et al., 2004), Stb6 (Brading et al., 2002), Stb2/11/WW (Raman

et al., 2009; Liu et al., 2013; Dreisigacker et al., 2015), and Stb18

(Tabib Ghaffary et al., 2011) have been overcome in Australia

(pers. comm A. Milgate). Thus, new sources of resistance are

urgently required by breeders.

Quantitative resistance can be combined with qualitative

genes to improve resistance against Z. tritici infections. Different

types of quantitative resistance have been identified in 89

genomic regions in wheat, of which, 27 were detected at the

seedling stage, and 48 at the adult stage (Goudemand et al., 2013;

Brown et al., 2015). New quantitative trait loci (QTLs) at the

adult-plant stage have also been detected from ten GWAS

studies (Arraiano and Brown, 2017; Kidane et al., 2017;

Vagndorf et al., 2017; Würschum et al., 2017; Muqaddasi

et al., 2019; Yates et al., 2019; Riaz et al., 2020; Alemu et al.,

2021; Louriki et al., 2021; Mahboubi et al., 2022). These include

notable loci such as QStb.NS-2A associated with APR (Vagndorf

et al., 2017), qtl-3 on the control of necrosis lesions (Yates et al.,

2019), and QStb.teagasc-4A.1 associated with the STB resistance

of flag leaves and flag-1 leaves (Riaz et al., 2020). However, there

is a paucity of reports demonstrating the deployment of

quantitative genes for Z. tritici resistance that can provide

stable protection over a long period of time. On the other

hand, STB levels can also be reduced by traits such as taller

plant height and late heading date or flowering time that

contribute to disease escape, which limits the spread of fungal
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inoculum within crops (Tavella, 1978; Simón et al., 2004;

Arraiano et al., 2009; Brown, 2015), although these traits may

be unfavourable in breeding.

Patterns of host resistance differ markedly between Z. tritici

and other pathogens in wheat. The major seedling resistance

genes of wheat against rust pathogens (Puccinia spp.) have been

described as all-stage resistance or race-specific resistance (Chen,

2005). These major genes provide near immunity at the seedling

stage and continue to give high levels of protection at later plant

growth stages (Wellings et al., 2012; Ellis et al., 2014). However,

for Z. tritici, the translation of seedling isolate-specific resistance

providing very high protection against infection at the adult

plant stage, is seldom observed. In addition, equivalent loci to

the rust APR genes have yet to be definitively identified for Z.

tritici. These genes are typically not effective at the seedling stage,

such as Lr34 (Krattinger et al., 2009) and Lr67 (Moore et al.,

2015), but do provide durable non-specific resistance at the

adult-plant stage. Therefore, the search for and combining of

different seedling-resistance and APR genes, has long been

postulated as a sustainable way of prolonging the durability of

disease resistance against Z. tritici (Brown, 2015; Niks et al.,

2015; Rimbaud et al., 2021). Here we introduce the term “multi-

stage resistance” (MSR) to describe those QTLs which are

effective at more than one plant growth stage. These are

defined as QTLs that reduce disease and or components of

disease during both seedling and adult-plant growth stages.

QTLs with MSR, which continue providing the resistance from

early to later stages of the plant growth will be very desirable

breeding targets. In this study, a collection of 273 bread wheat

cultivars that represented both the gene pool of recent Australian

cultivars and international sources of resistance were applied in a

marker and trait genome-wide association analysis.
Materials and methods

Plant materials

Two hundred and seventy-three accessions were selected for

inclusion into the AusSTB diversity panel. The panel is

comprised of 163 cultivars and breeding lines from breeding

programs across Australia, and a selection of Z. tritici resistance

sources from around the world, that are relevant to Australian Z.

tritici resistance breeding. These include 13 synthetic hexaploid

lines, 59 accessions from CIMMYT, 12 from North America, 10

from Europe, five from the Middle East, three each from New

Zealand and Mexico, two each from Brazil and China and one

from Russia. (Supplementary Table 1). Accessions were sourced

from the Australian Grains Genebank, Horsham Victoria

Australia, and accession numbers are also provided in

Supplementary Table 1. Accessions were subjected to two

generations of single seed descent to decrease genetic

heterozygosity prior to phenotyping and DNA extraction.
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Experimental design

The package DiGGer (Coombes, 2002) in R (R Core Team,

2020) was used to create randomized complete block (spatial)

designs for all experiments in the study. For the glasshouse

experiments, the 273 AusSTB lines and six control cultivars

‘M1696’ (resistant, R) ‘Teal’ (R), ‘Milan’ (moderately resistant/

moderately susceptible, MR/MS), ‘Millewa’ (MR/MS), ‘Egret’

(susceptible, S), and ‘Summit’(S) were replicated three times in

a 30 row by 30 column array in each experiment. For the field

experiments, the 273 AusSTB lines were replicated three times

and the balance of entries in each experiment were made up of

the susceptible control cultivar ‘WW425’. The spatial designs for

field experiments were 28 row by 30 column arrays at Wagga

Wagga New South Wales (NSW) and 12 rows by 69 columns

arrays in Hamilton Victoria (VIC).
Glasshouse screening for
Z. tritici resistance

Three Australian Z. tritici isolates were used in this study.

WAI332 was collected from NSW in 1979, WAI251 from VIC in

2012 and WAI161 from Tasmania (TAS) in 2011. Inoculation

procedure for the isolates and experimental details for

phenotyping Z. tritici glasshouse infections are described in

Yang et al. (2018). Each isolate was screened on all 273

cultivars in six independent glasshouse screening experiments.

Symptoms of Z. tritici were assessed between 21 and 28

days after inoculation. A seedling infection score (STB_S) was

scored based on the visually estimated percentage of necrotic

lesions containing pycnidia on the infected leaves, according to

the methods by Zwart et al. (2010). During the assessment, the

percentage of leaf area with necrosis (Nec, 0-100%) on the

infected leaf and pycnidia density on the necrotic leaf area (Pyc,

0-100%) were also recorded.
Field experiments

The AusSTB panel was evaluated in four different

environments (two locations × two years). Field experiments

were conducted at Wagga Wagga Agricultural Institute at Wagga

Wagga, NSW, Australia (WGA, -35.04419222, 147.3167896) in

2015 and 2016, and the Department of Economic Development,

Jobs, Transport and Resources Hamilton Centre at Hamilton,

Victoria, Australia (HLT, -37.828768, 142.082319) in 2015 and

2016. For the field experiments atWaggaWagga, natural infection

ofZ. triticiwas supplemented with an inoculation of stubble debris

fromwheatwith high levels ofZ. tritici infection. Field experiments

at Hamilton relied on natural infections.

