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Abstract A Chinese Spring-Sumai 3 chromosome 7A
disomic substitution line (CS-Sumai 3-7ADSL) was
reported to have a high level of Fusarium head blight
(FHB) resistance for symptom spread within a spike (Type
II) and low deoxynivalenol accumulation in infected ker-
nels (Type III), but a quantitative trait locus (QTL) on
chromosome 7A has never been identified from this source.
To characterize QTL on chromosome 7A, we developed
191 7A chromosome recombinant inbred lines (7ACRIL)
from a cross between Chinese Spring and CS-Sumai
3-7ADSL and evaluated both types of resistance in three
greenhouse experiments. Two major QTL with Sumai 3
origin, conditioning both Type II and III resistance, were
mapped in the short arm of chromosomes 3B (3BS) and
near the centromere of chromosome 7A (7AC). The 3BS
QTL corresponds to previously reported Fhbl from Sumai
3, whereas 7AC QTL, designated as Fhb7AC, is a novel
QTL identified from CS-Sumai 3-7ADSL in this study.
Fhb7AC explains 22% phenotypic variation for Type II and
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24% for Type III resistance. Marker Xwmcl7 is the closest
marker to Fhb7AC for both types of resistance. Fhbl and
Fhb7AC were additive, and together explained 56% vari-
ation for Type II and 41% for Type III resistance and
resulted in 66% reduction in FHB severity and 84%
reduction in deoxynivalenol (DON) content. Haplotype
analysis of Sumai 3 parents revealed that Fhb7AC origi-
nated from Funo, an Italian cultivar. Fhb7AC has the
potential to be used in improving wheat cultivars for both
types of resistance.

Introduction

Fusarium head blight (FHB), caused by Fusarium grami-
nearum, is an important wheat disease in humid and semi-
humid wheat growing regions of the world. In a severe
epidemic, FHB can drastically reduce grain yield and
quality (Bai and Shaner 1994). Such major outbreaks have
been reported in several countries including China, USA,
Canada and several European countries, making FHB a
global issue affecting wheat production worldwide (Parry
et al. 1995). Apart from the yield losses, mycotoxins such as
deoxynivalenol (DON) produced by Fusarium spp. make
the grains unsuitable for human and animal consump-
tion, thus degrade the grain quality (Parry et al. 1995;
Korosteleva et al. 2007). Use of FHB resistant cultivars with
low toxin content is one of the most efficient and eco-
nomical strategies for FHB control. Therefore, improving
wheat cultivars with a high level of FHB resistance has
become one of the major objectives in many wheat-breed-
ing programs worldwide over the last decade (Bai and
Shaner 2004). Three types of resistance have been proposed
for FHB: resistance to initial penetration by the pathogen
(Type D), resistance to symptom spread (Type II) within a
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spike (Schroeder and Christensen 1963) and low DON
content (Type III) in infected seeds (Miller et al. 1985).
Among these, Type Il resistance is more stable and has been
used as a major target in cultivar improvement. However,
given the impact of mycotoxins on grain quality, Type III
resistance has recently drawn great attention from breeders.

Resistance to FHB in wheat is a quantitative trait (Bai
et al. 2000). Many quantitative trait loci (QTL) associated
with FHB resistance have been reported. Fhbl on 3BS is a
major QTL for both Type II (Anderson et al. 2001) and
Type III FHB resistance (Lemmens et al. 2005). Other
QTL from wheat include a QTL on chromosome 5A (Chen
et al. 2006; Lin et al. 2006), Fhb2 on chromosome 6B
(Anderson et al. 2001; Cuthbert et al. 2007), Fhb3 from
Leymus racemosus (Qi et al. 2008), and Fhb4 on chro-
mosome 4B (Lin et al. 2006; Xue et al. 2010). However, to
date only FhbI showed a stable major effect on Type II and
III resistance across different genetic backgrounds, while
all other QTL have either minor or unstable effects in
different genetic backgrounds (Anderson et al. 2007). To
achieve expected levels of FHB resistance in a breeding
line, pyramiding several such QTL with FhbI is still a
challenge even with marker-assisted selection (MAS).
Additional QTL with a major effect on FHB resistance are
urgently needed to improve resistance levels of breeding
materials. Chinese germplasm is an important source for
mining FHB resistance QTL (Bai and Shaner 2004). In a
previous study, a Chinese Spring-Sumai 3-7A disomic
substitution line (CS-Sumai 3-7ADSL) has been reported
to show a very high level of resistance (Zhou et al. 2002).
However in a mapping study using a population of Annong
8455/CS-Sumai 3-7ADSL, a QTL was not detected on
chromosome 7A (Ma et al. 2006b). In this study, we
developed a 7A chromosome recombinant inbred line
(7TACRIL) population of Chinese Spring/CS-Sumai
3-7ADSL with the objectives to characterize QTL associ-
ated with FHB resistance Type II and III on chromosome
7A and to identify simple sequence repeat (SSR) markers
associated with the QTL for MAS.

