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Abstract
The Septoria tritici blotch (STB) [Zymoseptoria tritici (Desm.)] of wheat (Triticum
aestivum L.) is characterized by its polycyclic and hemibiotrophic nature. It is one of

the most dangerous diseases affecting wheat production worldwide. Durable resis-

tance is largely decided by the combined effect of several quantitative trait loci

(QTLs) having a minor effect. Currently, STB is not important in South Asia.

However, STB expanding and wider adaptability, changing climatic conditions, and

agronomic practices can create a situation of concern. Therefore, dissection of the

genetic architecture of adult-plant resistance with genome-wide association mapping

and selection of resistant sources for adult plant STB resistance were carried out on a

panel of South Asian germplasm. We discovered the 91 quantitative trait nucleotides

(QTNs) associated with STB resistance; 23 QTNs were repetitive across the differ-

ent years and models. Many of these QTNs could differentiate the mapping panel

into resistant versus susceptible groups and were linked to candidate genes related

to disease resistance functions within linkage disequilibrium blocks. The repeti-

tive QTNs, namely, Q.CIM.stb.2DL.2, Q.CIM.stb_dh.2DL.3, Q.CIM.stb.2AL.5, and

Abbreviations: ANOVA, analysis of variance; APR, adult-plant resistance; AUDPC, area under disease progressive curve; BLINK, Bayesian-information
and linkage-disequilibrium iteratively nested keyway; BLUP, best linear unbiased prediction; CG, candidate gene; CIM, CIMMYT; DH, days to heading;
FarmCPU, fixed and random model circulating probability unification; gBLUP, genomic best linear unbiased prediction; GEBV, genomic estimated breeding
value; GWAS, genome wide association study; KASP, kompetitive allele-specific primer; LD, linkage disequilibrium; MLM, mixed linear model; MQTL,
meta-quantitative trait locus; MTA, marker-trait association; PH, plant height; QTL, quantitative trait locus; QTN, quantitative trait nucleotide; STB, Septoria
tritici blotch; Stb, Septoria tritici blotch; STB_POOL, Septoria tritici blotch infection across years; STB2019, Septoria tritici blotch infection in year 2019;
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Q.CIM.stb.7BL.1, may be novel due to the absence of co-localization of previously

reported QTLs, meta-quantitative trait loci, and STB genes. There was a perfect neg-

ative correlation between the stacking of favorable alleles and STB susceptibility, and

STB resistance response was improved by ∼50% with the stacking of ≥60% favorable

alleles. The genotypes, namely, CIM20, CIM56, CIM57, CIM18, CIM44, WK2395,

and K1317, could be used as resistant sources in wheat breeding programs. Therefore,

this study could aid in designing the breeding programs for STB resistance before the

onset of the alarming situation of STB in South Asia.

Plain Language Summary
Septoria tritici blotch (STB) of wheat is one of the most dangerous diseases affect-

ing wheat production worldwide. Dissection of plant resistance with genome-wide

association mapping and selection of resistant sources for adult plant STB resis-

tance was carried out on a panel of South Asian germplasm. Kumar et al. discovered

91 quantitative trait nucleotides (QTNs) associated with STB resistance; 23 QTNs

were repetitive across different years and models. Many of these QTNs could differ-

entiate the mapping panel into resistant versus susceptible groups and were linked

to candidate genes related to disease resistance functions within linkage disequilib-

rium blocks. The repetitive QTNs, namely, Q.CIM.stb.2DL.2, Q.CIM.stb_dh.2DL.3,

Q.CIM.stb.2AL.5, and Q.CIM.stb.7BL.1, may be novel due to the absence of co-

localization of previously reported quantitative trait loci, meta-quantitative trait

loci, and STB genes. The genotypes, namely, CIM20, CIM56, CIM57, CIM18,

CIM44, WK2395, and K1317, could be used as resistant sources in wheat breeding

programs.

1 INTRODUCTION

Septoria tritici blotch (STB) is a foliar disease caused by the
ascomycete’s fungus Zymoseptoria tritici (Desm.) and con-
sidered one of the most important wheat diseases across the
world (Yang et al., 2022). Zymoseptoria tritici is a polycyclic
hemibiotrophic fungus that completes several life cycles dur-
ing the growth cycle of wheat (Triticum aestivum L.). This
disease impacts wheat production in Europe, the Mediter-
ranean region, Africa, the Americas, and Australia (Dean
et al., 2012; Fones & Gurr, 2015; Kosina et al., 2007), where,
under favorable environmental conditions like high humid-
ity and mild temperature, about 30%–50% yield losses could
happen (Duveiller et al., 2007; Eyal, 1999; Eyal et al., 1987).
There is no major concern about STB in South Asian coun-
tries, and reports on STB presence are unavailable. However,
the chance for STB to become more important in South Asian
countries might increase considering the below factors: (1)
the changing climatic conditions, (2) the possible appearance
of newly adapted pathogenic races, (3) wide cultivation of
susceptible varieties, (4) large-scale adoption of conserva-

