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Abstract

Spot blotch (SB) is a major constraint to wheat (Zriticum aestivum L.) production in South Asia's warmer plains. It is also
known as leaf blight, caused by Bipolaris sorokiniana and causes significant yield loss in Eastern Gangetic Plain Zone of
India. The aim of this study was to map SB resistance via composite interval mapping (CIM) in the PBW343/1C252874
population, which comprised of 165 doubled haploid lines (DHLs), across two years in India. The area under the disease
progress curve (AUDPC) value for each genotype was calculated using the disease severity. The area under the disease pro-
gression curve was developed to determine disease progression. The SB severity was measured at the three different plant
growth stages viz. GS63, GS69, and GS77. The phenotypic analysis of these lines revealed a constant variance in disease
severity, implying that SB resistance is most likely polygenic. The phenotypic data was used to map Quantitative trait loci
(QTL) using SSR markers. The presence of quantitative inheritance with transgressive segregation for SB resistance in the
population was also revealed. The QTLs were discovered on 12 chromosomes i.e. 1B, 1D, 2A, 2B, 2D, 3B, 4A, 4D, 5A, 5B,
6A, and 7A. We have also found two consistent QTLs on the chromosomes, 2B and 5B with the average percentage vari-
ance explained (PVE) of 17.9% and 19.9% respectively. These current finding reveals new genomic regions linked to spot
blotch disease, which could be useful for wheat breeding strategies considering disease resistance with further validation.

Keywords Spot blotch - Composite interval mapping - Doubled haploid - Disease resistance and Polygenic

Introduction

It is necessary to expedite wheat improvement in order to fulfil
estimated world food demand by 2050. The latest United Nations
projections indicate that world population will reach 10 billion
in the year 2056 (Prakash et al. 2019). Spot blotch disease is a
significant biotic factor limiting wheat productivity in the warm
humid agro-ecosystem of India (Fig. 1), Bangladesh, Nepal,
and other such regions of the world (Gurung et al. 2014; Singh
et al. 2018). Bipolaris sorokiniana, (Sacc.) Shoemaker [tele-
omorph: Cochliobolus sativus (Ito and Kuribayashi) Drechsler
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ex Dastur], a hemi-biotrophic fungus, is the causal agent for the
disease. It affects more than 25 million ha of wheat growing
area globally. Being a prominent disease in eastern India and
adjoining countries of South Asia it threatens the livelihood of
many resource poor and marginal farmers of this densely popu-
lated region (CIMMYT 2013). Reductions in grain yield due
to spot blotch are variable but substantial in warmer areas of
South Asia (Saari 1998; Joshi et al. 2007b, a; Duveiller and
Sharma 2009). Delayed seeding of wheat, after rice in this part
of the world also results in higher losses of grain yield and total
kernel weight due to the spot blotch (Duveiller et al. 2005). The
disease becomes more severe when the temperature goes beyond
28 °C (Nema and Joshi 1973; Chaurasia et al 2000, Duveiller
et al. 2005). This leads to necrosis induced premature leaf senes-
cence thus reduced photosynthetic area (Sharma et al. 2007),
and infection in spikes resulting in grain shriveling, black point
of the kernels (Sharma et al. 2007; Kumar et al. 2007), affect-
ing both the quantity and quality of the grain negatively. Yield
losses are estimated in the range of 1 to 100% (Dubin and Van
Ginkel 1991; Siddique et al. 2006; Sharma et al. 2007; Mehta
et al. 1998; Saari 1998) depending on the genotypes, sowing
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Fig. 1 The India wide distribu-
tion of the spot blotch patho-
gen Bipolaris sorokiniana

time, environmental conditions, soil fertility stresses and soil
moisture conditions. Differential responses of wheat genotypes
to spot blotch resistance have been reported by Chaurasia et al.
2000. Among the disease management approaches used, the
deployment of resistant genotypes is the most effective, eco-
nomical and sustainable approach for containing the spot blotch
in the field (Duveiller and Sharma 2009).

