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Abstract Spot blotch, caused by Cochliobolus sat-
ivus, is an important foliar disease of wheat in warmer
wheat-growing regions leading to significant reduc-
tions in grain yield and quality. Although inoculum
levels can be reduced by planting disease-free seed,
treatment of plants with fungicides and crop rotation,
genetic resistance is likely to be a robust, economical
and environmentally friendly tool in the control of spot
blotch. The spot blotch resistant synthetic derivative
‘SYN1’ was developed from a cross between two
resistance sources, Mayoor and the primary synthetic
bread wheat Tksn1081/Ae. squarrosa (222) that are
likely to form an important component of resistance in
many elite CIMMYT bread wheats. In order to map
the loci underlying the resistance of ‘SYNI’, a
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doubled-haploid population produced from a cross
between ‘SYN1’ and the susceptible CIMMYT-
derived variety Ocoroni-86 was evaluated in artifi-
cially inoculated field nurseries in the 2010-2011 and
2011-2012 crop seasons at CIMMYT’s research
station in Agua Fria, Mexico. Disease assessment
was performed on three or four occasions and
subsequently area under disease progress curve (AU-
DPC) calculated. Genotyping was with genotyping by
sequencing and simple sequence repeat markers.
Using inclusive composite interval mapping, three
genomic regions were found to have a significant
effect on spot blotch AUDPC in each of the 2 years of
trials with phenotypic variation explained by OSb.cim-
1B of 8.5 %, 17.6 % by QSb.cim-3B and 12.3 % by
OSb.cim-5A. The quantitative trait loci (QTL) map-
ping results showed that the favorable alleles of
OSb.cim-1B, QSb.cim-3B and QSb.cim-5A were
derived from the synthetic-derived bread wheat
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SYNI1. Genotypes of the parents of SYN1 indicated
that the favorable alleles at these three QTLs were all
inherited from Mayoor.

Keywords Wheat - Spot blotch - QTL mapping -
Genotyping by sequencing

Introduction

Spot blotch caused by Cochliobolus sativus (ana-
morph: Bipolaris sorokiniana) is an important disease
of wheat (Triticum aestivum L.) in warmer wheat-
growing regions like eastern India, Southeast Asia,
Latin America and sub-Saharan Africa (Saari 1998;
Dubin and Duveiller 2000) and can substantially
reduce yields (Villareal et al. 1995; Sharma and
Duveiller 2006). Diseased plots yielding 43 % less
than fungicide protected plots have been reported
(Villareal et al. 1995). Spot blotch has also been
known as Helminthosporium leaf blight or foliar
blight. The increasing threat of this disease with rising
global temperatures has increased the urgency for
plant geneticists and breeders to identify resistance
sources, map the genes and develop spot blotch
resistant varieties (Joshi et al. 2007a).

Relatively little work has been reported on resis-
tance to spot blotch. In Nepal, India and Bangladesh,
Dubin et al. (1998) reported several wheat genotypes
exotic to the region that had better resistance than the
local commercial cultivars. More recently, several
wheat genotypes with high levels of resistance to spot
blotch and favorable agronomic type were reported in
south Asia (Duveiller and Sharma 2005; Sharma and
Duveiller 2007; Joshi et al. 2007b). The correlations of
some morphological and physiological traits with spot
blotch resistance have been analyzed (Rosyara et al.
2009, 2010). Results suggested that leaf tip necrosis
was associated with resistance to spot blotch (Joshi
et al. 2004) and that leaf photochemical efficiency and
leaf greenness (measured as SPAD value) as well as
the efficiency of photosystem II, which was measured
as ratio of variable to maximal chlorophyll fluores-
cence, F,/F,,, could be used as complementary traits
in selecting for spot blotch resistance in wheat
(Rosyara et al. 2010). Some biparental populations
were produced, and the heritability of spot blotch
resistance was estimated between 0.32 and 0.70 in
different crosses in terms of the area under disease
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progress curve (AUDPC) using realized heritability
procedures (Sharma et al. 2006). Studies of the
resistances of Chinese bread wheats Longmai 10,
Jinmai and Shanghai by Kumar et al. (2007) indicated
the resistance of Jinmai was due to three genes, while
the other lines each carried two resistance genes.
Intercrosses between these lines indicated one gene
was common to all, while transgressive segregation
indicated additional diversity that could be combined.
Studies on the resistances of ‘Chirya 3’ and ‘Milan/
Sanghai #7° by Neupane et al. (2007) suggested that
the resistance was conditioned by a single, dominant
gene.

Few reports are available on linkage of spot blotch
resistance to molecular markers. Kumar et al. (2009)
mapped four quantitative trait loci (QTL) for spot
blotch resistance on chromosomes 2AL, 2BS, 5SBL and
6DL from Yangmai 6. The leaf rust resistance gene
Lr34 was reported as the major locus conferring spot
blotch resistance in bread wheat line Saar and was
designated as SbI (Lillemo et al. 2012). Four QTLs
were mapped on chromosomes 2AS, 2BS, 5BL and
7DS in a population from the cross ‘Ning8201° x ‘So-
nalika’, and five QTLs were identified on chromo-
somes 2BS, 2DS, 3BS, 7BS and 7DS in a population
issued from the cross ‘Chirya 3’ x ‘Sonalika’ (Kumar
etal. 2010). Aegilops curvifolium is an exotic source of
resistance that was crossed to Chinese resistance
sources at CIMMYT to produce the Chirya series and
Mayoor which have good levels of resistance (Van
Ginkel and Rajaram, 1998). It is not clear if genes from
Ae. curvifolium contribute to the resistance of these
lines. Primary synthetic bread wheats are another
exotic source of resistance to spot blotch (Mujeeb-Kazi
et al. 2001) that have been widely used in CIMMYT’s
breeding activities producing many resistant derivative
lines. There are no published reports on mapping of
resistance from synthetic wheats. This relatively
limited map information on spot blotch resistances
complicates selection for resistance as marker-assisted
selection cannot be used to complement or partially
substitute for phenotypic selection.