tion agriculture with residue retention, and (5) transboundary
movement of the pathogen like wheat blast (Singh et al.,
2021). Various factors affect STB intensity, like wheat variety,
plant population, weed density, planting date, growth stage,
and soil type (Hailemariam et al., 2020). Host resistance and
fungicide application are the two most used approaches to
limit STB-inflicted yield losses. However, fungicides are not
environmentally friendly, and fungicide resistance has been
reported (Cools & Fraaije, 2013; Torriani et al., 2015). There-
fore, moderate to high levels of host resistance should be part
of the fungicide-based integrated disease management sys-
tem (Yang et al., 2022). Identifying and utilizing genomic
regions controlling STB resistance is of utmost importance to
developing STB-resistant wheat varieties based on a molec-
ular breeding approach. STB resistance is governed by both
race-specific resistance with major genes (McCartney et al.,
2002) and non-race-specific resistance with numerous small-
effect quantitative trait loci (QTLs) (Karisto et al., 2018). Over
the past, 24 resistance genes (R) have been identified in wheat
for STB resistance, including 12 isolate-specific genes and
12 non-isolate-specific genes (Yang et al., 2018, 2022). Most
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known major Stb genes, however, have broken down in Europe
(Brown et al., 2015), and likewise, Stb4, Stb6, Stb2/11/WW,
and Stb18 have been overcome in Australia (Yang et al., 2022).
In contrast, QTLs with small-to-moderate effects on STB
have shown more durable resistance and weaker specificity
(Goudemand et al., 2013; Brown et al., 2015). On the basis of
seven biparental mapping populations, 115 QTLs were rede-
fined into 27 meta-quantitative trait loci (MQTLs) for STB
resistance at the seedling and/or adult stages (Goudemand
et al., 2013). Besides biparental QTL mapping, genome-wide
association (GWAS) study is another popular approach that
takes advantage of historic recombination events and often
has a higher resolution for mapping QTL. Also, it is more
likely to detect greater diversity of alleles faster and more effi-
ciently (Yu & Buckler, 2006). In this regard, numerous GWAS
for STB resistance at the adult plant stage have been con-
ducted and reported (Alemu et al., 2021; Arraiano & Brown,
2017; Kidane et al., 2017; Louriki et al., 2021; Mahboubi
et al., 2022; Muqaddasi et al., 2019; Riaz et al., 2020; Vagn-
dorf et al., 2017; Würschum et al., 2017; Yates et al., 2019).
Examples include QStb.NS-2A associated with adult-plant
resistance (APR) (Vagndorf et al., 2017), QTL-3 on the con-
trol of necrosis lesions (Yates et al., 2019), and QStb.wai.6A.1
linked with multi-stage resistance (Yang et al., 2022). Pre-
sumably, over the last 30 years, progress in developing the
STB-resistance lines resulted from the gradual accumulation
of minor genes (Torriani et al., 2015), and effectiveness might
be durable (Krenz et al., 2008). Alternatively, combining Stb
genes with resistance QTLs can effectively achieve durable
resistance. A molecular breeding approach involving identify-
ing and deploying major genes and QTLs is a good approach
for selection.

Notably, late heading and tall height are responsible for dis-
ease escape by limiting the inoculum spread (Gerard et al.,
2017; Riaz et al., 2020; Simón et al., 2004; Yang et al.,
2022). However, late flowering and tall height generally make
the genotypes prone to terminal heat stress and lodging.
Hence, these traits are undesirable, especially for spring wheat
under the timely sown condition in South Asian countries.
Therefore, identifying and characterizing genomic regions
governing the true resistance (no disease escape) are cru-
cial in breeding for STB resistance by keeping the limits
on plant height (PH) and days to heading (DH). However,
reports of genomic regions governing STB resistance and
resistant germplasm in South Asian wheat germplasm are
currently unavailable. Therefore, this GWAS based on 173
South Asian genotypes with a 15,000 single nucleotide poly-
morphisms (SNPs) array was planned to identify quantitative
trait nucleotides (QTNs) associated with STB resistance that
could be subsequently utilized directly in local breeding
programs without compromising the chances of introduc-
tion of undesirable traits like late flowering from winter
wheat.

Core Ideas
∙ Resistant germplasm identification to Septoria

tritici blotch of wheat was investigated.
∙ The authors identified molecular markers/genomic

regions associated with Septoria tritici blotch resis-
tance.

∙ A genome wide association study was used to ana-
lyze Septoria tritici blotch resistance in South
Asian spring wheat panel.

2 MATERIALS AND METHODS

2.1 Genome-wide association mapping
panel and Septoria tritici blotch phenotyping

A set of 173 bread wheat lines of spring type, which includes
the germplasm of International Maize and Wheat Improve-
ment Center (CIMMYT)-Mexico (CIM), India (IND),
Bangladesh, and Nepal (NPL) origin with great diversity in
their pedigree, were evaluated for STB resistance under field
conditions (Table S1). The experiment was conducted as a
summer nursery for three consecutive years, that is, 2019,
2020, and 2021, respectively, at the Dr. Sanjaya Rajaram
Experimentation Station, CIMMYT Toluca, which has
the coordinates of 19.2 N, 99.6 W, and 2580 MSL. The
cool and humid climate, with ∼800 mm annual average
rainfall concentrated in the summer, is very conducive for
establishing the artificial and natural epiphytotic condition of
STB infection.

The genotypes were sown in plots of double rows of 0.75 m
spaced 25 cm apart in two replications in a randomized com-
plete block design. For the creation of STB epiphytotic
condition, a mixture of six aggressive isolates, namely, St1
(B1), St2 (P8), St5 (OT), St6 (KK), 64 (St 81.1), and 86
(St 133.4), having a concentration of 1 × 107 spores/mL
of Z. tritici, was prepared as per the procedure of Gilchrist
et al. (2006). The initial inoculation was conducted with
an ultra-low volume applicator at the Zadoks growth stage
(ZGS) 29 (ZADOKS et al., 1974), followed by two additional
applications at weekly intervals. The data collection for STB
infection in the field began at ZGS 60 and was performed
thrice at weekly intervals. The double-digit scale (00–99) for
rating foliar diseases was used to evaluate STB severity (Saari
& Prescott, 1975). According to this, the first digit of the scale
denotes the relative height of the vertical disease spread, and
the second number denotes the severity of the condition based
on the amount of leaf area affected by the condition. The
STB severity percentages were calculated with the following
formula: STB severity (%) = (first digit/9) × (second digit/9)
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× 100, which was subsequently used to calculate the area
under the disease progression curve (AUDPC). PH and DH
were recorded over the years and replications, where PH
was measured in centimeters, including the height from the
ground to the spike tips, excluding awns, and DH was scored
for each plot in the number of days from sowing to the day
when approximately 50% of the spikes emerged.

2.2 Statistical analysis of the phenotypic
data

The outliers of the data for all traits under study were identi-
fied with the Z-score test, and genotypes with a Z-score<− 3.0
or >3.0 were removed. The boxplots for STB, PH, and DH
were generated over the years to describe the mean values and
spread of variation with the ggplot2 package (Hadleyy, 2016)
in R-software version 4.0.1 (R Core Team, 2021). The simple
and combined analysis of variance (ANOVA) was performed
over the years for STB, PH, and DH, considering the geno-
types and years as random effects. The analysis was performed
with R-based STAR software version 2.0.1 (STAR, 2014).
The best linear unbiased predictions (BLUPs) with adjusted
means were calculated considering the replication, genotypes,
and years as random effects separately for each year and pool
over the years using META-R version 6.0 (Alvarado et al.,
2020).