Genetic studies have revealed both the qualitative and
quantitative nature of resistance to spot blotch disease. Quali-
tative resistance is reported to be governed by 2 dominant
complementary genes (Srivastava et al., 1971) dominant or
partially dominant genes (Adlakha, 1984; Veldzquez Cruz
et al., 1994; Sharma and Bhatta, 1999; Neupane et al., 2007),
and recessive genes (Singh et al. 1998a, 2019; Bhushan
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et al. 2002; Ragiba et al. 2004). The study by Sharma et al.
(1997) has established the quantitative nature of resistance
for the disease. Further, Joshi et al. (2007b, a) have reported
resistance to spot blotch as polygenic and partial with addi-
tive inheritance. Molecular breeding based on marker-assisted
selection is a key tool for accelerating the development of
the spot blotch-resistant variety. For this, identification of a
molecular marker closely linked to the resistance loci is very
critical (Duveiller and Sharma 2009). The association map-
ping approach has been applied to wheat, facilitating the dis-
covery of many quantitative trait loci (Vasantrao et al. 2019).
There quite a few studies, which have identified environment-
specific QTLs and associated molecular markers in specific
biparental mapping populations (Sharma et al. 2007; Kumar
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et al. 2010, 2015; Singh et al. 2019; Gahtyari et al. 2021; Roy
et al. 2021). Genetic variability exists for the pathogen in the
area of present investigation, which is also considered a hot
spot for the spot blotch disease (Verma et al. 2020). However,
none of the study investigated intensively to identify QTL
conferring tolerance for the disease in the agro-ecology of this
investigation, which is dominated by resource poor and mar-
ginal farming community. Hence, the major objective of the
current study was to identify QTL associated with the disease
tolerance in the agro-ecology of Pusa Bihar using Doubled
haploid PBW343/1C252874 population keeping in view the
Area Under Disease Progress Curve (AUDPC) for the disease.

Plant materials and experimental set up

A doubled haploid population, derived from a cross between
PBW343 (disease resistant or maternal parent) and IC252874
(disease susceptible or paternal parent) (Table S1) was sown
in two experiments over two years viz. 2017-18 and 2018-19.
The population contained 165 DH lines. The seeds were sown
in alpha lattice design with three replications. Proper agro-
nomic practices and irrigation were provided to avoid yield
reduction during the crop cycle. The development or creation
of the DH was done in the Washington State University, Pull-
man, USA (Table S2), and disease assessment was carried out
at the research farm of the Rajendra Prasad Central Agricul-
tural University, Pusa, Bihar, India (25° 57’ 08" N; 85° 40’
13" E). An offseason facility at the Research station of Punjab
Agricultural University, Keylong, Himachal Pradesh, India,
was utilized for the initial seed multiplication.

Irrigation and management practices

Throughout the two years, the required agronomic methods
for irrigated and normal fertility (125 kg N; 55 kg P,0;
and 35 kg K,0 ha™!) conditions were followed. At the time

Fig.2 Disease severity/symptoms for spot blotch on wheat leaves

of seeding, full doses of K,O and P,0O5 were administered.
The split application of nitrogen was used, with 55 kilo-
gramme N ha~! applied at sowing, 25 kg N ha~! applied
at first irrigation (20 days after sowing), and 35 kg N ha~!
used at second irrigation (42 days after sowing). To ensure
optimum soil moisture, irrigation was applied to the crop at
five critical growth stages (at crown root initiation Zadok,
GS 21; tiller completion Zadok, GS 29; late jointing Zadok,
GS 36; flowering Zadok, GS 61; and milk stage Zadok, GS
75). The weeds were manually picked out.

Disease scoring for spot blotch resistance
Single digit scoring

After the completion of heading in all genotypes, we noted
symptoms in the flag leaf (F) and penultimate leaf (F-1) for sin-
gle digit scoring. In each plot of three replications, single digit
scoring was performed using the CIMMYT standard diagram.

(%) Disease severity = (sum of numeric rating/ total num-
bers of plant observed) x 100.