Pedigree analysis of a set of synthetic derivatives
with good levels of spot blotch resistance pointed
to Mayoor and a small number of primary
synthetics as likely important resistance sources in
CIMMYT bread wheats. In this paper, we report
efforts to map the resistance of one of the
derivative lines produced from a cross between
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Mayoor and a resistant primary synthetic bread
wheat, Tksn1081/Ae. squarrosa (222). This should
contribute to breeding for spot blotch resistance by
allowing selection for what are likely to be
widespread resistance sources in CIMMYT germ-
plasm and also to begin understanding the diversity
for spot blotch resistance currently present in the
CIMMYT wheat germplasm pool.

Materials and methods
Mapping population

The synthetic hexaploid wheat line Tksnl081/Ae.
squarrosa (222) and CIMMYT bread wheat ‘May-
oor’ (Pedigree: Chinese-spring/Ae. curvifolium//
Glennson-81/3/Alondra/Pavon-76) were character-
ized as resistant to spot blotch in previous field
studies and subsequently crossed to elite bread
wheats to develop resistant lines with improved
agronomic performance as part of routine breeding
and prebreeding activities at CIMMYT. A large
number of resistant progenies were developed lead-
ing to an interest in genetic mapping of resistance
loci that are likely to now be widespread in elite
CIMMYT breeding lines. A synthetic derivative
SYNI, including both of these resistances sources in
its pedigree [Mayoor//Tksn1081/Ae. squarrosa
(222)], was found to be resistant to spot blotch and
was crossed to a spot blotch susceptible CIMMYT-
derived cultivar, Ocoroni-86 (hereafter referred to as

Ocoroni), to produce a doubled-haploid (DH) pop-
ulation from which lines could be selected combin-
ing the resistances and incorporating them in an
improved agronomic background (Table 1). In this
study, we screened this population of 161 DH lines
and its parents for spot blotch resistance in field
trials and with genotyping by sequencing (GBS)
markers (Elshire et al. 2011) and simple sequence
repeat (SSR, microsatellite) markers to identify
linkage groups and map the resistance.

For the initial stage of identifying genomic regions,
conferring resistance to spot blotch, resistant and
susceptible bulks were made up of the 10 most
resistant DH lines and 10 most susceptible DH lines,
respectively (Supplementary table 1). Care was taken
to ensure similar phenologies in each bulk.

Disease screening

One hundred and sixty-one DH lines from the
population ‘SYN1 x Ocoroni’ were evaluated in the
field at CIMMYT’s Agua Fria experiment station
(state of Puebla, Mexico, altitude 100 m, latitude
20.5°N, average annual rainfall 1,200 mm, tempera-
ture range 3—44 °C, wheat-growing season Novem-
ber—March, clay loam soils of pH 7.5-8.5) during the
crop seasons 2010-2011 (denoted 2011) and
2011-2012 (denoted 2012) with two repetitions in
each season. Parental lines SYNI1, Ocoroni and
Mayoor were evaluated in the field trial conducted in
the 2012 season. Each plot comprised paired rows of

Table 1 Ranges and means of spot blotch reaction and agronomic traits of the ‘SYN1 x Ocoroni’ DH population and parents of

SYNI1

Parameters DF (days) PHT (cm) FDI (%) AUDPC

DH lines

Minimum 53.0 55.0 7.4 118.5
Maximum 112.0 105.0 100.0 1607.4

Mean 87.6 + 104 820+ 74 455 £ 21.1 639.9 £ 286.8
Parents®

SYN1 825+ 25 973 + 2.7 11.1 £ 3.7 1333 £ 14.8
Ocoroni 80.0 = 0.0 73.0 £ 0.0 944 + 5.6 1291.4 £ 175.3
Mayoor 855+ 0.5 95.0 £ 5.0 123 £ 25 182.7 £ 54.3
Tksn1081 80.0 + 0.0 65.0 + 0.0 100.0 £ 0.0 1471.6 £+ 44.4
Tksn1081/Ae. squarrosa (222) _° 725+ 75 4.9 4+ 0.0 34.6 + 0.0

* Values for parental lines from 2012 only

° Slow development did not reach flowering stage

@ Springer



1218

Mol Breeding (2014) 34:1215-1228

1 mlength with 25 c¢m spacing between the rows and a
50-cm space to the adjacent plot.

Spot blotch inoculum was a mixture of virulent
isolates of B. sorokiniana collected from the spot
blotch nursery at the Agua Fria station in the previous
screening cycle. Isolates showed similar type and
color on culture media. Inoculum was increased on
autoclaved sorghum grains. These were placed
between the paired rows in each plot at the base of
the plants. Beginning 4-6 weeks after inoculation,
spot blotch severity in each plot was visually scored;
four times during the 2011 season and three times
during the 2012 season at 7-10 day intervals, using the
double-digit scale (00-99) developed as a modifica-
tion of Saari and Prescott’s severity scale to assess
wheat foliar diseases (Saari and Prescott 1975; Eyal
et al. 1987). The first digit (D1) indicates how far
disease symptoms have progressed up the crop canopy
from ground level, and the second digit (D2) is a score
of the severity of symptoms based on diseased leaf
area. Both D1 and D2 are scored on a scale of 0-9. For
each evaluation, percentage disease severity was
estimated based on the following formula:

% severity = (D1/9) x (D2/9) x 100

The AUDPC was calculated using data from four
disease evaluations in 2011 and three disease evalu-
ations in 2012 using the formula below (Duveiller
et al. 1998; Joshi and Chand 2002):

AUPDC = Z; (Vi + Yarn)/2) % (t30) — )]

where Y; = spot blotch severity at time #;, t;11) —
t; = time (days) between two disease scores,
n = number of times when spot blotch was recorded.
Final disease index (FDI) was equal to % severity of
the last field evaluation.
Plant height (PHT) and days to flowering (DF) were
also scored in the field trials.