Materials and methods
Plant materials and disease inoculation

A population of 191 7ACRIL was derived from Chinese
Spring (CS) and CS-Sumai 3-7ADSL by single seed des-
cent. CS-Sumai 3-7ADSL is a highly resistant line derived
by backcrossing of Chinese Spring 7A monosomic line
with Sumai 3 four times (Ma et al. 2006b; Zhou et al.
2002). The CS parent is moderately susceptible to FHB.
FHB data from F,.5s and Fs.; 7ACRIL were used for QTL
discovery and Fg.g were used for QTL confirmation.
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F4.5 and Fg.; 7ACRIL were evaluated for FHB resistance
in a greenhouse at Kansas State University, Manhattan, KS,
USA, in spring and fall 2009, respectively, with three
replications. A set of 89 Fg.g 7ACRILs were randomly
selected to represent four genotypes of two QTL combi-
nations and tested for FHB in spring 2010 with four rep-
lications. Two parents were included as checks. About 15
seeds per entry were planted in Plug Flat trays (Hummert
International, St. Louis, MO, USA) containing Metro-mix
360® growing medium (Hummert International, St. Louis,
MO, USA). In the Fg4.g population, 20 seeds per entry were
planted. Trays with geminated seeds were kept in a growth
chamber at 4°C for 3 weeks of vernalization. Seedlings
were transplanted into three (F,.5 and F¢.;) and four (Fe.g)
1.0 L Dura pots (Hummert International, St. Louis, MO,
USA) filled with Metro-mix 360® (Hummert International,
St. Louis, MO, USA) with five plants per pot (replicate).
The pots were placed on greenhouse benches in a ran-
domized complete block design. The greenhouse was
maintained at 20 + 5°C with 12 h supplemental light.
Plants were fertilized with Miracle-Gro® (The Scotts
Miracle-Gro Company, Marysville, OH, USA) four times
at a 2-week interval.

F. graminearum inoculum was prepared using a
Kansas strain GZ3639. Inoculum was cultured in a mung
bean liquid medium (Bai and Shaner 1996). The spore
density was estimated by counting the spores using a
hemocytometer under a light microscope. The inoculum
was diluted to 100,000 conidia per milliliter. At anthesis,
a central spikelet of a spike was injected with a 10-pl
spore suspension using an inoculation syringe. In each
pot, about five spikes at similar developmental stage
were inoculated. Inoculated plants were placed in a
humid chamber to facilitate disease development. After
48 h of incubation, the plants were moved back to the
greenhouse benches at 22 £ 5°C with 12 h supplemental
light.

Evaluation of Type II FHB resistance

The rate of FHB symptom spread within a spike (Type II)
was evaluated on the 18th day after inoculation by counting
the number of infected spikelets and total number of
spikelets per inoculated spike. Percentage of symptomatic
spikelets (PSS) in an inoculated spike was calculated to
measure Type II resistance in all three experiments. Per-
centage of Fusarium damaged kernel (FDK) was calculated
as an additional measurement of Type II resistance in two
2009 experiments by hand threshing all seeds from the
inoculated spikes and calculating the ratio between
Fusarium damaged seeds and total number of seeds per
spike. Extra care was taken to prevent damaged kernels
from getting blown away during threshing. Average PSS
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and FDK (%) per spike was calculated for each 7ACRIL
and parent in each experiment for QTL analysis.