Double digit scoring

The sensitive reactions (IR=7-9 on a 0-9 scale) and a 99 score
(double-digit score) of SB severity was measured at various
stages of crop in the field. The SB severity (Fig. 2) was meas-
ured at the GS63, GS69, and GS77 stages of plant develop-
ment, using Saari and Prescott's double-digit (00-99) severity
scale, with the first (D1) and second (D2) digits representing
disease progression vertically from the ground and percentage
of leaf area infected with SB, respectively.

Using the algorithm provided, the severity of disease was
determined for each DH lines (Duveiller et al. 2005).

Disease severity = (D1/9) X (D2/9) x 100

where,
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D1 = 1st digit (vertical disease progress)

D2 = 2nd digit (severity of infection)

Estimating area under disease progress curve
(AUDPC)

The area under the disease progress curve (AUDPC) value for

each genotype was calculated using the disease severity. The area

under the disease progression curve was developed to determine

disease progression. AUDPC was calculated independently for

flag leaf (F), penultimate leaf (F-1), and double digit scoring.
n-1

AUDPC = Si = S[(ti — 1 — ti)(yi + yi + 1)/2]

where,
1.
Yi=Disease severity in the ith date
ti = Date on which the disease was scored
n=number of dates on which disease was recorded

Genotyping

The wheat Coleoptiles were used to extract DNA (http://
www.triticarte.com.au/content/DNA-preparation.html). A
consensus map was used to do this (Sourdille et al. 2004).
In Thermal Cycler22, a 3 min denaturation at 94 °C was fol-
lowed by 30 s cycles at 50/65 °C, 30 s cycles at 72 °C, and
a final 2 min cycle at 72 °C. On 541 SSRs, the parents' SSR
markers were evaluated for polymorphism (Fig. 3). The 130
SSR primers (Table S3) were utilized to create wheat chro-
mosome linkage maps. The visual evaluation of polymor-
phic SSR profiles was done by coding PBW343 alleles as
"A" and IC252874 alleles as "B." The letters "H" and "NA"
stand for heterozygote and missing bands, respectively. On
3 percent agarose gels, allele bands were seen.

Linkage map construction and QTL mapping
Using the software MapDisto 2.1.7.1, the genotyped data from

the DH population was utilised to create twelve linkage maps.

Fig. 3 Amplification profiles of
parental lines, P1 and P2 show-
ing polymorphism
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For the conversion of recombination frequency to genetic
distance, the Kosambi mapping function and interval posi-
tion type were utilised. QTL Cartographer v2.5 was used to
conduct the analyses (Wang et al. 2010). In the composite
interval mapping (CIM) approach, the software Windows
QTL Cartographer 2.5 was used to perform forward regres-
sion using five backdrop markers, a window size of 10.0 cM,
and a walking speed of 2 cM. Model 6 was used to set the trait
for Composite interval mapping (CIM), which was utilized to
determine plausible QTL sites and a 1,000 permutation test
threshold of P=0.05. Two or more linked markers associated
with a characteristic with LOD > 3.0 were identified as puta-
tive QTLs. Suggestion QTLs were classified as QTLs with
two or more connected markers found at a LOD of 2.0 to 3.0.
(Mclntyre et al. 2010). The LOD value was set at a minimum
of 2.0 in order to account for both suggestive and minor QTL.

Statistical analysis

The disease severity scores across different years were used to
obtain best linear unbiased estimates (BLUEs) and predictions
(BLUPs) by fitting linear mixed effects models in R v4.0.3
using where, Yik is the trait of interest, m is the mean effect,
Yeari is the effect of the ith year, Linek is the effect of the
kth line, and + ik is the error associated with the kth line. The
genotypes were treated as fixed effects in the BLUEs model,
while all of the effects in the BLUPs model were treated as
random effects. When genotypes are treated as random effects,
the impact of screening time and other environmental factors
on SB severity is reduced (Tomar et al. 2021). To explore
the distribution across the DHLs, the disease severity scores
generated by fitting the BLUPs and BLUEs models were dis-
played using ggplot2 v3.3.3 and ggpubr v0.4.0 in R v4.0.3.