Genotyping

Parents of the mapping population, SYN1 and Oco-
roni, were screened with 790 SSR markers selected as
being evenly distributed along each chromosome
based on the ITMI reference map (Ganal and Roder
2007). Markers polymorphic between the parents were
used to screen resistant and susceptible bulks.
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Polymorphic markers differing between the contrast-
ing bulks and two parents were used to genotype all the
161 DH lines. Twelve additional SSRs close to
putatively resistance-linked loci on chromosomes 1B
and 3B were used to genotype the whole population to
increase genetic coverage in those regions. Eight of
them were assigned onto those two linkage groups.
These SSRs were also used to anchor GBS markers.
DNA isolation, PCR and polyacrylamide gel elec-
trophoresis (12 % acrylamide gels) were performed in
the Applied Biotechnology Center, CIMMY'T follow-
ing the protocols described in CIMMYT Laboratory
protocols (2005). DNA samples of 161 DHs, SYN1
and Ocoroni were sent to Diversity Arrays Technology
Pty Ltd., Australia for genotyping with GBS markers.

Statistical analysis and QTL mapping

Analysis of variance (ANOVA) of phenotypic data
from the two testing cycles, correlation coefficients
among different traits and comparisons of the means
of different groups were performed using the statisti-
cal analysis software (SAS) (version 9.2). Heritability
(h*) was estimated from the analysis of variance using
the following formula (Knapp et al. 1985):

h? = 1 — MS (Genotype
x Environment) /MS (Genotype)

JoinMap 4 (Van Ooijen 2006) was used to construct
linkage groups. QTL mapping, QTL by environment
analysis and QTL by QTL interaction were conducted
by QTL IciMapping version 3.2 (Wang et al. 2011).
The inclusive composite interval mapping additive
method (ICIM-ADD) was used to map QTLs and
analyze QTL by environment with LOD >2.5. The
inclusive composite interval mapping epistatic
method (ICIM-EPI) was used to analyze the epistatic
interactions between QTLs with LOD >2.5. ALOD of
5 was used as the threshold for significance of
interaction effects as suggested by Wang et al. (2011).

Results
Phenotypic variation
SYNI was evaluated as highly resistant to spot blotch

with an AUDPC of 133.3in 2012 (Table 1). Mayoor, a
parent of SYN1, was similarly resistant to spot blotch
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Table 2 Variance analysis of DHs of ‘SYNI x Ocoroni’ for spot blotch AUDPC
Source df Type III SS Mean square F value Pr>F
Year 1 10,565,655 10,565,655 298.5 <0.0001
Genotype 160 20,347,387 127,171 3.6 <0.0001
Year x genotype 160 5,676,263 35,477 4.11 <0.0001

Year and genotype were considered as random effects

Table 3 Pearson correlation coefficients among the averages
of FDI, AUDPC, PHT and DF in the DH population
‘SYN1 x Ocoroni’

AUDPC FDI DF
FDI 0.91%%

DF —0.30%* —0.53%*

PHT —0.44% —0.42%* 0.12N8

* Significant at P < 0.05
** Significant at P < 0.01

NS Non-significant

with an AUDPC of 182.7 in 2012. The primary
synthetic parent Tksnl1081/Ae. squarrosa (222) was
also highly resistant to spot blotch with an AUDPC of
34.6 in 2012. Ocoroni was highly susceptible to spot
blotch based on the evaluation in 2012 with an
AUDPC of 1291.4 (Table 1). The means and ranges of
spot blotch FDI and AUDPC of the population are
listed in Table 1. The population showed large
variation in spot blotch reaction among the DHs for
FDI and AUDPC (Fig. 1). Spot blotch FDI ranged
from 7.4 to 100 % and spot blotch AUDPC ranged
from 118.5 to 1,607 .4.

The analysis of variance for AUDPC in the
mapping population revealed significant variation for
genotype and genotype-by-year interaction and highly
significant differences between years (Table 2).

Variation accounted for by genotype was more than
three times greater than genotype by year. The
heritability of spot blotch AUDPC in the mapping
population was estimated at 0.72.

Trait correlations

A high Pearson correlation coefficient (0.91) was
observed between spot blotch AUDPC and FDI in the
‘SYN1 x Ocoroni’ DHs (Table 3). PHT had a low
negative correlation with FDI (—0.42*%*) and AUDPC
(—0.44**)., DF had low negative correlation with
AUDPC (—0.30**), but moderate negative correlation
with FDI (—0.53**). No significant correlation
between DF and PHT was observed in this population.

Genotypic data and linkage groups

Two hundred and eighty-two SSRs were identified
with polymorphism between the two parents of the
mapping population. Ninety-two of them were used to
genotype the whole population, and 106 loci were
identified by these markers. A total of 1,391 GBS
markers were reported polymorphic in this population.
Of these, 334 GBS markers had missing data in 30 or
more DH lines and were not used in map construction.
Each of the remaining markers was tested for good-
ness of fit to the expected 1:1 ratio of SYN1 to Ocoroni
allele to identify segregation distortion. The ratios
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ranged from 0.50 to 4.21:1.0. Chi-squared tests for
goodness of fit indicated that 295 of the remaining
GBS markers had significant departures from the
expected 1:1 ratio. However, these markers were
retained in construction of linkage maps. Thirty-four
linkage groups were constructed. Among them, 11
groups were anchored with at least two SSRs on
chromosomes 1A, 1B, 2A, 2B, 2D, 3B, 4A, 4B, 5A, 5B
and 7B.