Evaluation of Type III FHB resistance

Seeds from the inoculated spikes of each 7ACRIL and
parents were individually weighed. DON content in infec-
ted spikes was determined at The University of Minnesota,
St. Paul, MN, USA, using Gas Chromatography—Mass
Spectrometry (GC-MS) as described by Mirocha et al.
(1998). Line average for each 7ACRIL and parent was
calculated for each experiment for QTL analysis.

Marker analysis

DNA was extracted from Fg 7ACRIL using a modified
cetyltrimethylammonium bromide method (Saghai-Maroof
et al. 1984). A genome-wide background screening was
done using 84 locus-specific SSR markers representing 42
chromosome arms with two unlinked markers per arm,
selected from GrainGenes 2.0 database (http://wheat.pw.
usda.gov). The entire chromosome 7A and a small frag-
ment of chromosome 3BS were found to be of Sumai 3
origin in CS-Sumai 3-7ADSL. Therefore, parents CS,
CS-Sumai 3-7ADL and Sumai 3 were screened with
markers that were mapped on chromosome 7A and 3BS. A
total of 75 SSR markers from chromosome 7A and 30 SSR
and 28 sequence tagged sites (STS) from the chromosome
3BS were screened between the parents. The markers
included 23 BARC, 21 GWM, 7 CFD, 6 CFA, 47 WMC
(Somers et al. 2004; Song et al. 2005) and 29 STS markers
(Liu and Anderson 2003). Population screening was carried
out using 33 polymorphic SSR markers from chromosome
7A and 3 SSR and 4 STS markers from chromosome 3BS.
PCR amplification was done in Gene Amp® PCR System
9700 (Applied Biosystems Inc., Foster City, CA, USA)
with a 14 pl PCR mix containing 1x ASB buffer, 2.5 mM
of MgCl,, 200 uM of dNTP, 100 nM of tailed forward
primer, 200 nM of reverse primer, 100 nM of fluorescent-
dye labeled M13 primer, 1 U of Tag DNA polymerase and
50 ng of template DNA. The touchdown program includes
an initial denaturing step at 95°C for 5 min, 5 cycles of
96°C for 1 min, 68°C for 3 min with a decrease of 2°C in
each following cycle and 72°C for 1 min, followed by 4
cycles of annealing temperature of 58°C for 2 min with a
decrease of 2°C in each following cycle. The final step
consisted of 40 cycles of 96°C for 20 s, 50°C for 20 s,
72°C for 30 s and ended with a final extension step of 72°C
for 5 min. Pooled PCR products from four separate PCR
labeled with different florescent dyes (FAM, VIC, NED
and PET) were analyzed using an ABI PRISM 3730 DNA

analyzer (Applied Biosystems, Foster City, CA, USA).
GeneMarker v1.75 (SoftGenetics LLC. State College, PA,
USA) was used to score polymorphic alleles.

Linkage maps were developed using JoinMap v3.0
(Van Ooijen and Voorrips 2001) and Haldane mapping
function (Haldane 1919) with a LOD threshold set at 3.0.
QTL for PSS, FDK and DON content in infected spikes
were analyzed by single trait multiple-interval-mapping
using Qgene v4.3.8 (Joehanes and Nelson 2008) and data
from two individual 2009 experiments and combined
averages. QTL was confirmed using spring 2010 PSS data
from selected genotypes. A threshold to claim a signifi-
cant QTL was determined by 1000 permutation at
p < 0.05. PROC REG function of SAS v9.1 (SAS Insti-
tute Inc. Cary, NC, USA) was used to calculate R’-values
for QTL effects and to determine the interactions between
QTL.

Data analysis

Statistical analysis was performed using SAS v9.1 (SAS
Institute Inc. Cary, NC, USA). PROC CORR function was
used to calculate the correlation among PSS, FDK and
DON content in infected spikes. Using PSS from two 2009
experiments, an ANOVA was conducted using PROC
GLM function. Because PSS data from spring 2010 were
derived from only selected genotypes, they were not
included in this analysis. Broad sense heritability (H*) was
calculated for trait PSS based on the ANOVA results using
the formula H> = Gé/aé + (aéE/e) + (af/re), where
0& = genotypic variance, o2 = residual error variance,
o&E = genotype X environment variance, r = number of
replicates (pots) and e = number of experiments (seasons).
Trait averages were calculated for genotypes AABB,
AADbDb, aaBB and aabb with AB alleles from Sumai 3 and
ab alleles from CS for 7AC and 3BS QTL, respectively.
The percentage disease/ toxin reduction due to substitution
of CS alleles (a/b) by Sumai 3 alleles (A/B) at the two QTL
was calculated.