Result
Phenotypic evaluation of DHLs
The analysis of variance for AUDPC values revealed a signifi-

cant variation for genotypes and genotype-by-year interaction
(Table 1). Large variation in disease severity was observed

PBW343

1C252874
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Table 1 Analysis of vgriance Source of Variation DF Sum of Squares Mean Squares F-Calculated Significance

for spot blotch scores in DHL

population evaluated in India Genotype 165 1428.3 6.2 3.54 <0.0001

over two crop seasons was

performed (207-18-19) Year 2 953.7 440.7 13.16 <0.05
Genotype x Year 330 698.4 1.6 1.47 <0.0001
Rep within Year 3 103.5 32.6 325 <0.0001
Pooled Error 495 495.1 1.0

across the different growth stages with disease pressure increas-
ing from GS63, GS69 and GS77 (Table 2). Across the environ-
ments, overall disease pressures were the lowest in E1 and high-
est in E2. Within the same year, both populations responded
similarly as observed from their comparable disease severity/
AUDPC score ranges. To enhance the accuracy and map sta-
ble QTLs across the environments, linear mixed-effects models
were used to obtain fitted values of disease severity, accounting
for G X E effect. These values are termed as BLUPs (genotypes
as random effects) and BLUEs (genotypes as fixed effects)
from here onward. The BLUPs showed lower variance than
the BLUEs which meant BLUPs were able to reduce the envi-
ronmental variance across the years to a larger extent.

Mean spot blotch severity (%) of the disease susceptible
parent (IC252874) at GS 77 stage (Zadoks scale, Zadoks et al.
1974) ranged from 80% (2017-2018) to 87% (2018-2019)
and resistant parent (PBW343) at GS 77 stage (Zadoks scale,
Zadoks et al. 1974) ranged from 13% (2017-2018) to 17%
(2018-2019). The disease severity of DHLs ranged from 52%
(2017-2018) to 59% (2018-2019). The continuous distribu-
tion of spot blotch AUDPC and the test of normality using
Shapiro— Wilk test (W=0.973, P=0.327) revealed that the
DHLs data fit a normal distribution. The parental lines exhib-
ited contrasting phenotypes for spot blotch mean AUDPC
for all the two years. The spot blotch AUDPC of the DHLs
showing large phenotypic variation in the population.

The resistant parent PBW343 was found to be immune to
SB showing highly resistant disease severity score of 00, on the

double-digit scale, across all the growth stages studied whereas
susceptible parent IC252874 showed high susceptibility across
the growth stages and AUDPCs when compared with range of
disease scores of respective data sets. At GS63, disease score
BLUE of the susceptible parent IC252874 were 40.0 while for
the DHLs, it ranged from 0.29 to 41.00. The disease score,
BLUP of I1C252874 was 24.20 with DHLs showing a range
from 08.23 to 26.71. At GS69, disease score BLUEs of the
susceptible parent, [C252874 was 71.43 while for the DHLs,
it ranged from 09.61 to 71.32. The disease score BLUP of
1C252874 was 56.21 with DHLs showing a range from 23.72
to 56.48. At GS77, disease score BLUE of susceptible par-
ent IC252874 were 87.51 while for the DHLs, it ranged from
34.00 to 79.36. The disease score BLUPs IC25287 was 81.34,
respectively, with DHLs showing a range from 40.13 to 76.14.
The AUDPC values showed a similar trend, where the disease
score BLUESs of the resistant parent PBW343 and susceptible
parent IC252874 were 200.13 and 1400.39, respectively, while
for the DHLs, it ranged from 323.45 to 1217.32. The disease
score BLUPs of PBW343 and 1C252874 were 221.34 and
1323.27 respectively, with DHLs showing a range from 245.61
to 1235.59. The genotypes, DH10, DH125, DH80 and DH134
were found highly resistant across all the growth stages. Over-
all, less than 5% of lines were categorized under highly resistant
category while 25 and 30% of genotypes showed moderate to
high susceptibility, respectively. The rest of the lines fell under
resistant to moderately resistant category (Fig. 4). The data
from different years were used separately for QTL mapping.