Disease severity in the field experiments was visually scored

according to Saari and Prescott’s severity scale for assessing

wheat foliar diseases (Saari and Prescott, 1975). Namely, STB_A
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(1-9) was used to record the observations. STB_A (1-9) is used to

record Z. tritici disease intensity considering the plant growth

stage, while STB (1-00%) is used to reflect the disease severity by

recording the proportion of plant units with diseased leaves.

Two phenotypic scores were collected at Wagga Wagga in 2015,

approximately four weeks apart in mid-September (Cycle 1, C1)

and mid-October (Cycle 2, C2). One score collected at all other

field experiments in mid-October. Additionally, relative

maturity was scored using the Zadoks growth scale (Zadoks

et al., 1974) at the same time as disease scores were collected.

Plant height (HT) measurements of each entry was collected in

2016 and 2017 in December at physiological maturity.
DNA extraction and genotyping

Leaf tissue was harvested from 14-day old seedlings and used

for DNA extraction. DNA extraction and genotyping service

were conducted by DArT Pty Ltd, Canberra, ACT. Genetic

positions of all the markers were assigned according to the

custom Chinese Spring Consensus Wheat map v4.0 provided by

DArT (pers. comm Dr Andrzej Kilian).

The 273 DNA samples from each line in the population were

assayed with two technical replications to derive reproducibility

scores. At the first-stage quality control, the reproducibility rate

was 0.95 for SNPs and 0.99 for silicoDArTs, and the call rate was

0.85 for SNPs and 0.95 for silicoDArTs. Details of the

experimental procedure for generating silicoDArTs are

described by Courtois et al. (2013) and Li et al. (2015). At the

second stage of quality control, duplicated markers, markers

with a Minor Allele Frequency (MAF)< 0.05, and markers not

assigned to the chromosome map were excluded. The final

marker sets for the association study comprised of 11,200

SNPs and 29,346 silicoDArTs (Table 1).
Linkage disequilibrium and population
structure analysis

The R package LDheatmap (Shin et al., 2006), was used to

obtain the linkage disequilibrium (LD) squared allelic

correlation (r2) estimates for all pairwise comparisons between

markers on each chromosome for each marker set separately. To

quantify the pattern of LD decay, syntenic pairwise LD r2

estimates were plotted against the corresponding pairwise

genetic distances for each of the A, B and D genomes and for

the overall wheat genome. A second degree locally weighted

polynomial regression (LOESS) curve was fitted to each scatter

plot (Cleveland and Devlin, 1988) following the approach of

Maccaferri et al. (2015). The intersection of the LOESS curve and

an r2 threshold of 0.20 for marker pairs was taken as an estimate

of the extent of LD decay within each genome for each marker

set and was used to define the confidence intervals of QTL

detected in this study (Supplementary Figure 3).
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Population structure of the AusSTB panel was analysed using

the software package STRUCTURE version 2.3.4 (Pritchard et al.,

2000), using 11,200 SNPs and 29,346 silicoDArTs, respectively. An

admixture model with 10 predefined subpopulations replicated 10

times was run with 10,000 iterations of burn-in followed by 10,000

recorded Markov-Chain iterations for each marker set. Output

from STRUCTURE was analysed in the R package Pophelper

(Francis, 2017) to determine the optimal number of

subpopulations using the Evanno method (Evanno et al., 2005).

STRUCTURE was then re-run with the optimum number of

subpopulations (seven) to generate population membership

coefficient matrices (Q) as well as the corresponding population

membership coefficients obtained for each marker set (Figure 1).
Phenotypic data analysis

A multiplicative mixed linear model was used to analyse

phenotype data for each trait at each experiment following the

approach of Gilmour et al. (1997), using the R software package
Frontiers in Plant Science 04
ASReml-R version 3 (Butler et al., 2018), in the R statistical

software environment (R Core Team 2020). The linear mixed

model is given by

y = Xt + Zu + h

where y is the (n×1)datavectorof the responsevariable; t is a (t×1)
vector of fixed effects (including genetic line effects and the

intercept) with associated design matrix X. The term u is a

random component with associated design matrix Z and

contains the experimental blocking structures (replicate, range

and row) used to capture extraneous variation. Random effects

were maintained in the model if they were significant according to

log likelihood ratio tests relative to the full model (Stram and Lee,

1994). The residual error is hwas assumed to have distributionh ~

N (0, s2R)wheres2 is the residual variance for the experiment and

R is a matrix that contains a parameterization for a separable

autoregressive AR1 ⊗ AR1 process to model potential spatial

correlation of the observations.

A total of 31 models were constructed for the traits collected

from six experiments in GH and four experiments in the field
TABLE 1 Summary of the average of Polymorphism Information Content (PIC), the average of Minor Allele Frequency (MAF), and the number of
SNP and silicoDArT markers on each chromosome.

Chr Genetic Length (cM) SNP silicoDArT

Avg. PIC Avg. MAF No. of markers Avg. PIC Avg. MAF No. of markers

1A 255.6 0.28 0.26 617 0.31 0.26 1,113

2A 138.6 0.24 0.25 752 0.3 0.26 1,836

3A 154.2 0.26 0.25 674 0.31 0.26 1,208

4A 135.2 0.25 0.25 540 0.31 0.27 1,612

5A 160 0.26 0.26 568 0.31 0.28 847

6A 105 0.22 0.29 526 0.26 0.26 1,344

7A 160.2 0.23 0.25 658 0.3 0.27 1,739

A 1,108.8 0.25 0.26 4,335 0.3 0.27 9,699

1B 286.6 0.21 0.24 822 0.25 0.21 2,740

2B 110 0.22 0.22 1,468 0.26 0.21 4,377

3B 161.1 0.25 0.27 879 0.31 0.26 2,351

4B 86.3 0.25 0.27 314 0.31 0.28 591

5B 153.7 0.28 0.29 1,041 0.34 0.29 2,134

6B 87.9 0.24 0.26 612 0.29 0.27 1,767

7B 142 0.24 0.25 485 0.3 0.26 1,784

B 1,027.6 0.24 0.26 5,621 0.29 0.25 15,744

1D 139.5 0.21 0.24 244 0.3 0.29 548

2D 166.2 0.21 0.21 400 0.3 0.24 1,351

3D 156.1 0.13 0.21 132 0.28 0.27 665

4D 97.4 0.15 0.22 52 0.27 0.25 152

5D 154.2 0.17 0.28 107 0.29 0.26 311

6D 112.5 0.18 0.27 131 0.28 0.29 379

7D 190.7 0.14 0.25 178 0.24 0.26 497

D 1,016.6 0.17 0.24 1,244 0.28 0.27 3,903

Total 3,153 0.22 0.25 11,200 0.29 0.26 29,346
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(Supplementary Table 2). Best Unbiased Linear Estimates