Origin of 7AC QTL

To trace the origin of chromosome 7AC QTL, a haplotype
comparison of marker alleles in the 7AC QTL region
(Xwmcl7 and Xwmc9) was conducted between parents of
Sumai 3 (Funo and Taiwan Wheat). Forty-one Funo-related
accessions from China were evaluated for PSS under
greenhouse conditions to calculate the average disease
reduction contributed by the QTL at chromosomes 3BS
and 7AC individually and in a combination (Supplemental
Table S1).
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Results

FHB symptom spread and DON content
in 7A CRIL population

The frequency distribution of PSS, FDK and DON content
showed a continuous variation in the 7ACRIL population
(Fig. 1). Means for PSS, FDK and DON content of infected
spikes were 13%, 5% and 1.3 ppm, respectively, for CS-
Sumai 3-7ADSL and 60%, 32% and 11.1 ppm, respec-
tively, for CS. Therefore, the three measurements of FHB
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Fig. 1 Frequency distribution of recombinant inbred lines of a CS/
CS-Sumai 3-7ADSL mapping population for a combined average of
percentage of symptomatic spikelet, b combined average of percent-
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deoxynivalenol (DON) content in ppm
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damage were significantly lower in CS-Sumai 3-7ADSL
than in CS. The correlation for PSS of 7ACRIL was
significant between two experiments (r = 0.62, P < 0.01).
A significant correlation (P < 0.01) was also observed
between all three traits with 0.84 between PSS and FDK,
0.83 between PSS and DON content and 0.91 between
FDK and DON content. The correlations between experi-
ments were 0.61 for FDK and 0.63 for DON content.
ANOVA indicated significant effects (P < 0.01) of geno-
type, environment and genotype x environment for the
trait PSS. The mean PSS in spring 2009 was significantly
higher than that of fall 2009. Broad sense heritability for
PSS was 0.71 across the seasons.

Marker analysis and QTL mapping

The genome-wide background check using evenly distrib-
uted SSR markers across three wheat genomes confirmed
that CS-Sumai 3-7ADSL carried Sumai 3 alleles in a
2.1 cM fragment between Xumnl0 and Xsts66 in the short
arm of chromosome 3B (3BS) and entire chromosome 7A
(Fig. 2). The chromosome 7A consisted of three linkage
groups that covered 23.8, 113.5, and 39.7 cM in genetic
distance (Fig. 2).

Two major QTL were detected in the population with
significant effects on PSS (P < 0.05) in chromosomes 3BS
and 7A (7AC) close proximity to the centromere (Fig. 3
and Supplemental Fig. S1). The QTL on 3BS was most
likely the same QTL as previously reported Fhbl because
the closest marker for the QTL was Xumnl0. The flanking
markers for QTL 7AC were Xbarc174 and Xwmc9 (Fig. 3)
with Xwmcl7 as the closest marker to the QTL. The QTL
7AC and Fhbl were consistently detected across three
experiments (Supplemental Fig. S1). The variations
explained by individual QTL (R?) were 22% for TAC QTL
and 35% for Fhbl and by both QTL together was 56% of
the total phenotypic variation of PSS (Table 1). In the
confirmation study using the selected genotypes, Fhbl was
mapped at the same chromosomal position. The 7AC QTL
was mapped in a similar position as two other experiments
but with a slight shift. Detected QTL explained 18% (7AC)
to 19% (Fhbl) of the FDK variation and together they
accounted for 36% of the FDK variation (Table 1). The
same set of QTL was significant (P < 0.05) for low DON
content (Fig. 3, Supplemental Fig. S1) and explained 18%
(Fhbl) and 24% (7AC) of variation for DON content
individually and 41% both together (Table 1).