QTL mapping

In the mapping population ‘SYN1 x Ocoroni’, three
QTLs (QSb.cim-3B, QSb.cim-5A and QSb.cim-1A)
were detected for spot blotch AUDPC in 2011
(Table 4). The LOD values ranged from 2.6 to 2.8
and the corresponding phenotypic variation explained
(PVE) ranged from 5.3 to 8.4 %. Three QTLs
QOSb.cim-1B, QSb.cim-3B and QSb.cim-5A were
detected for spot blotch AUDPC in 2012. The LOD
values ranged from 2.9 to 10.2 and the corresponding
PVE ranged from 8.0 to 26.0 %. Four QTLs, OSb.cim-
1B, OSb.cim-3B, QSb.cim-5A and QSb.cim-14, were

Fig. 2 LOD curves for three QTLs on chromosome 1B, 3B and »
SA detected for resistance to spot blotch in the DH population
‘SYNI1 x Ocoroni’. Genetic positions are shown in cM to the
left of vertical axis. The vertical line indicates the LOD
significance threshold (2.5) for QTL analysis. Arabic numerals
in the brackets following some marker names indicate the
number of markers at that locus genotyped in this population.
Just one marker at each locus was shown in the figure

detected for average spot blotch AUDPC. The LOD
values ranged from 2.8 to 6.7 and the corresponding
PVE ranged from 4.9 to 17.6 %. Despite the LOD
value for OSb.cim-1B in 2011 of 2.1 being lower than
the LOD threshold of 2.5 used in this study, this locus
was significant for spot blotch AUDPC in 2012 and the
average of spot blotch AUDPC over years. It is most
likely that OSb.cim-1B is a QTL with a low but
relatively consistent effect.

0Sb.cim-3B and QSb.cim-5A showed stronger
effects on reducing spot blotch AUDPC. PVE of the
2-year average AUDPC of QSb.cim-3B was 17.6 %,
while OSb.cim-5A explained 12.3 %. QSb.cim-1A was
only significant in 2011 and QSb.cim-14 only for 2-year
average spot blotch AUDPC. These two QTLs with

Table 4 QTLs and QTL by environment interactions for spot blotch AUDPC mapped in the DH population ‘SYN1 x Ocoroni’

using the ICIM method

Year QTL Marker interval Interval size (cM) LOD PVE (%) Add*
2011 QSb.cim-1B Xwmc128-Xgwm374 0.4 2.1 5.8 —66.2
QSb.cim-3B 990937IF10-1123330IFI0 2.7 2.6 7.1 —73.6
QSb.cim-5A 1086218IFI0-982608IFI0 12.1 2.6 8.4 —81.9
QSb.cim-1A 1026215IF10-1088769IFI0 3.0 2.8 53 64.8
2012 OSb.cim-1B Xwmc128-Xgwm374 0.4 29 8.0 —62.5
QSb.cim-3B 990937IF10-1123330IFI0 2.7 10.2 26.0 —113.6
OSb.cim-5A 1086218IFI0-982608IFI0 12.1 4.0 12.1 —80.1
Average QSb.cim-1B Xwmcl28-Xgwm374 0.4 3.1 8.5 —64.3
QSb.cim-3B 990937IF10-1123330IFI0 2.7 6.7 17.6 -93.1
QSb.cim-5A 1086218IFI0-982608IFI0 12.1 4.0 12.3 —80.1
0Sb.cim-14° 1016317IFI0-1104599IFI0 18.5 2.8 4.9 —49.2
LOD %V(Q x E)V(Q)
OxE OSb.cim-1B x year 7.6 75.5
QSb.cim-3B x year 3.5 5.2
OSb.cim-5A x year 0.6 5.0

* Add = estimated additive effect of QTL at the current scanning position. A negative value indicates that the resistant allele was
contributed by SYNI, and a positive value indicates that the resistant allele was contributed by Ocoroni

® OSb.cim-14: This QTL was mapped on linkage group 14 which was not anchored onto any specific chromosome by SSR markers

° %V(Q x E)V(Q): V(Q x E) is the phenotypic variation explained by QTL by environment interaction. V(Q) is the phenotypic

variation explained by the additive effect of the QTL
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lower PVE were not included in the analyses of QTL by
environment and epistasis.

QSb.cim-1B was mapped in the interval between
markers XwmclI28 and Xgwm374 (0.4 cM). QSb.cim-
3B was mapped in the interval between 990937IFI0
and 1123330[FI0 (2.7 cM). OSb.cim-5A was mapped
at the interval 1086218IFI0-982608IFI0 (12.1 cM)
(Fig. 2). On chromosome S5A, Vrn-Al was mapped
30.3 cM away from QSb.cim-5A using a functional
maker developed by Yan et al. (2004).