(BLUEs) were obtained from each model for subsequent use in

the association analyses.
Genome-wide association analysis

Association analyses using the phenotype BLUEs described

above were performed using the R software package Genome

Association and Prediction Integrated Tool (GAPIT) version 2

(Tang et al., 2016). Missing markers in the two marker sets

(consisting of 11,200 SNPs and 29,346 silicoDArTs) were

imputed with the major allele at each locus using the

imputation function in GAPIT. A separate scaled identity by

descent relationship matrix (K) after VanRaden (2008) was

calculated for each marker set. Separate association analyses

for each trait in each experiment and for the two different

marker sets were performed using the compressed mixed

linear model approach (Zhang et al., 2010), implemented in

GAPIT as follows:
Frontiers in Plant Science 05
ŷ = Xb + Zgu + h

where ŷ is the vector of BLUEs for one trait measured in one

experiment, b is a vector of fixed effects for the corresponding

design matrix (X) including the molecular marker, population

assignments from the STRUCTURE analysis (Q) and the

intercept. The vector of overall genetic line effects u (with

associated design matrix Zg) is modelled as Var(u) = Ks 2
a

where K is the relationship matrix and s 2
a is the estimated

additive genetic variance. h is the vector of random residuals.

In order to control for false positive associations, genetic

regions, which had marker-trait associations with False

Discovery Rate (FDR) adjusted p-value less than 0.3

(equivalent to a raw p-value of p< 5e-4) and were also detected

by at least two GWAS, were considered as QTLs (Maccaferri

et al., 2015; Ovenden et al., 2017; Nyine et al., 2019), because

repeated detections provide more support for biological

association. The confidence interval for QTL is calculated from

the genome-wide LD threshold determined above: 1-4 cM for

the A and B genomes and 4-6 cM for the D genome. The marker
B

C

A

FIGURE 1

Population structure analysis of the AusSTB panel. (A) Genomic relationship matrix (K) and population membership coefficient matrices (Q)
showing the seven hypothetical subpopulations derived from the STRUCTURE analysis. (B) Principal components analysis of the AusSTB panel
using the silicoDArT markers. (C) Principal components analysis of the AusSTB panel using the SNPs. The seven sub-populations are displayed in
Green (A), Blue (B), Pink (C), Black (D), Red (E), Cyan (F), and Yellow (G). Seed origins of different accessions are CIMMYT (●), International (▪),
NSW (▲), QLD (♦), SA (+), TAS (×), VIC (*), and WA (⌧), respectively.
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with the lowest p-value at each QTL was considered the

representative marker for the QTL. In addition, to compare

the differences among different groups of stacking alleles,

Wilcoxon Rank Sum tests was used to generate the p values.
Bioinformatic analysis

The 13 QTLs identified in this study were compared to over

100 QTLs from six GWAS studies, studies using segregating

populations and 24 named Z. tritici genes (Aouini, 2018; Tabib

Ghaffary et al., 2018; Yang et al., 2018; Langlands-Perry et al.,

2022). Firstly, genomic DNA sequences of the 13 QTLs based on

the confidence intervals were extracted from the IWGSC RefSeq

v1.1 (https://urgi.versailles.inra.fr/). Secondly, the DNA

sequences of Simple Sequence Repeats (SSR), silicoDArT and

SNP markers tightly linked to reported QTLs were search

against the physical QTL regions using blastn. Only those

QTLs that overlapped or were detected in our QTL regions

were considered as co-localization. All the Coding Sequences

(CDS) were then extracted from the 14 QTL regions, and then

were BLAST against 314 representative annotated R genes from

wheat, maize, rice, and Arabidopsis (Kourelis and van der

Hoorn, 2018) to identify candidate R genes in the QTL

reported in this study. The annotations of candidate R genes

were BLAST and extracted using the software Omics Box™

v2.1.14. The KASP marker wMAS000033, provided by

Integra ted Breed ing Pla t form (IBP , ht tps : / /www.

integratedbreeding.net/), was used to track the allele frequency

of the gene Vrn-1A in the AusSTB panel.
Results

Genotypic data and LD estimation of the
AusSTB panel

The consensus map contained all 21 bread wheat

chromosomes, covering 3,153 cM, with a total number of

11,200 SNPs and 29,346 silicoDArTs (Table 1). Overall,

silicoDArTs were 2-5 times more frequently detected than

SNPs on all the 21 chromosomes. Although SNPs and

silicoDArTs gave very similar patterns on each of the

chromosome, the distribution of silicoDArTs had 9 less gaps

than SNPs (Supplementary Figure 1). The average of Minor

Allele Frequency (MAF) was similar between SNPs (0.25) and

silicoDArTs (0.26) on the A, B, and D genomes. The average of

Polymorphism Information Content (PIC) differed slightly

between SNPs (0.24) and silicoDArTs (0.25) on A and B

genomes, whereas the average of PIC of SNPs (0.17) on D

genome was 58% less than that of silicoDArTs (0.27).