QTL effect on reduction of FHB and DON content
In the mapping population, individuals with Sumai 3

marker alleles at the two QTL regions showed lower PSS,
FDK and DON content in infected spikes compared to
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Fig. 3 Single trait multiple interval mapping (SMIM) of quantitative
trait loci associated with resistance to Fusarium head blight symptom
spread and lower DON accumulation using combined average of
percentage of symptomatic spikelets PSS and deoxynivalenol (DON)
content in ppm in CS/CS-Sumai 3-7ADSL mapping population on
chromosome 7A

those with CS alleles (Table 2). Replacement of CS alleles
by Sumai 3 alleles led to a significant reduction in PSS,
FDK and DON content in infected spikes (Table 2).
Reduction in PSS and FDK was higher in the lines having
only Fhbl than those with 7AC QTL alone. However, 7AC
QTL alone contributed to slightly lower DON content than
that of Fhbl. Both 3BS and 7AC QTL together reduced
PSS by 66%, FDK by 55% and DON content by 84%
(Table 2).

Origin of QTL in CS- Sumai 3-7ADSL

To investigate the origin of 7AC QTL, alleles from two
markers, Xwmcl7 and Xwmc9 were compared among the
parents of CS-Sumai 3-7ADSL, the parents of Sumai 3, and
two CS-Sumai 3-3B disomic substitution lines. The alleles
for the two markers amplified by CS-Sumai 3-7ADSL
parent were the same as those by Sumai 3, but different
from those by CS, which demonstrates that 7AC QTL
originated from Sumai 3, not from CS. Two independent
CS-Sumai 3-3B disomic substitution lines (CS-Sumai
3-3BDSL10 and CS-Sumai 3-3BDSL31), carrying the 3B
chromosome of Sumai 3 in a CS background, had the same
haplotype as in CS parent for the two markers from 7A and
Sumai 3 alleles at Xumnl0 locus linked to Fhbl. Interest-
ingly, CS-Sumai 3-7ADSL also carried the Sumai 3 allele
of the Xumnl0 marker linked to Fhbl, suggesting that both
3BS and 7AC QTL in CS-Sumai 3-7ADSL originated from
Sumai 3.

Sumai 3 is a transgressive segregant with the best FHB
resistance selected from a cross between a Chinese land-
race Taiwan Wheat and an Italian wheat cultivar Funo.
Fingerprinting of both parents of Sumai 3 with the markers
that flanked 7AC QTL revealed the same haplotype
between Sumai 3 and Funo, but a different haplotype
between Sumai 3 and Taiwan Wheat. Chinese accessions
with the target marker alleles and Funo ancestry in its
pedigree had various levels of resistance to FHB (Supple-
mental Table S1). Fourteen accessions that only carried
7AC QTL showed a 26% PSS reduction and 11 accessions
that carried both Fhbl and 7AC QTL showed a 51%
reduction in PSS as compared to 16 accessions without any
of the two QTL.

Discussion

Evaluation of FHB resistance in the mapping
population

FHB is a complex disease and its occurrence and devel-

opment are often heavily influenced by environments (Jia
et al. 2005). Accuracy in phenotyping significantly affects
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Table 1 Summary of multiple interval mapping (MIM) analysis of
quantitative trait loci for Fusarium head blight resistance in a CS/CS-

symptomatic spikelet (PSS), percentage of Fusarium infected kernel
(FDK) and deoxynivalenol (DON) content of infected kernels in ppm

Sumai 3-7ADSL mapping population using percentage of
Trait Chromosome Marker interval Spring 2009 (Fy.5) Fall 2009 (Fe.7) Combined average
LOD R? LODtwo R? LOD R’
PSS 3BS Xumnl0-Xsts83 16.66 0.28 17.6 0.28 23.87 0.35
TAC Xbarc174-Xwmc9 9.83 0.17 12.45 0.18 15.88 0.22
Combined - 0.44 - 0.46 - 0.56
FDK 3BS XumnlO 9.43 0.16 12.42 0.21 14.87 0.19
TAC Xbarc174-Xwmcl7 9.44 0.17 8.17 0.14 12.69 0.18
Combined - 0.33 - 0.34 - 0.36
DON 3BS XumnlO 9.59 0.16 8.57 0.16 11.76 0.18
TAC Xbarcl74-Xwmcl7 12.13 0.20 10.94 0.20 15.51 0.24
Combined - 0.35 - 0.35 - 0.41