No significant epistatic interactions were detected
between mapped QTLs in this study which indicated that
much of the spot blotch resistance of SYN1 was due to the
additive effects of QSb.cim-1B, QSb.cim-3B and
0Sb.cim-5A. The LOD values of QTL by year interac-
tions for QSb.cim-1B, QSb.cim-3B and OSb.cim-5A were
7.6,3.5 and 0.6, respectively (Table 4). PVE by QSb.cim-
IB by year interaction was 75.5 % of that explained by
the additive effect of QSb.cim-1B. By contrast, the QTL
by year interactions for QSb.cim-3B and QSb.cim-5A
explained only a small proportion of the phenotypic
variation compared to the additive effect of these two
QTLs with percentages of 5.2 and 5.0 %, respectively
(Table 4). This result showed that the QSb.cim-1B and
QOSb.cim-3B had significant QTL by environment inter-
actions. Meanwhile, QSb.cim-5A showed non-significant
QTL by environment interaction.

Origins of the favorable alleles of detected QTLs

The QTL mapping results showed that the favorable
alleles of QSb.cim-14, QSb.cim-1B, QSb.cim-3B and
0Sb.cim-5A were from SYNI, and only QSb.cim-1A
was from the susceptible parent Ocoroni. Both parents
of SYN1 [Mayoor and Tksn1081/Ae. squarrosa (222)]
are resistant to spot blotch so genotypes of both
parents in the region of the QTLs were examined to
determine the source of the resistance alleles

(Supplementary table 2). The analysis revealed that
1002801IFI0, 1123330IFI0 and 1056249IFI0 in the
0Sb.cim-3B region, 982608IFI0 and 1019824IFI0 in
the QOSb.cim-5A region, Xwmcl28, Xgwm374,
Xwmc3l,  Xcfd65,  1115814IFI0,  983080IFIO,
1089962IFI0 and 1051996IFI0 near the QSb.cim-1B
region as well as 1136240IFI0 and 1057878IFI0 near
QSb.cim-14 region were polymorphic between May-
oor and Tksn1081/Ae. squarrosa (222). For all of these
polymorphic markers, Mayoor carried the same alleles
as SYNI1, whereas Tksn1081/Ae. squarrosa (222)
always carried a different allele to SYNI1. This result
indicated that the favorable alleles of QSb.cim-14,
QSb.cim-1B, QSb.cim-3B and QSb.cim-5A were inher-
ited from Mayoor.

Phenotypic effects and comparison of QTL/marker
alleles and their combinations

The means of spot blotch AUDPC, PHT and DF of
DHs carrying different alternative QTL alleles were
compared (Supplementary tables 3, 4). All the favor-
able alleles of QTLs significantly enhanced the
resistance to spot blotch. For QSb.cim-3B, QSb.cim-
5A and QSb.cim-1B, the spot blotch AUDPC average
of DHs with SYNI1 alleles were 14.7-35.5 % lower
than those with Ocoroni alleles.

For DHs with all the Ocoroni alleles at QSb.cim-3B,
OSb.cim-5A and QSb.cim-1B loci, the mean spot
blotch AUDPC was 727.7 in 2012 and 975.9 in
2011(Table 5). QTL combinations QSb.cim-3B/
OSb.cim-5A and QSb.cim-5A/QSb.cim-1B decreased
spot blotch AUDPC by 20.3-43.3 %. DHs carrying all
three favorable alleles showed an AUDPC mean of
341.9in 2012 and 572.2 in 2011, which were 53.0 and
41.4 % lower than the DHs with all three Ocoroni
alleles, respectively.

Table 5 Mean spot blotch AUDPC of ‘SYN1 x Ocoroni’ DHs carrying different QTL allele combinations

Year QTL alleles combination (QSb.cim-3B/QSb.cim-5A/QSb.cim-1B)

OCI/OCI/OCT* SYN1/SYN1/0CI SYN1/OCI/SYN1 OCI/SYNI1/SYNI1 SYNI/SYN1/SYN1
2012 727.7 £ 277.5 448.3 £+ 138.8 520.7 £ 199.4 412.1 £ 111.9 341.9 £ 96.7
2011 975.9 £ 249.7 777.6 £ 275.8 906.3 + 184.2 691.0 £ 258.5 5722 £ 177.6

# SYN1 = homozygous for the allele from the synthetic derivative parent SYN1; OCI = homozygous for the allele from the

susceptible parent Ocoroni
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For QSb.cim-3B and QSb.cim-1B, there were no
significant differences in PHT and DF between the
DHs with SYNT1 alleles and DHs with Ocoroni alleles
(Supplementary table 4). However, for QSb.cim-5A,
the SYNI1 allele significantly increased PHT and DF.
The SYNI allele at OSb.cim-5A increased PHT by
5.3 % and DF by 11.4 % compared with Ocoroni
allele at this locus.

In the mapping population, the SYN1 Vin-Al allele
increased DF by 13.7 days. To determine whether the
effect on disease response was a pleiotropic effect of
the SYN1 Vrn-Al allele, in line with the negative
correlation between DF and AUDPC in the population
as a whole (Table 3), mean spot blotch AUDPC of
DHs carrying different alleles of QSb.cim-5A within
each of the Vrn-Al allele classes was compared
(Supplementary table 5). For DHs with the SYN1 Vrn-
Al allele, the SYN1 allele at QSb.cim-5A decreased
spot blotch AUDPC by 26.3 %. Similarly, for DHs
with the OCI Vrn-Al allele, the SYNI1 allele of
0Sb.cim-5A decreased spot blotch AUDPC by 27.9 %
indicating that the effect of QSb.cim-5A on disease
reaction is distinct from the effect of allelic variation at
Vrn-Al. No significant difference in DF was detected
between DHs with different alleles at QSb.cim-5A for
DHs with the OCI Vrn-Al allele. However, for DHs
with the SYN1 Vrn-Al allele, the SYN1 allele at
OSb.cim-5A significantly increased DF by 8.1. Thus,
whether OSb.cim-5A itself has an effect on prolonging
the DF cannot be definitively concluded.