Table 2 Phenotypic evaluation

. 8 Env Stage RP SP DHLs
of the disease severity of spot
blotch disease in Resistant/ PBW343 1C252874 Range Median Mean SD CV  Mean
Susceptible parents and DHLs BLUEs GS63 1325 400 0.29—41.00 1317 1141 7.9 097 13.69
GS69 5810  71.43 09.61—71.32 3934 3726 126  1.65 42
GS77 7514 8751 34.00—79.36 68.05 7124 953 047 70.15
AUDPC 200.13 140039  323.45—1217.32 82127 821.32 212.01 1.57 820.53
BLUPs GS63  12.59  24.20 08.23—26.71 1126 1165 256 061 13.79
GS69  49.62 5621 23.72—56.48 3748 3921 653 15 4207
GS77  72.38 81.34 40.13t076.14 6721  68.02 6.2 0.42 70.04
AUDPC 22134 132327  245.61—1235.59 817.38 82327 13329 042 820.84

RP Resistant parent, SP Susceptible parents, DHLs Double haploid lines, CV Coefficient of variation, SD
Standard deviation, Env environment, BLUEs best linear unbiased estimates, BLUPs Best linear unbiased
predictions, AUDPC area under disease progression curve
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Fig.4 Frequency distribution of
spot blotch disease severities
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Linkage map

The parents ‘PBW343° and ‘1C252874° were screened for
SSR polymorphism. Once the polymorphism was identified
between the parents, 165 double haploid lines were screened
with the polymorphic SSR primer pairs. The anchored mark-
ers helped to form 12 linkage groups representing wheat chro-
mosomes in the DH mapping population. Out of 541 SSR
markers, 130 (24%) marker loci segregated in the expected 1:1
ratio (P\0.05) (Table S4) with few exceptions, some marker
loci did not fit the 1:1 ratio. The linkage maps consisting of
10 markers on chromosome 1B, 5 markers on1D, 12 markers
on 2A, 7 markers on 2B and 13 markers on chromosome 2D,
14 markers on chromosome 3B, 15 markers on chromosome
4A, 8 markers on chromosome 4D, 12 markers on chromo-
some 5A, 8 markers on chromosome 5B, 13 markers each on
chromosome 6A and 7A were developed. The rate of poly-
morphism was highest in the A genome (40%) as compared
to genomes B (30%) and D (20%).

QTL detection

A total no. of eighteen QTLs was detected for spot blotch
AUDPC over the two years (Table 3). We found the QTLs
for spot blotch resistance on chromosomes 1B, 1D, 2A, 2B,
2D, 3B, 4A, 4D, 5A, 5B, 6A, and 7A over the course of two
years (Fig. 5). The LOD values ranged from 2.61 to 15.39
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(Fig. 6) and the corresponding R2 ranged from 7.43 to 21.12
in the individual years. Individual QTLs explained between
11.31 and 39.15% of phenotypic variance in the composite
interval mapping. Using composite interval mapping, two
most consistent QTLs mapped on the chromosome 2B and
5B flanked by the marker, Wmc109-gwm312 and Cfd71-
wmc173 respectively and the alleles for reduced disease
severity were derived from the resistant parent PBW343. On
the other hand, QTLs present in at least single year were
located on the chromosome 1D, 3B, 2D, 4A and 4D. The
QTL on 2A explained the largest part of phenotypic vari-
ance in the second year (22.13%). In the first year, maximum
phenotypic variation (18.75%) was controlled by the QTL
located on chromosome 5B.