Little difference in LD patterns was observed between SNPs

and silicoDArTs on the 21 chromosomes, except for a few LD
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blocks on chromosome 1B, 1D, and 3D (Supplementary

Figure 2). An overall average of genetic distance of LD decay

was 3 cM for SNPs and 0.68 cM for silicoDArTs at r2 = 0.20

(Supplementary Figure 3c). When estimating LD decays of SNP

and silicoDArT individually, SNP LD decay at r2 = 0.20 was 1.2

cM for the A genome, 4.4 cM for the B genome, and 8.5 cM for

the D genome (Supplementary Figure 3a). Smaller LD blocks

were captured by silicoDArTs than from SNPs in most genomic

regions. LD decay values of silicoDArT, were 1.0 cM for the A

genome, 0.7 cM for the B genome, and 2.3 cM for the D genome

(Supplementary Figure 3b).
AusSTB panel composition and
genetic structure

The two sets of markers were used to calculate the genomic

relationships matrix (K) and the structure matrices (Q). This
analysis indicated there were seven subpopulations amongst the

273 accessions. (Figure 1A). The alignment of members in each

subpopulation was not stable between SNPs and silicoDArTs

from k = 2 to k = 6 (data not shown), until k = 7 where the

discrepancy minimized, and the K matrix matched with the Q
matrix (Figure 1A). This population structure was strongly

correlated with the seed origins based on the principal

component analysis (PCA) (Figures 1B, C). In details, 35 out of

73 members in Sub-population A originated from NSW, 19 out of

58members in Sub-population B fromWestern Australia (WA), 8

out of 20 members in Sub-population C from South Australia

(SA). Thirty-one members in the Sub-population E, originated

from multiple places across the world, was clustered by their

growth habits as winter or spring-winter (Supplementary Table 1).
Phenotypic data analysis of the
AusSTB panel

The response of the 273 accessions to Z. tritici infection at

the seedling stage were tested against three different Z. tritici

isolates, which are representative pathotypes for south eastern

Australia (WW332, WAI251 and WAI161). Normal frequency

distributions were observed in this wheat panel for phenotypic

traits Necrosis and STB_S, whereas the frequency distribution of

Pycnidia phenotypes was skewed towards zero (Figure 2A). The

number of isolate-specific resistant accessions (STB_S scores, 1-

2) varied from 23 (WAI161), 17 (WAI251), to 31 (WAI332).

Fourteen resistant wheat accessions (STB_S scores, 1-2) were

resistant to three Z. tritici isolates in six independent

experiments, and five of the most susceptible accessions (STB

scores, 3.5-5) were also identified (data not shown).

The response of the 273 accessions to Z. tritici infection at

the adult plant stage was evaluated in four environments (two

locations × two years) under natural Z. tritici infection. High
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correlations were observed between four BLUEs of STB_A and

five BLUEs of STB%, with Pearson correlation coefficient values

ranging from r = 0.94 to 0.99 (Supplementary Table 2). This

suggests that the two scoring methods captured similar progress

of Z. tritici infection on plants. A normal frequency distribution

was observed on BLUEs of STB_A trait from Wagga Wagga,

whereas the distribution shifted towards more susceptibility for

the BLUEs of STB_A trait from Hamilton (Figure 2B). Based on

the adult-plant assessments in the AusSTB panel, none of the

accessions displayed high levels of resistance (R), only five

accessions were categorized as moderately resistant (MR).

Approximately 20% of the accessions were categorized as

being MSS, while the remaining accessions were categorized as

susceptible (S) or susceptible/very susceptible (SVS, data

not shown).
Association analysis for Z. tritici resistance

Thirteen QTLs were detected at the seedling stage and the

adult-plant stage (Figure 3 and Supplementary Table 3). These

included six QTLs responsible for the Z. tritici isolate-specific

resistance at seedling stage, which accounted for 3.8-6.9%

phenotypic variance. Two QTLs were identified as non-isolate

specific resistance as they were detected traits with more than
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two Z. tritici isolates (3.6-6.9% variance), one QTL at adult plant

stage (3.2-4% variance), and four QTLs with multi-stage

resistance (MSR, 3.1-6.7% variance).

Three new QTLs were discovered in this study (Figure 2

and Table 2), these are QStb.wai.1A.1 associated with Z. tritici

resistance against the isolate WAI251, QStb.wai.6A.2 associated

with APR and QStb.wai.7A.2 associated with MSR.
Z. tritici resistance associated with HT
and Zadoks traits

Plant height (HT) and relative maturity (decimal Zadoks

scale) are two important phenological traits known to have

various effects on the control of Z. tritici resistance. Slight to

moderate negative correlations (r = -0.12 to -0.41, Supplementary

Table 2) were observed between HT and the 18 STB_A and STB%

related BLUEs from the field data, suggesting shorter plant tended

to have higher susceptibility. In contrast, Zadoks growth scale had

strong positive correlations (r = 0.3-0.83, Supplementary Table 2)

with the 18 STB_A and STB% traits related BLUEs from the field

data. The average of STB_A score in the Subpopulation E, which

contained the most of the Spring-Winter (intermediate) type and/

or winter-type (slow maturing) plant accessions, was 15% lower

than the other subpopulations (data not shown).
BA

FIGURE 2

Frequency distributions of 31 BLUEs from the AusSTB panel. (A) Traits at the seedling stage include the percentage of necrotic leaf area (Nec) on
the infected leaves, the pycnidia density (Pyc) in the necrotic leaf area, and the STB_S Scale 1 to 5 using the three STB isolates WAI161, WAI251,
and WAI332. (B) Traits at the adult-plant stage include Plant Height (HT), Relative maturity (Zadoks scale), STB_A scale 1-9, and the percentage
of STB infected leaf area on the whole plant (STB%). Traits HT and Zadoks were only measured at the site of Wagga Wagga.
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QTLs associated with Z. tritici resistance
at the seedling stage

Six QTLs were associated with the Z. tritici isolate-specific

resistance, one with WAI161, one with WAI251, and four with

WAI332 (Table 2). QStb.wai.6A.1 (resistant allele, C) was

associated with the WAI161-specific resistance, with a resistant

variant frequency of 0.83. BLAST searches with our markers from

the Chinese Spring reference genome indicated that QStb.wai.6A.1

co-located with the major gene Stb15 (Figure 3). The new putative

QTL, QStb.wai.1A.1 (resistant allele, +) was only detected from

phenotypes recorded using inoculation with the isolate WAI251

(Figure 3) and accounted for over 5% phenotypic variance. In

terms of WAI332-specific associated QTLs, QStb.wai.1B.2

(resistant allele, C) co-located with the major gene locus STB2/

STB11/STBWW, QStb.wai.3A.1 (resistant allele, -) co-located with

Stb6, and QStb.wai.3B.1 (resistant allele, C) co-located with Stb14

(Table 2 and Figure 3). The QTL, QStb.wai.4A.1 (resistant allele, -),

is co-located with the major gene Stb7/12 locus. As detailed above,

this QTL also co-located with QTL for HT and Zadoks, however

there was insufficient data to further improve the resolution in this

QTL region.