Discussion
Phenotypic variation and trait correlations

The CIMMYT research station in Agua Fria has a
warm, subtropical climate and high rainfall during the
time that spot blotch screens are conducted making it a
good site for high and consistent expression of disease
symptoms. Lines with resistance in Agua Fria are
expected to be resistant in other spot blotch prone
areas because there is no defined race structure for spot
blotch and differential host-pathogen interactions
contribute no more than 1-2 % of the variance
(Duveiller 2004). In practice, lines selected for
resistance at Agua Fria express high levels of resis-
tance in field tests at a range of locations in south Asia

and in glasshouse screens (Duveiller 2004; Mahto
et al. 2011).

In previous studies, spot blotch AUDPC and FDI
were shown to be strongly correlated although
AUDPC was suggested as a more appropriate method
for disease evaluation and QTL analysis as it separates
genotypes based on disease severity over time (Duve-
iller et al. 1998; Jeger 2004; Kumar et al. 2009). We
confirmed the high correlation between the spot blotch
AUDPC and FDI and found that AUDPC showed a
lower correlation with DF than FDI in the
‘SYNI1 x Ocoroni’ population and two other SYN1
DH populations also tested in both years (data not
shown) which supports this suggestion.

Spot blotch AUDPC has been reported to be
independent of PHT and days to maturity (Joshi
et al. 2002) or to have a negative (—0.29 to —0.43,
significant or non-significant) correlation with PHT in
three spring wheat populations (Rosyara et al. 2009).
Results in this study indicated highly significant
negative correlations between spot blotch susceptibil-
ity and PHT or DF (—0.30 to —0.53). In genetic studies
or in screening of exotic sources of resistance, it is
therefore important to ensure that apparent resistance
is not a result of increased PHT or slower phenological
development because these effects are most likely due
to disease escape and are not traits that will be
appropriate in varieties targeted at spot blotch prone
environments

Differential sowing of material with a large range in
phenology is an option to synchronize development of
lines between the time of inoculation and maturity to
overcome the problem of variation in phenology
(Kumar et al. 2009) and may be especially desirable
when screening exotic resistance sources. In mapping
populations, it is preferable to restrict the range in PHT
and phenology to that typical in varieties grown in spot
blotch prone areas either by selecting such lines from a
larger population or choosing parents with appropriate
phenology and similar PHT.

The results of QTL mapping in the ‘SYN1 x Oco-
roni’ DH population suggested that some spot blotch
resistances are associated with PHT and DF, while
others that are not associated with these traits were
also present. Correlation analysis between spot blotch
resistance and PHT or DF is necessary before
conducting QTL mapping. Furthermore, the effects
of mapped QTLs on PHT and DF should be analyzed if
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the correlation between spot blotch resistance and
PHT or DF is significant.

Genotypic data and linkage groups

This study used a combination of SSR and GBS
markers to develop linkage maps. For the GBS
markers, we observed an average 13.0 % missing data
and distorted inheritance was observed at some loci.
The results showed that 295 markers had significant
departures from the expected 1:1 ratio. Missing
marker data and segregation distortion are commonly
encountered in QTL mapping populations. The effect
of missing markers can be quantified by a population
with a reduced size similar to the rate of missing
markers (Zhang et al. 2010). Markers with segregation
distortion were included in construction of linkage
maps considering that segregation distortion loci are
common in several crop species making the adjacent
markers show distortion from the expected Mendelian
ratio (Hedrick and Muona 1990; Lorieux et al. 1995a,
b; Xu 2008; Tai et al. 2000). Generally, distorted
markers will not have a great effect on the position and
estimated QTL effects (Xu 2008). Nonetheless,
although high-density linkage maps were constructed
with the more than seven hundred GBS and SSR
makers, there are still gaps of more than 20 cM on D
genome chromosomes, and the D genome linkage
maps had a lower density than those of the A and B
genomes. Of the 34 linkage groups identified, only 11
groups were anchored with at least two SSRs on
chromosomes 1A, 1B, 2A, 2B, 2D, 3B, 4A, 4B, 5A, 5B
and 7B.

QTL mapping

Three consistent QTLs for spot blotch, QSb.cim-1B,
QOSb.cim-3B and QSb.cim-5A, were detected from
SYNI1. These QTLs explained a large part of the
phenotypic variance (46.1 % in 2012 and 43.3 % for
the mean spot blotch AUDPC over years). No
significant epistatic interactions were found between
these QTLs indicating the resistance of SYN1 to spot
blotch is mainly due to additive effects of these QTLs.
Analysis of interactions between QTL and year
showed that OSb.cim-1B and QSb.cim-3B had signif-
icant QTL by year interactions although similar effects
in each year indicate the interaction is associated with
a change in scale, not a crossover interaction.
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QSb.cim-1B maps to the same chromosome as a
minor QTL for spot blotch resistance that was mapped
by Lillemo et al. (2012) on chromosome 1BL corre-
sponding to Lr46 between SSR markers barc80 and
wmc719. The map distance between this locus and
QSb.cim-1B was about 60 cM based on the consensus
map (Somers et al. 2004) indicating that they are
distinct QTLs. The LOD curves on chromosome 1B
indicated that QSb.cim-1B may be located beyond the
end of the linkage map (Fig. 2). As no other loci for
spot blotch resistance have been reported on chromo-
some 1B, we suggest that OQSb.cim-1B is a new QTL
for spot blotch resistance. The linked SSR markers
Xwmcl28, Xgwm374, Xwmc31 and Xcfd65 could be
used to select for this QTL in wheat breeding. Further
screening to identify more closely linked, higher
throughput markers may be desirable for use in
marker-assisted selection of this QTL.