Discussion

Spot blotch is one of the major constraints to the global wheat
production, especially in areas with hot and humid climate
(Tomar et al. 2021). To counter the constraints from foliar
diseases like SB, there is a need for constantly identifying
and introgressing new sources of resistance. The DHLs used
in the present study showed wide range of variation for dif-
ferent traits and has already been reported to possess vari-
ous QTLs for heat tolerance (Pankaj 2021; Pankaj et al.
2022a, b). In the present study, during phenotypic evalua-
tion of disease severity for SB, four DH viz. DH10, DH125,
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Table 3 Quantitative trait loci (QTL) detected for spot blotch disease in both years 2017-2018 and 2018-2019

Year Trait QTL Name Marker interval Additive effect LOD score PVE % Positive allele

Env1(2017-18) Spot Blotch(SB) Qsb_rpcau_2A Barc212-wmc382 -0.287 2.61 15.32 PBW343
Qsb_rpcau_5B Cfd71-wmc173 -0.153 11.16 18.75 PBW343
Qsb_rpcau_1B gwml31- gwm498 -0.203 4.37 12.18 PBW343
Qsb_rpcau_5A Gwm304-barc141 -0.094 7.30 9.81 PBW343
Qsb_rpcau_1D cfa2129-cfd48 -0.152 8.04 8.04 PBW343
Qsb_rpcau_2D wmc503-gwm?261 0.130 7.42 12.01 1C252874
Qsb_rpcau_2B Wmc109-gwm312 2.621 6.04 10.32 1C252874

Env2(2018-19) Spot Blotch(SB) Qsb_rpcau_4A Cfd257-wmc718 1.402 8.21 10.26 PBW343
Qsb_rpcau_4D Wmc48-cfd106 -0.076 4.53 7.43 PBW343
Qsb_rpcau_2B Wmc109-gwm312 -1.803 6.87 15.34 1C252874
Qsb_rpcau_2A Gwm359-wmc728 1.945 5.09 8.04 1C252874
Qsb_rpcau_5B Cfd71-wmc173 2.841 15.39 21.12 PBW343
Qsb_rpcau_1B wmc611-cfd59 -2.722 6.71 12.72 PBW343
Qsb_rpcau_3B Barc68-gwm72 0.382 4.2 11.53 PBW343
Qsb_rpcau_SA Wmc492-barc40 2.351 7.25 16.25 PBW343
Qsb_rpcau_6A Gwm570-wmc553 0.426 8.04 12.52 PBW343
Qsb_rpcau_2A Gwmo614-gwm497 2.681 9.67 22.13 PBW343
Qsb_rpcau_4D Gwm213-gwm608 -0.125 10.36 14.63 1C252874

DHS80 and DH134 were identified to be highly resistant
against SB. Because no wheat cultivar presently grown in
North-Eestern plains of India possesses resistance to SB,
these lines become an important resource for transfer of
SB resistance. The phenotypic evaluation of the segregat-
ing population showed a wide range of SB severity scores
from highly resistant to highly susceptible, which indicated
that more than one locus for resistance was segregating in
the population. The continuous distribution of spot blotch
AUDPC and the test of normality using revealed that the
DHLs data fit a normal distribution (Fig. 7). The distribu-
tion of 165 DHLs for spot blotch AUDPC suggested that
spot blotch resistance is polygenic and not controlled by a
single gene in the PBW343 and 1C252874 cross. Earlier
studies on the inheritance of resistance to spot blotch (Joshi
et al. 2004) also suggested a polygenic control. The resist-
ant parent, PBW343 have two genes for disease resistance
and resistance was found to be dominant over susceptibil-
ity. It revealed that, for spot blotch resistance, duplicate and
complementary gene effects are contributing significantly
along with additive gene effects. Singh et al. (2019) unrav-
elled the genetics and map the resistance to Tan spot and
Septoria nodorum blotch in the PBW343/Kenya Nyangumi
derived recombinant inbred line (RIL) population. Therefore,
PBW343 could be the ideal donor or resistant parent in deci-
phering disease resistance. To achieve the highest possible
disease pressure, sowing was carried out during the second
week of December which allows the post-anthesis stage to
coincide with warm temperature conducive to the disease.
Similarly, Kumar et al. (2009) sown seeds in the third or

fourth week of December led the post-anthesis stages to coin-
cide with relatively higher temperature that favoured disease
development. It has been reported that spot blotch disease
becomes more severe when the mean temperature exceeds
26 °C (Chaurasia et al. 2000). The phenotypic evaluation
of the segregating population showed a wide range of SB
severity scores from highly resistant to highly susceptible,
which indicated that more than one locus for resistance was
segregating in the population. AUDPC was calculated using
the disease severity (%) data, recorded at three growth stages
(GS63, GS69, GS77). Kaur et al. (2021) also conducted dis-
ease scoring at three different growth stages (GS) on Zadoks’
scale (Zadoks et al. 1974), which are GS55 (flowering stage
or FS), GS75 (medium milk/dough stage or DS), and GS87
(hard dough stage or HDS).