Two QTLs were detected as non-isolate specific resistance at

the seedling stage (Table 2). The resistant QTL, QStb.wai.3A.2

(resistant allele, Y), was associated with pycnidia density, with a

variant frequency of 0.12 (Table 2). QStb.wai.3A.2 was detected

by phenotypes recorded using the isolates WAI161 andWAI251,

with phenotypic variance ranging from 4.1- 7.6%. The QTL,

QStb.wai.7A.1 (resistant allele, G), also associated with three

traits of WAI251 and WAI332, accounting for 3.6-6.9%

phenotypic variance.
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QTLs associated with APR and MSR

Five QTLs associated with APR and/or MSR, having variant

frequencies from 0.09 to 0.82 were identified (Table 2). These

QTLs gave 3.1-6.7% phenotypic contributions to APR (Figure 2).

The QTL, QStb.wai.6A.2, (resistant allele, R or G) is a new

QTL, was confined in the region of 73-76 cM, associated with

APR in 2015 and 2016 at both Wagga Wagga and Hamilton

(Table 2). A blast search found that the tightly linked maker

snp_3026774_F_0_34 peaked at the site of 454 Mb according to

the Chinese Spring reference genome (Supplementary Table 3).

Four QTLs were categorized as MSR associated with multiple

traits at the seedling stage and adult-plant stage (Table 2). The

resistant QTL, QStb.wai.2B.1 (resistant allele, +), detected by non-

specific isolate resistance at the seedling stage and the adult-plant

stage, was found to collocate with the major gene Stb9 (Figure 3).

The second MSR QTL, QStb.wai.1B.1 (resistant allele, +) is close

to QStb.wai.1B.2 associated with the resistance at the seedling

stage, but our evidence suggests these are two separate QTLs. The

genomic region of QStb.1B.1 spanned from 0 to 20 megabases

(Mb), while QStb.wai.1B.2 was in the genomic region of 40 to 100

Mb (Supplementary Table 3). Thirdly, QStb.wai.5A.1 (resistant

allele, T) highly associated with Zadoks and APR (Table 2 and

Supplementary Figure 4). Interestingly, the tagged SNP

snp_2262549_F_0_28 of QStb.wai.5A.1 was also detected by

two WAI251- seedling related traits, Necrosis and STB_S

(Table 2). The fourth QTL, QStb.7A.2 (resistant allele, -) was

defined in a genetic span of 4 cM on the distal region of 7AL

associated with MSR (Figure 4).

The impact of MSR allele-stacking showed that

combinations of QTL alleles with minor effects increased the
1A

1B

3A 4A 5A 6A 7A

2B 3B

FIGURE 3

Genetic positions of detected QTLs associated with the Zymoseptoria resistance at the seedling stage and adult-plant stage. The 13 associations
are shown as a solid circle on the left of each chromosome. A bar (linkage disequilibrium confidence interval) is shown in light green for the
seedling stage resistance, blue for the adult-plant stage resistance, and orange for the multiple-stage resistance. Names and positions of the
previously published Zymoseptoria major genes are also shown on the CS consensus genetic linkage map.
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overall resistance level in phenotypes recorded in this study.

Combinations of three MSR alleles (++T+ and -+T-) showed

superior performance, increasing the resistance by 10-30% at

Hamilton and by 14-37% at Wagga Wagga (Figure 5).

Interestingly, the stacking of MSR alleles ++T+ performed

better (10% more resistance) than the stacking of -+T- at

Hamilton, whereas the stacking of MSR alleles ++T+ gave

~5% less resistance than -+T- at Wagga Wagga. However, no

significant differences (p values = 0.3) were observed between the

combination ++T+ of and the combination of -+T- at Hamilton

and Wagga Wagga. Unfortunately, no accessions in the AusSTB

panel had the combination of all four favourable MSR

alleles together.
Candidate genes in the QTL regions

Physical genomic regions of thirteen QTLs were BLAST

against 341 cloned genes, but only 10 of them were found to
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have candidate R genes ranging from 1 to 36 (Supplementary

Table 4). NBS (Nucleotide-site Binding) like R genes were the

most abundant in seven of the ten QTLs, with the number varying

from 2 to 23. Only one TaWAKL (Wall-Associated Kinase-like) R

gene was found present in the QTL of QStb.wai.1A.1 associated

with the WAI251-specific resistance, while only one RLK (Plant

Receptor Kinase) like R gene was present in the region of

QStb.wai.6A.2 responsible for APR (Table 2).
Discussion

Influence of marker type on the
GWAS analysis

The silicoDArT markers performed slightly superior to SNP

markers in detecting QTLs. Two to five times more abundance

of silicoDArTs than SNPs (Table 1) increased the coverage of

makers on the genome (Table 1), possibly explaining why five
TABLE 2 Summary of 13 QTLs detected by five traits associated with Zymoseptoria tritici resistance, including the most tightly linked molecular
markers (Representative Marker), the location of the QTL (Chromosome and Position), the favorable allele frequency (Variant Freq), the
phenotypic contribution of the QTL (Phetypic Variance), and the number of detected BLUEs by the QTL.

QTLs Representative
Marker†

Chr Pos
(cM)

Variant
Freq.

Phenotypic Variance
(%)

Trait‡ (No. of BLUEs)

(Seedling Stage)

QStb.wai.1A.1* pav_1234699 (+/-) 1A 251.5 0.9 5.5-6.5 Necrosis (2), WAI251 specific

QStb.wai.1B.2 snp_1112131_F_0_20 (C/
A)

1B 63.9 0.63 4.3-5.0 Pycnidia (1), STB_S (1), WAI332 specific

QStb.wai.3A.1 pav_4990595 (+/-) 3A 4.3 0.23 4.8-5.3 Necrosis (1), STB_S (1), WAI332 specific

QStb.wai.3A.2 snp_5325269_F_0_37 (Y/
T)

3A 77.1 0.12 4.1-6.9 Pycnidia (2), STB1-5 (1), WAI161 and WAI251

QStb.wai.3B.1 snp_4910674_F_0_26 (C/
G)