To draw information on the interrelationship among the
STB, DH, and PH, Pearson’s correlation coefficient analysis
was carried out with the Psych package (William, 2023) in
R-software version 4.0.1 (R Core Team, 2021).

2.2.1 Genotyping, population structure, and
linkage disequilibrium analysis

Genomic DNA was extracted with the cetyltrimethylammo-
nium bromide method (Doyle & Doyle, 1987) and the quantity
and quality of DNA considering the UV absorbance ratio
of A260/A280 and A260/A230 was estimated with a Nan-
oDrop spectrophotometer. The GWAS panel was genotyped
with Illumina Infinium 15 K Bead Chip of Trait Genetics
GmbH. The GWAS analysis was performed on the filtered
genotypic dataset of 10,775 highly informative SNP mark-
ers, with those having >30% missing value and minor allele
frequency <5.0% removed. Population structure was deter-
mined using STRUCTURE v 2.3.4 (Pritchard et al., 2000) by
keeping the 1,00,000 length of burn-in period and 1,00,000
Markov Chain Monte Carlo reps with three iterations. The
optimum population number (K) value was determined by
the ad hoc ∆K method (Evanno et al., 2005) by keeping the
range of K from 1 to 10. The ∆K approach was used to access
the actual subpopulations (Earl & Vonholdt, 2012), which was

confirmed by the Evanno method (Evanno et al., 2005) using
the STRUCTURE HARVERSTER program (Earl & Von-
holdt, 2012). The constellation plot and hierarchical cluster
were generated with the Ward method in JMP v.16 (Lehman
et al., 2013) to reconfirm the population structure. The prin-
cipal component analysis (PCA) over the genotypic data was
conducted by plotting the PC1 over PC2 using the R soft-
ware (R Core Team, 2021). The linkage disequilibrium (LD)
decay at the half-life (R = 0.5) analysis was performed sep-
arately for each sub-genome (A, B, and D) and across the
genome. The LD parameters (R2 value) among the SNP mark-
ers were calculated using the LD function by keeping the
window size of 50 in trait analysis by association, evolution,
and linkage (Bradbury et al., 2007). The LD plot was drawn
by placing the R2 value against the physical distance with the
critical threshold line by taking the average of the R-value
of unlinked markers with R software version 4.0.1 (R Core
Team, 2021).

2.3 Marker-trait association analysis

The marker-trait association (MTA) was performed with
filtered genotypic data and the generated BLUP values sep-
arately for each year and pooled over the years. The analysis
was performed with three association models, namely, mixed
linear model (MLM), Bayesian-information and linkage-
disequilibrium iteratively nested keyway (BLINK), and fixed
and random model circulating probability unification (Farm-
CPU) algorithms in the GAPIT version 3.0 (J. Wang &
Zhang, 2021). The −log p value = 3.5 was used as the
threshold for significant MTAs for FarmCPU and BLINK.
However, the −log p value = 3.0 was used for MLM to
avoid false negative results due to overfitting the model. The
adjusted p-value threshold of significance was also calculated
for multiple comparisons to avoid the false positive with a
Bonferroni correction with a cut-off ≤0.05 (Haynes, 2013).

The selection of resistant genotypes was accomplished by
calculating the genomic estimated breeding value (GEBV)
based on the main additive effect of loci with genomic best lin-
ear unbiased prediction (gBLUP) analysis (VanRaden, 2008).
The GEBV values were calculated for STB, DH, and PH using
the phenotypic BLUP values for each year and pooled over the
years.

In gBLUP analysis, phenotypic data (y) are regressed over
the marker genotypes in a linear model of the form y = 1μ +
Xβ+ e, where μ is a common intercept, X is an n× p incidence
matrix of marker genotypes, β is a p × 1 vector of marker
effects, and e is an n× 1 vector of error terms with the assump-
tion that 𝜷 ∼ 𝑁(0, 𝐼σ2

𝜷
) and 𝐞 ∼ 𝑁(0, 𝐼σ2𝐞) (Muqaddasi et al.,

2019; VanRaden, 2008).
A two-tailed t-test of significance at a 95% confidence inter-

val was conducted to understand the effect of favorable alleles
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and the non-favorable alleles of identified QTLs based on the
mean difference of AUDPC values and visualized with the
“ggpubr” package (Alboukadel, 2023). The STB mean value
differentiating QTLs was utilized to understand the frequency
of favorable alleles in the genotypes. We compared the mean
AUDPC value with the frequency of favorable alleles with
regression and boxplot analysis of the mean value of STB,
which was visualized with ggplot2 (Hadleyy, 2016).

2.4 Candidate gene identification and in
silico expression analysis

The identified QTNs associated with STB were utilized in
an in silico search of the putative candidate genes (CGs)
against the IWGSC-RefSeq version 1.1 in the Ensembl
Wheat database (EnsemblPlants, n.d.) (http://plants.ensembl.
org/index.html), and gene functions were annotated against
the same database in the TGT database (Triticeae Gene
Tribe, n.d.) (http://wheat.cau.edu.cn/TGT/m4/?navbar = GO
Enrichment) considering the multi-test adjustment with false
discovery rate at α = 0.05. The block size adjacent to target
SNPs for searching against the Ensembl Wheat database was
decided based on the size of the block on LD decay at the
half-life.

3 RESULTS

3.1 Significant phenotypic variation and
high heritability of Septoria tritici blotch, plant
height, and days to heading

The STB, DH, and PH boxplots over the years have been
demonstrated in Figure 1 and Figure S1, with mean values as
black “⁎.” The mean value and spread of variability between
the first and third quartile for STB (Figure 1) were recorded
as lowest in 2021, followed by the year 2020, indicating a
less conducive year for STB spread despite the similar cre-
ation of epiphytotic conditions. Over the years, the BLUP
values of STB infection had a normal distribution indicating
the presence of minor effect genes in controlling STB resis-
tance (Figure 2). The simple ANOVA indicated the presence
of significant genotypic differences for STB, DH, and PH in
each respective year (Table 1; Table S2). The heritability (h2)
of STB infection was recorded as 0.84 for the year 2019, 0.89
for the year 2020, and 0.62 for the year 2021 (Table 1), while
the range of h2 was recorded as 0.91–0.97 for DH and 0.92–
0.97 for PH over the years (Table S2). The combined ANOVA
revealed the significant differences for genotypic, year, and
genotypic × year effects for STB, DH, and PH, and the h2

was recorded as 0.87 for STB, 0.86 for DH, and 0.73 for PH
(Table 1; Table S2).