In this study, DHLs were classified into four groups based
on days to heading and disease severity was recorded at spe-
cific growth stages when days to headings were synchro-
nized by differential sowing of the DHLs. Hence, the prob-
lem of variation in earliness was overcome. Similarly, RILs
were classified into three groups based on days to heading
and disease severity was recorded at specific growth stages
when days to headings were synchronized by differential
sowing of the RILs (Kumar et al. 2015).

Following two years of disease recording at different growth
stages, an accurate evaluation of the population for resistance
to spot blotch was obtained under field conditions. The results
suggest that accuracy and reproducibility of experimental con-
ditions and of the scoring method used for spot blotch eval-
uation is reliable. Most of the recent studies on spot blotch
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Fig.5 The PBW343/1C252874 linkage map for spot blotch resistance.
QTL was discovered in both the years 2017-18-19. The Kosambi map-
ping function was used to calculate marker positions, which are listed

(Joshi et al. 2007b, a) are also based on AUDPC. We deployed
approximately 10-20 microsatellite markers covering wheat
chromosomes. The ratio of polymorphic markers of nearly 30%
was consistent with results of Prasad et al. (1999) and Roy et al.
(1999). The order and orientation of the mapped microsatellite
markers in our study was in agreement with those in the map
of the ITMI population (Ganal and Ro der 2007). There were
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in ¢cM position from the top of each linkage group. C1-1B, C2-1D,
C3-2A, C4-2D, C5-3B, C6-4A, C7-4D, C8-5A, C9-6A, C10-7A,
Cl11-2B, C12-5B

five loci that did not segregate in 1:1 mendelian ratio showed
segregation distortion. These loci were randomly distributed
throughout the genome. However, the linkage map was not
affected by the distortion and we did not include these loci in
the linkage map. Since only 35% of the markers were poly-
morphic, gaps in certain region were not covered. Across two
years, we identified eighteen QTLs for spot blotch resistance
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Fig.6 Representative QTL profiles of SB score shown in the genetic positions in centimorgan on the lower side. A LOD threshold of 2.8 is

depicted by the vertical dashed line on LOD graph

on chromosomes 1B, 1D, 2A, 2B, 2D, 3B, 4A, 4D, 5A, 5B, 6A
and 7A. This study supports the finding of Kaur et al. (2021),
discovered five QTLs, Q.Sb.pau-2A, Q.Sb.pau-2B, Q.Sb.pau-
3B, Q.Sb.pau-5B, and Q.Sb.pau-6A, linked to SB resistance
were mapped across chromosomes 2A, 2B, 3B, 5B, and 6A.
Similar results were obtained by Tomar et al. (2021) where
Physical map of candidate QTLs for spot blotch were mapped
on 1A, 1B,1D, 2A, 2D, 4A, 5B, and 6D chromosomes. Kaur
et al. (2021) reported the QTL, Q.Sb.pau-5B, linked to SNP
S5B_703858864, was validated on this BC2F1 population.
Therefore, marker on the nearby position could prove be a
potential diagnostic marker for SB resistance.