3B 17.4 0.64 3.8-6.6 Necrosis (1), Pycnidia (1), STB_S (2), WAI332 specific

QStb.wai.4A.1 pav_3022794 (+/-) 4A 125.4 0.77 4.5-4.9 Pycnidia (1), STB_S (1), WAI332 specific

QStb.wai.6A.1 snp_1233403_F_0_47 (C/
S)

6A 26.7 0.83 5.1 Necrosis (1), STB_S (1), WAI161 specific

QStb.wai.7A.1 snp_2253221_F_0_65 (G/
A)

7A 71.9 0.88 3.6-6.9 Necrosis (1), Pycnidia (1), STB_S (1), WAI251 and
WAI332

(Adult-plant Stage)

QStb.wai.6A.2* snp_3026774_F_0_34 (R,
G/A)

6A 74.3 0.09 3.2-4 STB_A (2), STB% (1)

(Multi-Stage)

QStb.wai.1B.1 pav_4991454 (+/-) 1B 51.3 0.11 3.3-4.9 Necrosis (1), Pycnidia (1), STB_S (2), WAI332 specific,
STB% (1)

QStb.wai.2B.1 pav_1209089 (+/-) 2B 106.3 0.82 3.2-6.4 Necrosis (1), Pycnidia (1), STB_S (2), STB_A (1), STB%
(1)

QStb.wai.5A.1 snp_2262549_F_0_28 (T/
G)

5A 86.7 0.56 3.2-6.7 Necrosis (1), STB_S (2), WAI251 specific, STB_A (2),
STB% (2)

QStb.wai.7A.2* pav_9364734 (+/-) 7A 145.9 0.14 3.1-6.5 Pycnidia (1), WAI161 specific, STB_A (1), STB% (1)
*New QTLs that are detected in this study.
†The resistant allele is highlighted in bold. The symbol + represents the presence of silicoDArT, and the symbol - represents the absence of silicoDArT. The codominant SNP code Y
represents for C/T, S for G/C, and R for A/G.
‡Necrosis represents the percentage of necrotic area on the infected leaves; Pycnidia represents the pycnidia density (%) in the necrotic leaf area. STB_S represents the STB scale 1-5 assessed
at the seedling stage, while STB_A represents the STB 1-9 scale assessed at the adult-plant stage.
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QTLs were detected by silicoDArTs in comparison to three

QTLs by SNPs. In addition, the differences between LD distance

decay for the silicoDArT and SNP reported in this study is

comparable to previous studies (Chao et al., 2010; Cavanagh

et al., 2013; Wang et al., 2014; Ovenden et al., 2017). The more

rapid LD decay in the silicoDArTs may have helped to increase

the detection of QTLs in smaller regions, therefore increasing the

resolution. However, no major difference between silicoDArTs

and SNPs was evident in the analysis of population structure.

This is possibly due to the existence of large blocks of LD in the

AusSTB panel. The recent completion of 1000 exome

sequencing of wheat provides another way to enrich LD blocks

using low-resolution genotyping services (He et al., 2019), which

potentially increase the power to detect QTLs (Jordan et al.,

2015; Nyine et al., 2019).
Association between population genetic
structure and STB resistance

The genetic characterization of the 273 bread wheat accessions

divided the AusSTB panel into seven subpopulations with closely

genomic related accessions. The results from the STRUCTURE

analysis revealed different levels of admixtures across different

subpopulations (Figures 1B, C), reflecting the frequent

germplasm exchanges over many years among wheat breeding

programs from NSW, VIC, SA, and WA in Australia. However,

high levels of resistance were observed to have a high correlation (r

> 0.3)with slow-maturing accessions (phenotypeswith lowZadoks
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scales, Supplementary Table 2) at the adult-plant stage. A high

correlation between these characteristics was also observed in

several other genetic studies of Z. tritici resistance (Arraiano and

Brown, 2006;Dreisigacker et al., 2015;Naz et al., 2015;Gerard et al.,

2017; Kidane et al., 2017; Muqaddasi et al., 2019). These results

imply that winter-type or slow-maturing accessions are inclined to

having better Z. tritici resistance than the spring type or fast-

maturing accessions in the Australian environment. This could be

due to the importance of STB resistance in the higher rainfall target

environments that these longer season wheat cultivars are

developed for, so breeding strategies for these types of cultivars

favour the accumulation of STB resistance alleles. This correlation

could also indicate that growth stage-dependent resistant QTLs are

important in wheat plants at the tillering stage and booting stage,

however, few studies have conducted such an exploration.
Known resistance QTLs effectiveness
revealed in Australian environments.

Until now breeders targeting Z. tritici resistance in Australia

have had limited knowledge about which resistance loci are

effective in the Australian wheat gene pool, i.e. Stb2 mapped

from ‘Veranopolis’ (Liu et al., 2013), Stb3 from ‘Israel 493’

(Goodwin et al., 2015), StbWW from ‘WW2449’ (Raman et al.,

2009), and Stb19 from ‘Lorikeet’ (Yang et al., 2018). This GWAS

study has revealed seven of the thirteen resistant QTL identified

in the AusSTB panel were found to co-locate in regions

previously described from international studies as containing
BA

FIGURE 4

Manhattan plots and corresponding linkage disequilibrium r2 patterns for QStb.wai.6A.2 (A) associated with adult-plant resistance, and
QStb.wai.7A.2 (B) associated with the multiple stage resistance. The upper part of the graph shows -log(P) value plots of marker-trait
associations with detected BLUEs (FDR < 0.3). Representative SNP and silicoDArT markers and corresponding local LD r2 value patterns are
presented in the lower part of the graph. Blue color indicates low linkage disequilibrium while red color indicates high linkage disequilibrium.
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major genes for resistance to Z. tritici (Brading et al., 2002;

Chartrain et al., 2005a; Chartrain et al., 2005b; Cowling, 2006;

Chartrain et al., 2009; Raman et al., 2009; Cuthbert, 2011; Liu

et al., 2013). Another four QTLs identified in this study co-

located at the same physical chromosome position as previously

reported QTLs or within the confidence intervals of the reported

QTLs (Arraiano et al., 2007; Goudemand et al., 2013;

Dreisigacker et al., 2015). Some of these older reported QTLs

have large regions of the chromosome associated with resistance

(due to lower mapping resolution in the populations under

study) and it is not possible to resolve if the QTLs in this study

are the same as the older QTLs or novel resistance loci.