3.2 Negative relationship of STB with plant
height and days to heading

Pearson’s pairwise correlation coefficient based on the BLUP
values indicated that DH and PH significantly negatively cor-
related with STB each year and pooled over the years (Figure
S2). The STB across years had a higher negative correla-
tion with DH across years (r = −0.46; p < 0.001) than
with PH across years (r=−0.31; p< 0.001), while DH across
years and PH across years had a weak positive correlation
(r= 0.25; p< 0.001). The correlation of STB with DH and PH
gives the idea to take care of the pleiotropic effect of the genes
in interpreting the result and deployment of genes. The corre-
lations among the different years for STB were significant,
ranging from 0.72 to 0.79 (Figure S2).

3.3 Population structure and linkage
disequilibrium analysis

The GWAS panel was subdivided into two sub-populations
when the clusters were plotted against ΔΚ (Figure 3a), fur-
ther confirmed by the hierarchical cluster and constellation
plot (Figure 3b,c). The PCA based on genotypic data revealed
that some lines of CIMMYT origin had fallen outside of
the group even though PC1 and PC2 were controlling the
small percentage of variation (Figure 3d). The filtered set
of 10,775 high-quality SNP markers was distributed across
the genome in which A genome (6247) having the highest
number of markers followed by the B genome (3660) and
the D genome (868) (Figure 4). The LD-decay of the whole
genome to its half-life was estimated to be 2.28 Mb, while B
genome was having the highest LD-decay length (3.83 Mb),
followed by D genome (2.20 Mb) and A genome (1.86 Mb)
(Figure 5A–D). LD decay plots of specific chromosomes were
also constructed with the same principle (Figure S3A–F). The
positioning of previously reported STB genes and MQTLs
with QTLs identified in this study was accomplished based
on the LD block size of the specific chromosome arm.

3.4 Marker-trait associations for Septoria
tritici blotch, plant height, and days to heading

A total of 91 QTNs for STB, 57 QTNs for PH, and 63 QTNs
for DH were detected based on GWAS models being uti-
lized, in which some of the QTNs for STB were also detected
for PH and DH (Table 2; Tables S3 and S4). The different
GWAS algorithm models have generated different QTNs for
traits under study. The 40 QTNs were identified with BLINK,
45 with FarmCPU, and 44 with MLM model for STB over
the respective year and pooled over the years. Some QTNs
were common across the models and years, showing the high
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F I G U R E 1 AUDPC boxplot Septoria tritici blotch across the years.

T A B L E 1 Statistical and genetic parameters for Septoria tritici blotch (STB) over the respective year and pool over years.

Statistical parameters STB 2019 STB 2020 STB 2021 STB_POOL
Heritability 0.84 0.89 0.62 0.87

Genotype variance 81934.9 48571.8 22479.9 44398.7

Genotype × year variance – – – 6596.8

Year variance – – – 4932.5

Residual variance 31180.62 11949.09 27564.83 23564.8

Grand mean 937.11 864.61 793.58 865.1

LSD 319.47 203.61 258.03 207.7

CV 18.84 12.64 20.92 17.7

Genotype significance 0 0 4.78E-10 7.05E-61

Genotype × year significance – – – 4.97E-06

Year significance – – – 0.017097

Abbreviations: STB_POOL, Septoria tritici blotch infection across years.

reliability of the marker for plymerase chain reaction (PCR)-
based SNPs markers like KASP (kompetitive allele specific
primer) assay and their effective use in marker-assisted selec-
tion. In this paper, the QTLs associated with STB are only
focused on. However, specific QTNs associated with PH and
DH having the LD and common with QTNs of STB are
mentioned.

3.5 Twenty-three repetitive and 68 unique
marker-trait associations for STB

The 23 associated QTNs with STB were common across
the different models and years (Table 2), while 68 QTNs
were unique for respective models and years (Table S3). The
QTN, Q.CIM.stb.2DL.2, located on chromosome 2D with
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F I G U R E 2 Normal distribution of Septoria tritici blotch (STB)
infection across the years. STB2019, Septoria tritici blotch infection in
year 2019; STB2020, Septoria tritici blotch infection in year 2020;
STB2021, Septoria tritici blotch infection in year 2021.

associated SNPs AX-94670144, was identified across
the years and in different GWAS models with the
−log10 p-value ranging from 3.16 to 10.34. The
QTN, Q.CIM.stb.2AL.5, located on 5A with associated
SNPs, GENE-4029_80 was identified in 2019 and pooled
over the years under BLINK and FarmCPU models with the
−log10 p-value ranging from 3.60 to 9.88 (Figure 6A,B).
Likewise, the two QTNs, namely, Q.CIM.stb.2BL.3 and
Q.CIM.stb.2BL.6, located on 2B with associated SNPs
RAC875_c10132_462 and Ra_c13298_783, were picked
up in 2019 and pooled over the years under MLM and
FarmCPU models with the −log10 p-value ranging from 3.01
to 6.32 (Figure 6A; Figure S5). The QTN, Q.CIM.stb.5AL.5,
located on 5A with associated SNPs AX-94406443, was
identified in 2019 and 2020, respectively, with all three
models with the −log10 p-value ranging from 3.17 to 6.57.
Similarly, the QTN, Q.CIM.stb.5AL.13, located on 5A with
associated SNPs, Excalibur_c26671_57, was identified in
2020 and pooled over the years with BLINK and Farm-
CPU models with the −log10 p-value ranging from 3.53
to 6.27. The two QTNs, namely, Q.CIM.stb.6AS.2 and
Q.CIM.stb.7AL.3, located on 6A and 7A with associated
SNPs Tdurum_contig62941_85 and Excalibur_c95707_285

were identified in the year 2019 and pooled over the years
with repeated models with the −log10 p-value ranging
from 3.71 to 6.37 for Q.CIM.stb.6AS.2 and 3.03 to 8.42
for Q.CIM.stb.7AL.3, respectively (Table 2; Figure 6A,B;
Figure S5). Other repetitive QTNs across the different years
and algorithm models have been presented in Table 2.