Table 2 Average and disease/toxin reduction in percentage of
symptomatic spikelets (PSS), percentage of Fusarium damaged

replacement of Chinese Spring (CS) alleles by Sumai 3 (SM 3) at
3BS and 7AC quantitative trait loci in CS/CS-Sumai 3-7ADSL

kernels (FDK) and deoxynivalenol (DON) content with the mapping population

Genotype” Average PSS Average FDK (%) Average DON content
aabb (No 3BS/7AC) 56 38 442

aaBB (3BS only) 33 (41) 22 (42) 19.6 (54%)

AADD (7A only) 37 (34) 23 (39) 17.5 (61%)

AABB (3BS and 7A) 19 (66) 17 (55) 6.9 (84%)

Values in parenthesis are percentage of reduction (%) for three FHB measurements
A 4, CS allele at chromosome 7AC; A, SM 3 allele at chromosome 7AC; b, CS allele at chromosome 3BS; B, SM 3 allele at chromosome 3BS

the power of QTL detection (Kolb et al. 2001). Thus,
evaluation of the disease in a controlled greenhouse envi-
ronment with multiple replications may improve quality of
the phenotypic data (Bai et al. 1999). An experiment may
need to be repeated over multiple seasons/locations under
field conditions to minimize environmental variation.
Further, a large size population can be used to improve the
precision in determining the QTL effect and location
(Cuthbert et al. 2006). In the present study, a relatively
large population of 191 individuals was evaluated for FHB
resistance in comparison with some other studies (Lemmens
et al. 2005; Ma et al. 2006b). The mapping population was
evaluated in three experiments over 2 years in a greenhouse
at Kansas State University, and two QTL with a major
effect on FHB resistance were mapped in similar chromo-
some locations in three experiments, indicating the data
were reliable for QTL mapping.

In this study, PSS and FDK were separately measured to
reflect FHB symptom spread within a spike and DON
content in infected spikes was quantified to reflect DON
content across experiments. All FHB damage measure-
ments were based on point inoculation, which avoids
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differences in Type I resistance between lines and targets
only Type II resistance. As this provides uniform inocu-
lation among the plants, differentiation of genotypes based
on Type II is less complicated (Bai et al. 1999). Therefore,
FHB data obtained in this study should be reproducible. In
addition, FHB scoring needs to be precisely timed, so that
plants show the highest level of phenotypic differences
among resistant and susceptible genotypes at the time of
scoring (Bai et al. 1999). In the current study FHB scoring
was done when susceptible control reached 95% PSS,
which provided clear separation between resistant and
susceptible genotypes.

FDK was quantified by classifying the seeds into dam-
aged and normal seeds categories based on visual inspec-
tion as previously reported (Bai et al. 2001; Verges et al.
2006). However, only 200 random seeds per sample were
selected for FDK counting in these studies. In the current
study, we carefully harvested and manually threshed all
inoculated spikes to minimize highly infected and shriveled
seeds from getting blown away (Ma et al. 2006a; Yu et al.
2008a), which not only significantly improved the accuracy
of FDK data, but also prevented dilution of DON levels in



Theor Appl Genet (2011) 122:1189-1198

1195

harvested kernels. Further DON content quantified by GC-
MS provided a more accurate measurement than enzyme-
linked immunosorbent assay (Mirocha et al. 1998).

The continuous distribution of all three traits PSS, FDK
and DON content in the mapping population derived from
CS/CS-Sumai 3-7ADSL (Fig. 1) supported previous reports
that FHB resistance showed quantitative inheritance (Ma
et al. 2006c; Yang et al. 2003). A higher broad-sense heri-
tability was reported for PSS in the current study
(H* = 0.71), which agrees with several previous reports
(Lin et al. 2006; Ma et al. 2006b; c). A high heritability
indicates consistency and repeatability of PSS data (Bai
et al. 1999). Therefore, PSS in conjunction with single point
inoculation can be effectively used for screening resistant
lines in a breeding program.