QSb.cim-3B maps close to OSb.bhu-3B from Chir-
ya 3 reported by Kumar et al. (2010), flanked by
Xgwm533 and XgwmlI037 and genes Sr2 and Fhbl,
according to the consensus map (Somers et al. 2004).
Pedigree analysis shows that Chirya 3 (Pedigree:
Chinese-Spring/Ae.cu//Glennson-81/3/Alondra/
Pavon-76/4/Ningmai-4/Olesen//Alondra/Y angmai-4)
and Mayoor (Pedigree: Chinese-Spring/Ae.cu//Glenn-
son-81/3/Alondra/Pavon-76) are closely related indi-
cating a reasonable probability that this QTL is the
same as QSb.cim-3B. Phenotypic variation accounted
for by OSb.bhu-3B was 9.5 % of the total in one
environment and was not significant in the other
environment (Kumar et al. 2010). In our studies, the
effect of QSb.cim-3B appeared greater and was
significant in both years, explaining 17.6 % of the
phenotypic variation across the 2 years. In the
SYN1 x Ocoroni population and the Chirya x So-
nalika population in which QSb.bhu-3B was identified
(Kumar et al. 2010), the spot blotch susceptible parent
contributing the susceptible allele on 3BS carries Sr2
(Spielmeyer et al. 2003, McIntosh et al. 1995)
indicating that QSb.cim-3B and QSb.bhu-3B are linked
in repulsion with Sr2. While FhbI is also linked in
repulsion with Sr2, phenotyping of the SYN1 x Oco-
roni population for Fusarium head blight (FHB)
reaction indicates QSb.cim-3B has no effect on FHB
and is distinct from Fhbl (CIMMYT unpublished).

The QSb.cim-5A QTL is the first spot blotch
resistance reported on chromosome 5A. Phenotypic
effect analysis showed that the SYNI1 allele of
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QSb.cim-5A increased DF by 11.4 days compared to
the Ocoroni allele at this locus. Interestingly, OSb.cim-
5A was mapped 30.3 cM away from Vin-Al. As the
SYN1 Vrn-Al allele increases DF compared to the
OCI Vrn-Al allele, the linkage with SYN1 Vrn-Al
might be responsible for the observed effect of
0Sb.cim-5A on prolonging DF. For DHs with the
OCI Vrn-Al allele, no significant difference in DF was
detected between DHs carrying different alleles of
OSb.cim-5A suggesting that it does not have an effect
on DF per se. However, for DHs with the SYN1 Vrn-
Al allele, the SYNI1 allele at QSb.cim-5A increased DF
by 8.1. It is therefore not possible from the current
study to definitively state if OSb.cim-5A has an effect
on phenology or not, and this would need to be
clarified in a future study. However, our results
indicated it is possible to select a spot blotch resistant
0Sb.cim-5A allele without increasing DF.

Inconsistent QTLs with minor effects were also
detected in this study, but they only explain a small
additional proportion of the phenotypic variance.
Although heritability over the 2 years of the study
was high (0.72), around 43 % of the genotypic
variance was not accounted for. This additional
genotypic variation could be due to QTLs of moderate
effect that were not detected due to gaps in the map, to
a large number of QTLs of small effect or due to
interactions with other loci or the environment over
the 2 years of the study. A further possibility is that
some of the additional variation is due to variation in
phenology or linkage of resistance QTLs with genes
affecting phenology. Gaps in the map and exclusion of
phenology-related loci probably reflect selection of
markers based on polymorphism between resistant and
susceptible bulks and the manner in which the range in
phenology was restricted in those bulks. QTLs of
smaller effect are less likely to be clearly separated
and identified in a bulked segregant approach.

Origins of the favorable alleles of detected QTLs
and future efforts mapping spot blotch resistance
of CIMMYT wheats

The favorable allele of a minor QTL, Qsb.cim-IA,
was inherited from the spot blotch susceptible parent
Ocoroni, whereas the favorable alleles of other
QTLs, QOSb.cim-14, QSb.cim-1B, QSb.cim-3B and
OSb.cim-5A, were inherited from the spot blotch
resistant parent SYNI. Analysis of the alleles of

markers linked to these QTLs in the parents of
SYNI1, Mayoor and Tksnl1081/Ae. squarrosa (222),
showed that the favorable alleles of QSb.cim-14,
OSb.cim-1B, QSb.cim-3B and QSb.cim-5A were
likely inherited from Mayoor. This study therefore
provides useful information on the basis of resis-
tance to spot blotch of Mayoor that may be relevant
to its derivatives. As both parents of SYN1 were
highly resistant to spot blotch, there is a possibility
that the spot blotch resistance of Tksn1081/Ae.
squarrosa (222), or even components of the resis-
tance of Mayoor, was lost during the process of
selection. Therefore, this study provides no infor-
mation on the basis of resistance in Tksnl1081/Ae.
squarrosa (222) and may not have identified all of
the important resistance QTLs from Mayoor. Failure
to capture resistance QTLs from Tksnl081/Ae.
squarrosa (222) in SYNI may be due to its poor
agronomic type including tall PHT and late maturity.
If the spot blotch resistance of Tksnl1081/Ae. squar-
rosa (222) is associated with these or other undesir-
able traits, there is a greater chance that they were
lost along with the undesirable traits during selec-
tion. Although the approach of crossing two resistant
lines together as occurred in the development of
SYNI1 offers the attractive possibility of combining
the resistances if they are genetically distinct, it runs
the risk of losing genetic variation from both of the
resistance sources due to unfavorable linkages with
poor phenotypes or simply due to small sample sizes
and the high level of resistance observed across a
range of combinations of QTLs. The result of this
study shows it is preferable to cross a resistant line
directly to a susceptible parent when developing a
mapping population. It is possible that although all
of the important alleles in the SYN1 x Ocoroni DH
population are from the Mayoor parent of SYNI that
additional Mayoor resistance QTLs may not have
been captured in SYN1 and remain to be identified.
The population used in the research reported here
was developed long before mapping efforts were
initiated. The research reported represented an
attempt to map resistance QTLs in two widely used
resistance sources. Other widely used resistance
sources from primary synthetics have been identi-
fied, and appropriately targeted mapping populations
are under development to characterize their genetic
basis and determine the level of diversity they
represent for spot blotch resistance.
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Phenotypic effects and comparison of QTL/marker
alleles and their combinations