Some of the unique QTNs over the respective year with
different algorithm models were associated with STB, which
is relevant in the presence of significant effects of year
and genotype × year interaction. In 2019, QTNs, namely,
Q.CIM.stb.1AS.2, Q.CIM.stb.6AL.4, and Q.CIM.stb.7AL.2
with FarmCPU model, and Q.CIM.stb_ph.1BS.1 and
Q.CIM.stb.5AL.9 with BLINK model, were identified
surpassing the strict threshold of Bonferroni correction
(−log10 p-value 5.33 at p < 0.05). Likewise, QTNs, namely,
Q.CIM.stb.2AL.7 with FarmCPU and Q.CIM.stb.5AL.3
with BLINK, were identified for 2020. The QTNs, namely,
Q.CIM.stb.1BL.3, Q.CIM.stb.4AL.6, Q.CIM.stb.4DL.1, and
Q.CIM.stb.5AL.12 with FarmCPU; and Q.CIM.stb.2AL.6
were identified with BLINK model for year 2021. Mean-
while, the QTNs, Q.CIM.stb.4BL.5 surpassing the Bonferroni
threshold level for pool over the years was identified (Table
S3; Figure 6A,B; Figure S5).

3.6 Common QTNs for Septoria tritici
blotch, plant height, and days to heading

The DH and PH being negatively correlated with AUDPC
values of STB infection indicate some common genomic
regions responsible for all these traits. Some QTNs governing
the STB were also associated with DH and PH. The QTNs,
namely, Q.CIM.stb_ph.7AL.4, Q.CIM.stb_ph.2AL.3,
and Q.CIM.stb_ph.1BS.1, associated with SNPs
wsnp_JD_c20555_18262260, Kukri_c35153_956, and
Excalibur_c29734_1152, respectively, were common for
STB and PH (Table S3; Figure S4), whereas the QTNs,
namely, Q.CIM.stb_dh.2BL.9, Q.CIM.stb_dh.2DL.3, and
Q.CIM.stb_dh.2AL.6, were repeatable QTNs (Table 2),
and Q.CIM.stb_dh.7AL.5 and Q.CIM.stb_dh.1AS.1 were
the unique QTNs governing the STB and DH (Table S3).
However, the common QTNs responsible for DH and PH
were not observed in the present study.

3.7 Linkage disequilibrium among the
QTNs of Septoria tritici blotch, plant height,
days to heading, and STB genes

Many identified QTNs about STB, PH, and DH were
in the LD with each other with R2 > 0.80. Some of the
QTNs of STB resistance were in the haplotype block
with themselves rather than the QTNs of PH and DH.
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F I G U R E 3 SNPs-based population structure. (A) Clusters were plotted against ΔΚ. (B) Hierarchical cluster. (C) Constellation plot. (D) PCA
plot.

The QTNs pertaining to STB and the reported STB genes
across the genome based on physical positions have been
depicted in Figure 7. The QTNs, namely, Q.CIM.stb.1AL.6,
Q.CIM.stb.1AL.7, and Q.CIM.stb.1AL.8 located on 1A;
Q.CIM.stb.3AL.2, Q.CIM.stb.3AL.3, and Q.CIM.stb.3AL.4
located on 3A; Q.CIM.stb.4AL.2, Q.CIM.stb.4AL.3, and
Q.CIM.stb.4AL. located on 4A; and Q.CIM.stb.5AL.6,
Q.CIM.stb.5AL.7, Q.CIM.stb.5AL.8, Q.CIM.stb.5AL.10,
and Q.CIM.stb.5AL.11 located on 5A were in the hap-
lotype blocks (Table S5). Interestingly, a QTL, that is,
Q.CIM.stb.3BL.4 located on 3B, was in complete LD
(LD = 1.0) with three QTLs, namely, Q.CIM.stb.3AL.2,

Q.CIM.stb.3AL.3, and Q.CIM.stb.3AL.4 located on 3A,
while Q.CIM.stb_ph.2AL.3 associated with STB and PH
had the complete LD with Q.CIM.stb.4AL.4 located on 4A
(Table S5). Some of the QTLs associated with DH and PH
were also in haplotype blocks and LD with each other.

3.7.1 The effects of 2NS/2AS translocation on
STB resistance

Two QTNs, namely, Q.CIM.stb.2AS.1 at 32 Mb and
Q.CIM.stb.2AS.2 at 52 Mb, were identified close to 2NS/2AS
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F I G U R E 4 Single nucleotide polymorphism (SNPs) density across the genome. FarmCPU, fixed and random model circulating probability
unification; STB2019, Septoria tritici blotch infection in year. 2019.

translocation regions (0–24 Mb) on the short arm of 2A. In
our previous finding, we reported that multiple SNPs form-
ing an LD block size of 0–35.4 Mb were associated with
wheat blast resistance (He et al., 2021). The Q.CIM.stb.2AS.1
located within the LD block governing the blast resistance
(He et al., 2021) could not differentiate the GWAS panel
into resistant versus susceptible groups. However, 2AS/2NS
translocations segment, which was verified with STS mark-
ers, namely, Ventriup, cslVrgal3, WGGB156, and WGGB159
(He et al., 2021), differentiated the resistant and susceptible
groups in STB infection in year 2020, STB infection in year
2021, and pool over the years (Figure 8A,B).