Relationship between Type 11
and Type III FHB resistance

PSS is a reliable parameter to estimate Type II FHB
resistance in a large-scale experiment (Bai and Shaner
1994). Recently, DON content in infected spikes has drawn
great attention from FHB researchers due to its impacts on
quality of wheat products (Verges et al. 2006). However,
DON content in infected kernels is an expensive trait to
measure and is not feasible for routine breeding selection.
Although the association between PSS and DON content is
still debatable, a significantly high correlation (r = 0.83,
P < 0.01) observed between PSS and DON content in this
study indicates that PSS is a reasonable alternative mea-
surement to predict DON content in breeding programs.
Such a high correlation was also observed in some previous
studies (Bai et al. 2001; Lemmens et al. 2005; Yu et al.
2008a), but not in the others (Ma et al. 2006c; Mesterhazy
et al. 1999). The discrepancy among reports can be caused
by overestimating PSS and underestimating DON content
because of mishandling. Accuracy in measuring DON
content in a cultivar can be affected by plant growth stage
in which the infection occurs, methods used for threshing
and DON measurement. Under greenhouse conditions,
visual FHB symptoms start spreading to uninoculated
spikelets in susceptible genotypes in 6—8 days after inoc-
ulation and spikes can be blighted within about 12 days
after inoculation (Bai and Shaner 1996). By the time an
inoculated spike gets bleached, it may still be in early
stages of seed development. Although such seeds contain
high content of DON, they may be too small to be col-
lected, thus get blown away easily during threshing, which
may significantly reduce DON content in harvested sam-
ples. In addition, under such a condition it may be difficult
to distinguish scabby seeds from uninfected shriveled
seeds. These factors may significantly increase the varia-
tion of FDK across experiments. However given that the

above constraints can be minimized by careful harvesting
and threshing, FDK can be a reasonable alternative for
quantifying Type II resistance, because a high correlation
between FDK and PSS was observed in this and other
studies (Bai et al. 2001; Verges et al. 2000).

A novel quantitative trait locus in chromosome 7A

In this study, two major FHB resistances QTL were
mapped on chromosome 3BS and 7AC for Type II and
Type III resistance in CS/ CS-Sumai 3-7ADSL population
(Table 1). These QTL were consistent across all experi-
ments. Zhou et al. (2002) reported a very high level of
Type II and Type III resistance in CS-Sumai 3-7ADSL
compared to original CS. This study confirmed the report
and further identified that the high level of resistance in
CS-Sumai 3-7ADSL was due to CS-Sumai 3-7ADSL car-
rying two major QTL from Sumai 3 on chromosomes 7AC
and 3BS. Haplotype analysis confirmed that the 7AC QTL
was not mapped in the previous study (Ma et al. 2006b) due
to lack of marker polymorphism between Annong 8455 and
CS-Sumai 3-7ADSL because Annong 8455 showed the
same alleles as those of Sumai 3 at marker loci that linked
to the 7AC QTL. Therefore, polymorphic markers between
CS and CS-Sumai 3-7ADSL in the QTL region were
critical for detection of Fhb7AC QTL in this study. The
novel 7AC QTL showed a major effect on both Type II and
Type III resistance and was designated as Fhb7AC.
Fhb7AC was flanked by Xbarcl74 and Xwmc9 with
Xwmcl7 as the closest linked marker. These markers
should be useful for pyramiding Fhb7AC with other QTL.

Several QTL have been reported on chromosome 7A
previously (Jia et al. 2005; Mardi et al. 2006; Semagn et al.
2007; Yu et al. 2008b; Zhou et al. 2004). However, chro-
mosome locations of these reported QTL were different
from Fhb7AC. A QTL on the short arm of chromosome 7A
was mapped at marker interval Xe77m47-22 — Xgwm233
from Frontana (Mardi et al. 2006). This 7AS QTL was
positioned distal to Fhb7AC and therefore is a different
QTL. Semagn et al. (2007) mapped a FHB severity QTL
from NK93604 at the marker interval Xgwm276 and
XDuPw226. A QTL for FHB severity was mapped proxi-
mal to marker Xgwm282 (Jia et al. 2005) in Wangshuibai.
Zhou et al. (2004) and Yu et al. (2008b) also identified a
QTL proximal to centromere of chromosome 7A for FHB
Type II resistance in Wangshuibai. This QTL was tightly
linked to Xwms1083, which is closer to marker Xgwm276
in our linkage map (Fig. 2) and different from the QTL
reported in this study because it is about 30 cM away from
Fhb7AC. In addition, Fhb7AC showed a major effect on
Type II resistance and previously reported QTL had only
minor effects. The alleles of flanking markers for Fhb7AC
were different between Wangshuibai and Sumai 3.
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Therefore, we believe that Fhb7AC is a major QTL dif-
ferent from that of previously reported on chromosome 7A.