In both years, the reductions in spot blotch AUDPC by
the favorable alleles of QSb.cim-3B or QSb.cim-5A
were much greater than those of QSb.cim-1B. Neither
of the SYNI1 alleles of QSb.cim-1B or QSb.cim-3B was
associated with PHT or DF. As aresult, it is possible to
introduce these two QTLs into breeding lines without
increased PHT and delayed flowering time. By
contrast, the favorable allele of QSb.cim-5A for spot
blotch significantly increased PHT and DF in our
study population. Our data suggest that the effect of
OSb.cim-5A on PHT and DF may be due to linkage
with SYN1 Vrn-Al which was mapped nearby rather
than a per se effect (Supplementary table 5). SYNI
Vrn-Al prolongs the vegetative development stage of
the plants and delays flowering time allowing plants to
escape the highest levels of spot blotch disease
pressure. The prolonged vegetative development stage
also increases the PHT which reduces the rate of
movement of disease up the canopy due to splashing of
spores. Our results indicate that combining the three
favorable alleles at QSb.cim-1B, QSb.cim-3B and
OSb.cim-5A reduces disease levels by around 50 %
under the high disease pressure of Agua Fria. It should
be possible to recover lines carrying the desirable
alleles at all three loci, and with appropriate flowering
time based on the earlier flowering OCI Vrn-A1 allele.
This level of disease reduction will probably be greater
in more typical spot blotch environments where
disease pressure is lower.

Strategies for use of QTLs in breeding for spot
blotch resistance

The QTLs of larger effect mapped in this study,
0Sb.cim-1B, QSb.cim-3B and QSb.cim-5A, are likely
to be present in many CIMMYT wheat lines with
Mayoor in their pedigrees, and the linked markers
identified in this study could be used initially to
characterize parent lines. If the loci are present in a
high proportion of parent lines, it may be warranted to
convert markers to high-throughput forms amenable to
use in routine screening. The reduction in spot blotch
disease development in typical spot blotch prone
environments is likely to be sufficient with only these
three QTLs combined assuming they have equivalent

@ Springer

effects in different environments and with different
strains of the spot blotch fungus. These QTLs may be
particularly useful to breeding programs targeting spot
blotch resistance that do not have a reliable pheno-
typing environment. In the CIMMYT program, they
may be useful for selection in segregating material that
cannot be effectively screened for spot blotch
resistance.

The repulsion phase linkage between QSb.cim-3B
and Sr2 indicated in this study may reduce the
frequency of this resistance QTL in CIMMYT
breeding lines due to stronger and earlier stage
selection for the presence of Sr2 and should be
investigated further.

The QTLs of smaller effect are less likely to offer
sufficient additional benefit to justify investment in
developing high-throughput markers.

In the CIMMYT program, markers for the key
QTLs could be used in selection in early generations to
ensure fixation or at least a higher frequency of these
resistances prior to phenotypic screening of which is
restricted to more advanced, inbred material due to
insufficient space at the Agua Fria station, the cost of
increasing the amount of material screened and the
heritability not being high enough on a single plant
basis. Inbred lines could then be screened in plots like
the ones used in this study to identify additional
variation, possibly from QTLs of smaller effect, and
select the most resistant material.

While there is no clear evidence of race specificity
in the spot blotch pathogen, it seems prudent to
continue genetic characterization of diverse resistance
sources to increase the levels of resistance, identify
more QTLs of large effect that may simplify resistance
breeding and to ensure sufficient genetic diversity in
resistance to guard against possible pathogenic
changes. The large number of spot blotch resistant
primary synthetic bread wheats capturing variation
from a range of Ae. tauschii accessions and the
widespread use of these primary synthetics in the
CIMMYT program make these an attractive target for
studying the genetics of resistance. Mapping popula-
tions for many of these resistance sources are already
in the process of being generated and should add
greatly to the understanding of the diversity and
genetic architecture of resistance to spot blotch from
sources that are likely to be relatively common in
advanced CIMMYT breeding lines and derived cul-
tivars. Together this knowledge will allow
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development of improved strategies for breeding spot
blotch resistant wheats at CIMMYT and in other
breeding programs.

It is possible that, as suggested in this study, a good
proportion of the useful genetic variation for spot
blotch resistance will be due to many genes of small
effect. In that case, it may be possible that phenotypic
selection in good environments like Agua Fria and
selection for QTLs with significant effects could be
complemented with a genomic selection approach
(Meuwissen et al. 2001). Such an approach assumes
many genes of small effect and determines values of
alleles across the genome without the restriction of
those allele effects attaining a specific level of statis-
tical significance. This is becoming more realistic as
increasing numbers of CIMMYT advanced lines are
being routinely genotyped with high-density, whole-
genome markers (Bonnett unpublished). This geno-
typic data in combination with the routine spot blotch
phenotyping of advanced lines may also be effectively
used to identify significant QTLs through association
mapping approaches.
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