The level of phenotypic variance explained by the identified

QTLs ranged from 3.1% to 6.9% (Table 2), even though some of

the loci are putative major genes as discussed below. Similar

levels of explained variation, 2-11% have been reported in the

eight published Zymoseptoria resistance GWAS studies using
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high-density SNP markers (Kidane et al., 2017; Vagndorf et al.,

2017; Würschum et al., 2017; Muqaddasi et al., 2019; Yates et al.,

2019; Alemu et al., 2021; Louriki et al., 2021; Mahboubi et al.,

2022). It is a reasonable assumption that in a in a diverse

germplasm collection such as AusSTB that the Zymoseptoria

resistance is controlled by multiple QTLs with small effects.

The frequencies of R alleles varied substantially in the whole

population (Table 2) and subpopulations (data not shown). Five

of the seedling QTLs co-located with known major R genes,

which is not surprising given the use of cultivars with these R

genes as parents in Australian breeding over the past 50 years.

Several of the favourable allele frequencies are being maintained

at high levels, such as QStb.wai.4A.1 (0.77) and QStb.wai.6A.1

(0.83), QStb.wai.7A.1 (0.88) and QStb.wai.1A.1 (0.9), which is

notable considering the AusSTB panel is comprised of a wide

sample of international, historic, and recent Australian cultivars

and that few breeding programs have historically actively
FIGURE 5

Box plot analysis of four QTLs associated with multiple-stage resistance (MSR) using their representative SNP/silicoDArT markers. Four types of
stacking of alleles that existed in the AusSTB panel were shown in the lower part of the figure. Favorable alleles of QTLs are highlighted in bold.
Significant p-values were shown at the bottom, generated by multiple-group Wilcoxon test.
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selected for seedling resistance to Z. tritici. These QTLs were not

detected in the analysis of the adult-plant disease phenotypes.

However, they must be contributing to the improved seedling-

stage performance in the field to be present in such a high

number of accessions in the AusSTB panel. The representative

markers described here with the QTLs, enable the selection of

multiple favourable alleles and give the ability to remove

unfavourable alleles from breeding programs (Table 2).

Two of the five QTLs identified in the adult-plant growth

stages may co-locate with known major gene resistance loci. The

locus QStb.wai.2B.1 is located physically close to the reported

location for Stb9 (Chartrain et al., 2009) and QStb.wai.5A.1

appears to be close to the physical location reported for Stb17

(Figure 3). The previous report of INT 6 (Yates et al., 2019) and

QStb.sn.2B (Aouini, 2018) also highlighted the importance of

loci on chromosome 2BL for resistance. Further, the QTLs,

QTL-2BL and Qstb2B_1 were also mapped from the durum

wheat ‘Agili 39’and are reported to be responsible for Z. tritici

resistance at both seedling stage and adult-plant stage using

multiple isolates. It has also been suggested that this locus could

be the major gene Stb9 (Aouini, 2018; Ferjaoui et al., 2021).

The major gene Stb17 was sourced from synthetic bread

wheat accession ‘SH M3’, and reportedly accounts for 12-32% of

the adult-plant resistance (Tabib Ghaffary et al., 2012). When the

available sequences from the report of Tabib Ghaffary et al.

(2012) are BLAST searched against the IWGSC reference

genome, Stb17 is possibly located in the region of 520-560 Mb

(data not shown), while QStb.wai.5A.1 was in the region of 570-

590 Mb (Supplementary Table 3), close to where the Vrn-A1 is

located (IWGSC et al., 2018). In addition, QStb.wai.5A.1 with a

resistant frequency of 0.56, was observed to be highly associated

with low-Zadoks, APR, and WAI251-specific phenotypes, and

appears to be co-located with the previously reported loci

QStb.cim-5AL-2 (Dreisigacker et al., 2015) and QStb.B22-5A.a

(Naz et al., 2015). It is possible that these reported loci are the

gene Vrn-A1a, as 162 out of 273 (0.59) accessions in the AusSTB

panel were identified as having Vrn-A1a. The Vrn-A1a gene,

which encodes a MADS-box transcription factor 14-like protein

(Yan et al., 2003), may have pleiotropic effects on the plant

growth and the plant defence on different plant pathogens

including Z. tritici, Fusarium Head Blight (Xu et al., 2019), tan

spot and Septoria nodorum blotch (Hu et al., 2019). However,

the association of this locus with a seedling resistance phenotype

to the WAI251 isolate suggests otherwise, these loci may be a

new gene very close to Vrn-A1a. Some probable candidate genes

at this locus include a plant receptor kinase or WAKL gene

(Supplementary Table 4).
QTLs associated with APR

Generally, APR is considered preferable in breeding

programs because of the flexible use in the IDM systems
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(Wellings et al., 2012). The putative new locus QStb.wai.6A.2

was detected across multiple sites and years, and the probable

physical location for this QTL spanned from 440 Mb to 615 Mb

on the Chinese Spring reference genome (Supplementary

Table 3). Above the region of QStb.wai.6A.2, QTLs INT 10

and INT 11 were detected based on single year data and was

positioned at 411-425 Mb. These QTL are reported to account

for the control of Z. tritici pycnidia density within lesions at the

adult-plant stage, and they were also thought to co-locate with

the major gene Stb15 (Yates et al., 2019). Another QTL,

QStb.teagasc-6A.2 (534-580 Mb) was associated with the

resistance of flag-1 leaves to Z. tritici from a single-year field

phenotypes obtained from a Multi-parent Advanced Generation

Inter-Cross (MAGIC) population (Riaz et al., 2020). It is possible

that the locus QStb.teagasc-6A.2 may be the same as the

QStb.wai.6A.2 as the probable physical locations of these loci

overlap by approximately 50 Mb on chromosome 6A. However,

accessions that carry the resistant alleles from both this study

and Riaz et al. (2020) would need to be compared to determine if

this is the case.