3.8 Additive effect of favorable alleles in
gaining STB resistance and resistant
germplasm

We found that the favorable and non-favorable alleles of only
66 QTNs out of 91 could differentiate the mean values of
AUDPC for more than three environments, including the
pooled over the years, at a p-value < 0.001. These QTLs’
mean differentiating ability indicates a slightly high solitary
contribution to trait expression. Therefore, these QTLs were
considered to understand the frequency of favorable alleles
and their effect on STB resistance. Over the population, the
frequency of favorable alleles was ∼42.25%. The highest

percentage of favorable alleles were present in genotypes
of CIMMYT origin (53.61%) followed by India (47.92%),
Nepal (42.42%), and Bangladesh (25.03%), and mean
AUDPC pattern was resembling the percentage of favorable
alleles present in the subpopulations, which was lowest in
genotypes of CIMMYT (∼801.6), followed by India (871.6),
Nepal (905.4), and Bangladesh (1116.0). Figure 9 illustrates
the significant negative relationship between the AUDPC
and the number of favorable alleles in the genotypes. The
negative relationship was observed for 2019 and 2020 and
pooled over the years >0.83 at p-value < 2.2 E-16, and
for the year 2021, R = −0.74 at p-value < 2.2 E-16. This
relationship is further reconfirmed by the decrease in the
mean value of AUDPC over the gradual staking of the favor-
able alleles in the genotypes across the years (Figure 10).
The topmost 25 resistant genotypes having the lower for
STB were selected based on gBLUP-based GEBV (Table4).
The list of resistant sources was dominated by genotypes
coming from the CIMMYT program. However, genotypes
from India and Nepal origin were also qualified. The CIM20
(BAVIS/3/ATTILA/BAV92//PASTOR/5/CROC1/AE.SQUA
RROSA(205)//BORL95/3/PRL/SARA//TSI/VEE#5/4/FRET2)
carrying the ∼80.2% favorable alleles was having the lowest
AUDPC across the years along with shorter PH and DH
(Table 4). Therefore, this genotype having the true resistance
(least chances of disease escape) is worth breeding for STB
resistance because lower PH and DH are preferable traits
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F I G U R E 5 (A) Linkage disequilibrium (LD) decay_Genome A. (B) LD decay_Genome B. (C) LD decay_Genome D LD decay_Whole
genome.

in the current wheat improvement strategy of CIMMYT
to control the lodging and terminal heat stress. The other
genotypes, namely, CIM56, CIM57, CIM18, CIM44, NPL28,
and IND14, can be utilized as resistant sources for the direct
breeding program without the fear of linkage drag of longer
DH and PH (Table 4). Neighbor-joining-based hierarchical
cluster analysis considering the only QTNs that were able to
differentiate the mapping panel based on mean indicated that
genotypes fall in the different clusters carrying the different
set of genes governing the STB resistance (Figure 10). Like,
genotypes, namely, CIM88, CIM89, and CIM90, carrying a
large percentage of favorable alleles, ∼75% with a high level
of STB resistance, and fell together in different sub-clusters
other than the cluster of genotypes, that is, CIM20 and
CIM56 having the highest percentage of favorable alleles
(>75%) and STB resistance (Figure 11).

3.9 Putative candidate gene identification
and functional annotation

Putative CGs were identified with in silico mining of refer-
ence genome, that is, IWGSC RefSeq v1.1, using the Ensembl
Plant database for all MTA covering the flanking region
of ±LD block size. Several putative CGs were identified
during the search. They were sorted into 77 putative CGs
for repetitive QTNs and 104 for unique CGs based on their
involvement in disease response as per literature search and
domain type (Table 3; Table S3). These genes are involved in
different biological activities like protein kinase-like domain,
Cytochrome P450, leucine-rich repeat (LRR) domain
superfamily, F-box domain, and Homeobox-like domain
superfamily (Mahboubi et al., 2022). Cell-surface localized
receptor-like kinases (RLK) and receptor-like proteins
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F I G U R E 6 (A) Manhattan Plots FarmCPU_Septoria tritici blotch. (B) Manhattan Plots BLINK_Septoria tritici blotch. BLINK,
Bayesian-information and linkage-disequilibrium iteratively nested keyway; FarmCPU, fixed and random model circulating probability unification.
STB2019, Septoria tritici blotch infection in year 2019; STB2020, Septoria tritici blotch infection in year 2020; STB2021, Septoria tritici blotch
infection in year 2021.
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F I G U R E 6 Continued

are divided into several different sub-families including
the LRR-RLK and the wall-associated kinases (WAK),
nucleotide-binding and LRR domains (NLRs), and cysteine-
rich receptor-like kinase (CRK) (Saintenac et al., 2018).

Some putative CGs falling in the LD block of repetitive
QTNs related to disease resistance have been given below.
For instance, putative CGs like TraesCS2D02G277300,
TraesCS2D02G278100, and TraesCS2D02G276600
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F I G U R E 8 (A) Mean differentiating ability of Q.CIM.stb.2AS.1.
(B) Mean differentiating ability of 2AS/NS translocation. STB2019,
Septoria tritici blotch infection in year 2019; STB2020, Septoria tritici
blotch infection in year 2020; STB2021, Septoria tritici blotch infection
in year 2021; STB_POOL, Septoria tritici blotch infection across years.

in Q.CIM.stb.2DL.2; TraesCS2A02G380500 and
TraesCS2A02G381400 in Q.CIM.stb.2AL.5; Traes-
CS3A02G302600, TraesCS3A02G301500, and Traes-
CS3A02G301600 in Q.CIM.stb.3AL.2 to Q.CIM.stb.3AL.5;
TraesCS5A02G372100 and TraesCS5A02G368200 in
Q.CIM.stb.5AL.5; TraesCS5A02G394400, TraesCS5A02G-
399100, TraesCS5A02G399200, TraesCS5A02G396800,
TraesCS5A02G396300, and TraesCS5A02G397700

 19403372, 2025, 1, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/tpg2.20531 by C

ochrane M
exico, W

iley O
nline L

ibrary on [15/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



22 of 29 KUMAR ET AL.The Plant Genome

F I G U R E 9 Negative relationship of Septoria tritici blotch (STB) infection with increasing the number of favorable alleles. STB2019, Septoria
tritici blotch infection in year 2019; STB2020, Septoria tritici blotch infection in year 2020; STB2021, Septoria tritici blotch infection in year 2021;
STB_POOL, Septoria tritici blotch infection across years.

linked to Q.CIM.stb.5AL.13; TraesCS6A02G005000,
TraesCS6A02G008700, and TraesCS6A02G005200
linked to Q.CIM.stb.6AS.1; TraesCS6A02G045100,
TraesCS6A02G048700, and TraesCS6A02G047200 linked
to Q.CIM.stb.6AS.2; and TraesCS7B02G407900 and
TraesCS7B02G410100 linked with Q.CIM.stb.7BL.1 were
located in the LD block of the genomic region of respective
QTNs (Table 3). Likewise, unique QTNs concerning years
and models surpassing the strict criteria of the Bonferroni
corrections threshold also harbor the CGs having the relevant
molecular and biological function (Table S3).