Relationship between Fhbl and Fhb7AC

Based on the closely linked marker XumnlO, QTL on
chromosome 3BS is most likely the same QTL as Fhbl
(Liu et al. 2008). Fhbl is the single most important QTL
mapped so far for both Type II and Type III FHB resistance
(Anderson et al. 2007; Lemmens et al. 2005). The contri-
bution of Fhbl in this study for Type II FHB resistance was
greater than that of Fhb7AC. Therefore, Fhbl remains the
highest contributor to FHB Type II resistance so far. In this
study, the phenotypic variation for lower DON content
explained by the Fhb7AC was greater than that of Fhbl
across experiments (Table 1), which disagrees with
Lemmens et al. (2005). The differences in R’-values
reported in different studies could be due to differences in
population, test condition, phenotypic evaluation method
and interaction of QTL (Yang et al. 2003). Even though
marker Xwmcl7 was the closest linked marker for Fhb7AC
(Supplemental Fig. S1), a slight shift in the QTL position
for PSS was observed among experiments, which could be
due to environmental variations or population size change
in the 2010 confirmation experiment.

Multiple regression analysis on PSS, FDK and DON
content of infected kernels in 7ACRILs did not detect any
significant (P < 0.01) interaction between Fhbl and
Fhb7AC in the mapping experiments, suggesting that an
additive effect contributed mostly to FHB resistance. This
result agrees with several previous reports that concluded
additive effects to be the main effect for FHB resistance
(Bai et al. 2000; Jia et al. 2005). In this study, FhbI and
Fhb7AC together explained 56% of PSS, 36% of FDK and
41% of DON content in infected spikes (Table 1). The
unexplained variation of phenotype could be due to envi-
ronmental effects and QTL that have not been detected in
this study. A QTL could go unnoticed if it has minor
effects, poor marker density around it or lack of marker
polymorphism between two parents (Bai et al. 1999).
Presence of Fhb7AC provided an additional 34% reduction
in PSS besides a 41% reduction provided by Fhbl and
together reduces PSS by 66% (Table 2). A similar trend
was observed among Funo-related accessions, where
presence of Fhb7AC alone reduced PSS by 31% and
together by 54%. In terms of reducing DON content in
infected spikes Fhb7AC alone contributed to a 61%
reduction, whereas Fhbl contributed to a 54% reduction
and together an 84% reduction in DON content in the
mapping population (Table 2). Fhbl and Fhb7AC QTL
showed additive effects and can be effectively pyramided
on to a cultivar to build up a high level of resistance to
FHB. In this study, the QTL for Type II and Type III

@ Springer

resistance were mapped to the same locations in both
chromosomes 3BS and 7AC (Fig. 3), suggesting existence
of pleiotropy for Type II and Type III resistance (Lemmens
et al. 2005; Semagn et al. 2007). Such tight association
between Type II and Type III resistance suggested that
selecting both Fhbl and Fhb7AC for Type II resistance
could significantly enhance Type III resistance when Su-
mai 3 is used as the FHB resistance source.

Origin of chromosome 7A QTL

Many Chinese cultivars are known to have a high level of
Type II and Type III resistance from Sumai 3 or its
derivatives (Bai et al. 2001). Fhbl was identified from
Sumai 3 and donated by Taiwan wheat (Yu et al. 2006),
which was confirmed in this study. Furthermore, we
found that Fhb7AC QTL also has a Sumai 3 origin and it
was contributed by Funo parent. Funo is an old cultivar
from Italy, and has been widely used as a popular
breeding parent in Chinese breeding programs in 1960s.
An extensive survey of Chinese germplasm with Funo in
their lineage using closely linked marker to Fhb7AC
confirmed that Fhb7AC was present in most of these
Chinese accessions that showed some levels of FHB
resistance. It further confirms that the Fhb7AC originated
from Funo. To date Fhbl is the only QTL with a major
effect that has been successfully used in breeding pro-
grams with MAS (Anderson et al. 2007). Given the
additive effects between Fhbl and Fhb7AC, they can be
pyramided to enhance the resistance levels of US wheat
cultivars.
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