The genetic control of APR is provided by QTLs that are most

effective between tillering and full head emergence, and not

necessarily at the seedling stage (Wellings et al., 2012; Ellis et al.,

2014). Two potential issues here might impede the utilization of

APR-QTLs as breeding targets for resistance. Firstly, if a cultivar is

only relying on the combination of several APR-QTLs, it is likely to

be vulnerable to disease infection at the seedling stage. In cooler

climateandhigher rainfall areasof the south-easternAustralian, the

Zymoseptoria population can start releasing ascospores and

infecting seedlings sown in the early planting window from

February to May. Secondly, if a cultivar relies only on a single

APR gene, the Z. tritici population infecting a crop of that cultivar

will only need to mutate once to overcome the resistance such as

Lr12 and Lr37 (McIntosh et al., 1995). One solution to overcome

these two issues is to stack a combination of 2-4 major genes

resistant at the seedling stage andat the adult-plant stage together in

a cultivar. Before this can be attempted, the limited resource of Z.

tritici resistance will need to be expanded. Only 24 major genes for

Z. tritici resistance have been reported to date (Aouini, 2018; Tabib

Ghaffary et al., 2018; Yang et al., 2018; Langlands-Perry et al., 2022),

compared toover 200 rust resistance genes (Zhang et al., 2020).The

current stocks of major gene resistance are also being depleted as

Australian Z. tritici populations evolve to overcome the

effectiveness of these loci completely or partially. The loci that are

known to have been overcome and are no longer effective in the

Australian environment including Stb2/11/WW from

‘Veranopolis’ and ‘WW2449’, Stb3 from ‘Israel 493’, Stb4 from

‘Tadorna’, Stb6 from ‘Heraward’, Stb7/12 from ‘Currawong’, Stb14

from ‘M1696’, Stb18 from ‘Balance’ (pers. comm A. Milgate).

Another possible solution to more sustainable disease resistance

would be to stack major genes and APR-QTLs together. Multiple

evidence suggests that combinations of different types of partial or

quantitative resistance will prolong the life of Z. tritici resistance in
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cultivars, compared to a single gene of resistance (St Clair, 2010;

Brown, 2015; Niks et al., 2015; Rimbaud et al., 2021). In this

scenario, stacking of two major genes at seedling stages and two

APR-QTLs into a targeted elite cultivar is not trivial, because the

success rate to capture one combination of four QTLs into a single

genotype is 1/256. In comparison, the combination of two or three

MSR-QTLs (1/16 or 1/64) should achieve the same level of

resistance but with less breeding effort.
QTLs associated with
multi-stage resistance

The results of this study highlight the presence of QTL that

provide resistance to the development of disease atmultiple growth

stages in plants. Multi-stage resistances can be considered different

and distinct to APR, as the resistance is continuously expressed

through progressive crop development stages from seedlings to

grain-filling. From the point of view of resistance breeding, APR

loci are attractive breeding targets for incorporation into new

cultivars as they provide benefits at the flowering and grain filling

stages of crop development, where preservation of green leaf area

has a relatively larger contribution to thefinal grain yield.However,

before these growth stages, local transmission ofZ. tritici inoculum

is driven primarily via splash-borne pycnidiospores dispersing

vertically upwards through the plant canopy from the lower layer

of leaves (Eyal, 1987; Robert et al., 2018). The control of Z. tritici

from the seedling stage to booting stage, to some extent help plants

reduce the amount in-cropof inoculum,which in turnalleviates the

level of disease infection at later stages of plant development. MSR

loci that can provide resistance (i.e., seedling-stage resistance) that

reduces early levels of infection, as well as APR-type resistance that

protects green leaf area at later growth stages, should be attractive

breeding targets for cultivar development, particularly when they

can be used in conjunction with other resistance loci for either

seedling or APR.

This study introduces the concept ofmulti-stage resistance as a

distinctive classificationof loci that confer disease resistance at both

seedling and some of the adult growth stages. So far since the first

report of the major gene Stb5 in 2001 (Arraiano et al., 2001), forty-

nine genetic studies have reported over 300 genes/QTLs associated

with Z. tritici resistance, including approx. 200 APR-QTLs and 76

seedling-stage/isolate-(non) specific genes/QTLs (Supplementary

Table 6). Among those, approx. twenty previously reported QTLs

may fall into the MSR-QTL class of resistance (Supplementary

Table 5). For instance, Stb1, Stb4, Stb5, Stb6, Stb16q, and Stb18

might be the major genes known to provide MSR (Brown et al.,

2015).Additionally 16 reportedQTLswithminor effectsmight also

provideMSR (Supplementary Table 5), including those discovered

from five segregating populations (Eriksen et al., 2003; Tabib

Ghaffary et al., 2011; Tabib Ghaffary et al., 2012; Aouini, 2018;

Piaskowska et al., 2021) and two association mapping populations

(Goudemand et al., 2013; Louriki et al., 2021). In this study, the four
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identified MSR-QTLs are likely to provide resources for the

development of Z. tritici resistant cultivars both in Australia and

globally. In comparison to previously published studies, our

detected MSR-QTL QStb.wai.1B.1 was co-located with QStb.cim-

1BS (Dreisigacker et al., 2015), and the locus of QStb.wai.2B.1 co-

located with QTL-2BL, Qstb2B_1 (Aouini, 2018; Ferjaoui et al.,

2021) and the major gene Stb9 (Chartrain et al., 2009). While the

locus of QStb.wai.5A.1 co-located with QStb.cim-5AL-2

(Dreisigacker et al., 2015) and QStb.B22-5A.a (Naz et al., 2015).

Finally, QStb.wai.7A.2 is a putative new MSR-QTL located in the

distal chromosome of 7A, roughly located in 705-720Mb based on

theCS physicalmap (SupplementaryTable 4). This locus is close to

but not overlapping the APR-QTLs, QStb.NS-7A (Vagndorf et al.,

2017) andMQTL24 (Goudemand et al., 2013), which are estimated

to be located between 680-700 Mb on the CS physical map.

The MSR-QTLs reported in this study were shown to

significantly reduced disease levels when at least three were in

combination. The MSR-QTL will provide a new resource for Z.

tritici resistance breeding, although further work will be required

to ascertain the genetic architecture of the QTL and validate

them across multiple genetic backgrounds. These QTL are likely

to be high quality targets for the development of molecular

markers and target genome sequencing to identify and clone the

underlying resistant genes.
Conclusions

In summary, the study discovered eight QTLs responsible

for the seedling resistance, one putative new QTL QStb.6A.2

responsible at the adult-plant stage, four QTLs responsible for

MSR including the putative new QStb.wai.7A.2 at multiple

stages. The underlying function and how they are acting on

the pathogen during infection warrant further detailed studies as

they may hold the key to more durable quantitative resistance

gene of combinations.
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