4 DISCUSSION

STB is one of the most important foliar diseases across conti-
nents. In the present study, we found significant differences in

the main effects of genotype (G) and year (Y) and G × Y inter-
action for STB, PH, and DH. The high correlation over the
years in this study aligns with our previous reports published
for a biparental (He et al., 2021). Due to variations in moisture,
temperature, and pathogen population, STB responses varied
year to year (Riaz et al., 2020), which was also observed in our
study where STB infection was the highest in 2019 than in the
other 2 years. The moderately high broad sense heritability of
STB infection over years (h2 = 0.62 to 0.84) indicated that
the heritable genetic factors largely determine STB resistance
and that reliable QTLs can be identified with GWAS analy-
sis. Our findings support fairly high STB response heritability
reported by other studies (Goudemand et al., 2013; Juliana
et al., 2017; Kollers et al., 2013; Yang et al., 2022). The nor-
mal distribution of adjusted STB (BLUP) values suggests that
multiple minor genes were responsible for STB resistance in
the panel.
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F I G U R E 1 0 Decreasing trend of Septoria tritici blotch (STB) infection with stacking of favorable alleles of quantitative trait nucleotides
(QTNs). SNP, single nucleotide polymorphism.

Based on Pearson’s pairwise correlation coefficient, STB
severity had a significant negative correlation with DH and
PH over years, which suggests that longer DH and taller
PH may help the plants to escape the disease, or there were
pleiotropic effects of the phenological genes or their tightly
linkage with STB resistance genes (Goudemand et al., 2013;
He et al., 2021; Juliana et al., 2017; Kollers et al., 2013; Yang
et al., 2022). The identification of QTNs for multiple traits,
like Q.CIM.stb_dh.1AS.1 on 1AS and Q.CIM.stb_ph.7AL.4
on 7AL, corroborates the reported associations of the STB
response with DH and PH.

4.1 Populations stratification and marker
trait associations

The mapping panel was subdivided into two sub-populations,
with the small one comprising genotypes of CIMMYT origin

and the rest forming the big sub-population. Further analy-
sis of the pedigree information indicated that the grouping
was mostly based on pedigree lineage, as well as geograph-
ical origin, in agreement with previous studies (Gorafi et al.,
2018).

In our study, 91 QTNs were associated with STB resistance
over the three GWAS algorithm models and years. Of them,
23 QTNs were repetitive across the models or years, while
68 QTNs were unique due to the strong effect of Y and G
× Y interaction on the expression of the STB resistance. This
agrees with the previous reports that STB resistance is quanti-
tatively inherited and highly influenced by the environmental
factor (Dreisigacker et al., 2015) and genotype by environ-
ment interaction (Gerard et al., 2017; Riaz et al., 2020). The
repetitive QTNs over the years and models are more reliable
in representing the genetic architecture of STB resistance and
converting them into KASP assays for the introgression of
the STB resistance. However, the unique QTNs identified in
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F I G U R E 1 1 Neighbor-joining-based hierarchical cluster analysis with quantitative trait nucleotides (QTNs) able to differentiate the resistant
versus susceptible (percentage of favorable alleles and disease score in parentheses). CIM, CIMMYT; IND, India; NPL, Nepal.

single model and years could also be used due to their ability
to differentiate the GWAS panel into resistant versus suscep-
tible groups over the GEBV with gBLUP. Example of the
former type includes Q.CIM.stb.2DL.2 that is located near the
centromere on 2D, which was able to differentiate the map-
ping panel into resistant and susceptible groups over the years.
This QTN might be novel because of its unique physical posi-
tion without co-localization of previously reported STB genes
or QTLs (Figure 6). Likewise, two additional repetitive QTNs,
Q.CIM.stb.2AL.5 and Q.CIM.stb.7BL.1, were also able to
divide the mapping panel into two groups and might be the
novel.

The repeated QTNs on the long arm of 2B were co-
localized with additional unique QTNs identified in our study,
as well as previously known STB genes, QTNs, and MQTLs,
forming a QTL hotspot governing STB resistance (Figure 6).
This region from 700.20 to 784.54 Mb contains Stb9 (Char-
train et al., 2009) and MQTL8 (Goudemand et al., 2013) for
APR; QTLs, namely, QStb.wai.2B.1 and QTL-2BL, for multi-
stage resistance (Aouini, 2018; Yang et al., 2022); and QTNs
for APR, Q.CIM.stb.2BL.3 within this region differentiated
the mapping panel into resistant and susceptible groups, but
not Q.CIM.stb.2BL.6. Thus, Q.CIM.stb.2BL.6 might repre-
sent a minor gene on STB resistance only when combined
with other genes, just like the Lr46 gene that works better with
other slow rusting genes (Singh et al., 1998).

Similarly, a QTL complex having the QTNs from
Q.CIM.stb.5AL.2 to Q.CIM.stb.5AL.14 spanning from 549

to 591 Mb was located on the long arm of 5A, in which
Q.CIM.stb.5AL.5 and Q.CIM.stb.5AL.13 were the repet-
itive QTNs. Some of the previously reported genes like
Stb17 for APR, QStb.wai.5A.1 for multi-stage resistance
(Yang et al., 2022), Qstb.iau-10 for APR (Mahboubi et al.,
2022), and QTL associated with Tdurum_contig10210_425
(Kidane et al., 2017) were co-localized within this QTL
hotspot. It is noteworthy, however, that this region might
be associated with disease escape because a QTN for DH,
Q.CIM.dh.5AL.5 at 598 Mb, was also identified in this
region.