Fig. 7 Distribution of spot 45 -
blotch AUDPC values averaged
over 2 years for 165 DHLs 40 -
derived from a cross between PBW343
PBW343/1C252874 35 -
30 -
25 -
No. of
DHLs 20
15 -
10 -
5 4
100-400

The published data of Sourdille et al. (2004), about dele-
tion mapping of more than 700 microsatellite markers on
specific chromosome segments enabled us to check the
physical location of markers linked to the detected QTLs.
The order and orientation of markers on the maps devel-
oped in our mapping population were also in agreement
with the IWGSC physical maps (http://www.wheatgenome.
org). Therefore, it could be possible to assign the QTL on
the physical map. Most of the alleles for reduced disease
severity were derived from the resistant parent PBW343
for the QTLs except Qsb_rpcau_2D, Qsb_rpcau_2B,
Osb_rpcau_2A, Qsb_rpcau_4D detected in the PBW343/

1C252874

401-800 801-1200 1201-1600 1601-2000 2001-2400 2401-2800

AUDPC
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1C252874 mapping population. Two most consistent QTLs
mapped on the chromosome 2B and 5B flanked by the
marker, Wmc109-gwm312 (18.4 cM) and Cfd71-wmc173
(9.4Cm) respectively. The average phenotypic variances
for both the QTL were 17.9% and 19.9%. QTLs on 2B and
2D are similar to the ones reported in the Mexican condi-
tions as deduced either by their physical positions or by the
contribution of the SB resistance allele. Similarly, Kumar
et al. (2009) reported two consistent QTLs mapped on the
short arm of chromosome 2B and the long arm of chro-
mosome of 5B detected in all 3 years. Tomar et al. (2021)
also reported two significant chromosomal regions/QTLs on
2B and 5B that were consistent between the locations viz.
Pusa, India, and Jamalpur, Bangladesh. We found a total
no. of two QTLs on chromosome 1B. However, the flank-
ing markers were different in both the years. Gurung et al.
(2014) also reported a QTL on 1BL for SB in an associa-
tion mapping panel. Comparing the QTL positions of both
studies by a BLAST of the marker sequences to the IWGSC
RefV1.0 genome sequence of Chinese Spring, indicated the
QTL to be the different. The results showed that the QTL
in Gurung et al. (2014) was in the proximal region of chro-
mosome 1BL, whereas the QTL of this study was in the far
distal region of chromosome 1BL. In a mapping population
derived from the cross Avocet X Saar, Lillemo et al. (2013)
demonstrated the major effect of pleiotropic multi-fungal
resistance gene Lr46 located on chromosome 1BL on SB
resistance, the former gene being named as Sh1. In our case,
chromosome, 3B and 5A were also associated with SB. Sim-
ilarly, Zhu et al. (2014) identified QTL for SB resistance on
chromosomes 1B, 3BS and SAL. A QTL, QOsb_rpcau_6A
was found on chromosome 6A in a single year only. The
QTL is flanked by gwm570-wmec553 and accounted for
the phenotypic variance of 12.52%. In a review report of
Gupta et al. 2018, the marker, gwm570 was associated with
SB resistance in a F2 population. Several simple satellite
repeat (SSR) markers gwm67, gwm570, and gwm469, were
linked to SB resistance in early marker-trait association stud-
ies. (Sharma et al. 2007).

Kaur et al. (2021) discovered a QTL, QSb.pau-6A and it was
mapped 53 Mb from QTL SNP_3021829 (Bainsla et al. 2020)
mapped in the same genomic region. A gene for Ubiquitin fam-
ily protein was found flanking the QTL. Ubiquitin-related pro-
teins implant plant resistance by degrading flagellin-sensing 2
(FLS2) receptor, which binds the microbe associated molecular
pattern (MAMP), flagellin. Ubiquitin, which is a part of the
ubiquitin—proteasome system (UPS), controls various pathways
including response to biotic and abiotic stresses (Sadanandom
et al. 2012), and acts as one of the major systems in plant immu-
nity (Ustiin et al. 2016).The QTL mapping achieved in this
study should therefore serve as a starting point for developing
a more detailed map and initiating a marker assisted selection
approach. Successful MAS and cloning of the key resistance

@ Springer

QTL will critically depend on the introduction of novel flanking
markers and high-resolution mapping populations in the future.
Thus, it is necessary to investigate additional marker systems,
such as genotyping by sequencing, in order to develop markers
for marker-assisted transfer of additional QTLs found in this
work.
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