Q.CIM.stb.6AS.1 and Q.CIM.stb.6AS.2 on the short arm
of 6A were co-localized with QStb.teagasc-6A.1 (Riaz et al.,
2020), MQTL20 (1.20–25.80 Mb) for multi-stage STB resis-
tance (Goudemand et al., 2013), Qstb.iau-14 (Mahboubi
et al., 2022), Stb15 (Arraiano et al., 2007), QStb.wai.6A.1
(Yang et al., 2022), and a major QTL linked to Excal-
ibur_c12085_276 (Würschum et al., 2017). Q.CIM.stb.2AS.2
fell within the MQTL4 responsible for APR (Goudemand
et al., 2013), which is only 0.1 cM away from the marker,
Xwmc177 linked to Ppd-1A (Wilhelm et al., 2009). The
remaining repetitive and unique QTNs identified in this
study were located within LD blocks with reported QTLs
or Stb genes; for example, Q.CIM.stb.4AL.7 and Stb12 were
within a LD block (∼0.92 Mb) with a physical distance
of 0.80 Mb, and Q.CIM.stb.2BL.3 to Q.CIM.stb.2BL.8 was
found to be close to Stb9. Refer to Table S6 for more such
examples.
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The QTNs, namely, Q.CIM.stb.2AS.1 and Q.CIM.stb.-
2AS.2, were very close to the 2NS/2AS translocation region
(0–35.4 Mb) that were associated with wheat blast resistance
(He et al., 2021). Although no marker within this region was
identified to be significant in GWAS for STB resistance, the
2AS/2NS translocation segment did exhibit significant pheno-
typic effects in 2 of the 3 years, implying some minor genes
within the segment conferred resistance against STB. This is
an encouraging finding because the segment has already been
associated with many favorable traits like lodging tolerance,
high yielding, resistance to rusts, nematodes, spot blotch, and
wheat blast (Bariana & McIntosh, 1993; Doussinault et al.,
1983; Gao et al., 2021; Jahier et al., 2001; Juliana et al., 2018,
2020, 2022; Williamson et al., 2013).

Great caution should be taken on the utilization of QTNs for
both STB and DH/PH because they are often associated with
disease escape (Riaz et al., 2020). Examples of such QTNs
include Q.CIM.stb_dh.2DL.3 and Q.CIM.stb_dh.2BL.9
for both STB and DH, and Q.CIM.stb_ph.7AL.4,
Q.CIM.stb_ph.2AL.3 and Q.CIM.stb_ph.1BS.1 for both
STB and PH. At these loci, low STB infection was always
associated with late heading or tall stature, implying that
disease escape, rather than close linkage or pleiotropic, was
the underlying mechanism (Riaz et al., 2020). Interestingly,
Q.CIM.stb_ph.2AL.3 located on 2A had the complete LD
(R2 = 1.0) with Q.CIM.stb.4AL.4 located on 4A. Therefore,
there is a very high chance these QTLs inherit together in
an LD block, and this LD block would have formed with
selection or evolutionary constraints over the past and works
in complementation with each other.

4.2 Resistant germplasm selection and
effect of favorable alleles over the STB
resistance

The high percentage of favorable alleles in CIMMYT
germplasm used in our study indicates the systematic and con-
tinuous accumulation of favorable alleles with minor effects
over time. The significant negative relationship between
the number of favorable alleles and AUDPC value and the
decrease in the mean value of AUDPC over the gradual
staking of the favorable alleles (Figures 8 and 9) indicate
quantitative genetic control of STB resistance as previously
reported (Langlands-Perry et al., 2022; Louriki et al., 2021;
Mahboubi et al., 2022; Mekonnen et al., 2021; Riaz et al.,
2020; Yang et al., 2022). In our study, genotypes with high
percentage of favorable alleles, as well as good resistance in
field trials were identified, including CIM20, CIM56, CIM57,
CIM18, CIM44, NPL28, and IND14, which can be used as
resistant sources for direct breeding without linkage drag of
longer DH and PH (Table 4).

4.3 In silico functional annotation of
putative candidate genes

The genomic regions within the LD block size of significant
QTLs/MTA were screened for putative CGs with annotated
functions to better understand their functional role (Mah-
boubi et al., 2022) and strengthen their relevance in designing
SNPs-based PCR assays for marker-assisted selection, gene
cloning, and gene editing. The Cytochrome P450 super-
family proteins of the three CGs, TraesCS2D02G490500,
TraesCS5A02G397700, and TraesCS2B02G534200, synthe-
size hormones, defense compounds, and fatty acids in plants.
TraesCS1A02G369300 and TraesCS6A02G005200 proteins
are coiled. They contribute to plant heat tolerance (L. C. Wang
et al., 2013) and the immune-associated nucleotide gene
family in Arabidopsis thaliana (Liu et al., 2008). The glycosyl
hydrolase 18 family’s putative CG, TraesCS2D02G278100,
creates chitinase protein, which stimulates Medicago’s
defense response with Nod factor hydrolysis (Zhang et al.,
2016). TraesCS5A02G399100 and TraesCS6A02G047200,
putative CG proteins, are peroxidases and signal between the
salicylate and jasmonate pathways in plant defense (Schenk
et al., 2000). Calcium-dependent protein kinases and mitogen-
activated protein kinases signal pathogen identification and
plant defense activation (Romeis, 2001). In our investi-
gation, TraesCS1A02G396000, TraesCS1A02G366900,
TraesCS2A02G380500, TraesCS5A02G396300,
TraesCS1B02G410500, and TraesCS2A02G381600 were
protein kinases superfamily CGs in the LD block of respec-
tive QTLs. SWEET6b is encoded by TraesCS7B02G410700.
Sugars deliver sweet immunity with plant defense and
immune signaling molecules (Jeandet et al., 2022).
TraesCS2B02G536400 and TraesCS5A02G396800 pro-
teins enter the wall-associated receptor kinase domain,
connected to plant defense. LRR protein superfamily and
zinc-finger superfamily CGs are proteins. These potential
genes have protein kinase-like domains, Cytochrome P450,
LRR domain superfamily, F-box domain, WAK, NLRs, and
CRKs.

5 CONCLUSION

A panel with wheat genotypes from CIMMYT and South
Asia was used to identify STB-resistant germplasms using
gBLUP-based GEBV and to identify genomic regions affect-
ing traits of interest. In this study, we found 91 STB resistance
QTNs across years and models, most of which were located
near reported QTL hotspots, MQTLs, or Stb genes. However,
Q.CIM.stb.2DL.2, Q.CIM.stb_dh.2DL.3, Q.CIM.stb.2AL.5,
and Q.CIM.stb.7BL.1 may be novel based on their unique
locations. PCR-based SNP markers like KASP could be
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useful for tracking and utilization of such QTNs. The top
most resistant genotypes having a high percentage of favor-
able alleles (>50%) could be used in breeding programs as
resistant donors. The identified CGs could be targets for future
research.
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