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Abstract

During the past decade, numerous studies have been published on
molecular mapping of Fusarium head blight (FHB) resistance in wheat.
We summarize the relevant findings from 52 quantitative trait loci
(QTL) mapping studies, nine research articles on marker-assisted
selection and seven on marker-assisted germplasm evaluation. QTL for
FHB resistance were found on all wheat chromosomes except
chromosome 7D. Some QTL were found in several independent
mapping studies indicating that such QTL are stable and therefore
useful in breeding programmes. We summarize and update current
knowledge on the genetics of FHB resistance in wheat resulting from
QTL mapping investigations and review and suggest FHB breeding
strategies based on the available information and DNA markers.
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Among the many diseases of wheat, Fusarium head blight
(FHB), also known as Fusarium ear blight (FEB), has received
much attention, especially during the past decades. Severe
FHB epidemics in some important wheat growing areas and
improved technology for detecting mycotoxins that pose food
safety threats, have contributed to this research emphasis.

A range of different Fusarium species has been associated
with the disease but Fusarium graminearum (teleomorph
Gibberella zeae), Fusarium culmorum and Fusarium avenaceum
(teleomorph Gibberella avenaceae) appear to predominate
depending on climatic conditions (Parry et al. 1995). Apart
from losses in grain yield and reductions in baking and seed
quality, the major peril due to FHB is the contamination of the
crop with toxic fungal secondary metabolites known as
mycotoxins. To protect consumers from mycotoxicosis many
countries, including the European Union Member States have
established maximum allowed levels for the most prevalent
Fusarium mycotoxins in cereals and cereal products (Van
Egmond 2004, Anonymous 2005). For example, the EU
regulation allows a maximum deoxynivalenol (DON) content
in unprocessed bread wheat of 1.25 ppm, in bread and bakeries
of 0.5 ppm and in baby food of 0.2 ppm (Anonymous 2005). In
1993 the Food and Drug Administration of the USA published
advisory levels of 1 ppm DON on finished wheat products

(http://www.cfsan.fda.gov/ dms/graingui.html). Health Can-
ada has established guidelines for DON in soft wheat
of 2 and 1 ppm for non-staple foods and baby foods,
respectively (http://www.hc-sc.gc.ca/fn-an/securit/chem-chim/
contaminants-guidelines-directives_e.html). Crop management
and agrochemical measures are only partly effective to control
the disease. Therefore, the cultivation of Fusarium resistant
varieties plays a key role in integrated Fusarium control and
the prevention of mycotoxin contaminations. Breeding for
improved FHB resistance has thus become an important
breeding goal for numerous cereal breeders. Fortunately, large
genetic variation for FHB resistance is available in the wheat
gene pool, but often the best regionally adapted and highly
productive cultivars are susceptible to FHB. The difficult task
for the wheat breeder is to create regionally adapted cultivars
that combine high and stable yield and quality performance
with resistance to the relevant diseases and pests including
resistance to FHB. Considerable improvements in genetic
resistance have been achieved by conventional selection,
resulting from repeated testing of breeding lines under induced
and natural epidemic conditions. DNA-based markers are a
relatively recent tool that can be applied to augment conven-
tional breeding, especially for traits such as FHB that are
difficult or cost intensive to select using conventional methods.
Numerous studies have shown that inheritance of resistance of
wheat to FHB is of a quantitative nature. Therefore, the
method of choice to investigate FHB resistance is to apply a
QTL (quantitative trait locus/loci) mapping approach.

During the past years, several review articles have been
published on Fusarium diseases of cereals covering different
aspects. Parry et al. (1995) reviewed the significance of the
disease with an emphasis on phytopathological aspects. Reviews
of conventional breeding for FHB resistance were published by
Mesterhazy (1995), Miedaner (1997) and Mesterhazy et al.
(1999). Placinta et al. (1999) documented the worldwide occur-
rence and significance of Fusarium mycotoxins. The first review
on molecular markers for FHB resistance in wheat by Kolb
et al. (2001) summarized the early findings in this field and later
Anderson (2007) listed some of the more stable FHB QTL.
A comprehensive monograph edited by Leonard and Bushnell
(2003) reports in 18 book chapters a range of aspects on
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Fusarium diseases of small grain cereals, including the pathogen,
the associated mycotoxins, resistance breeding and other
control options as well as the social and economic impact of
the disease. Bai and Shaner (2004) reviewed the management
and resistance to FHB in wheat and barley including the
knowledge on FHB resistance QTL mainly from a North
American perspective. The objectives of this article are (i) to
summarize and update current knowledge on the genetics of
FHB resistance in wheat resulting from QTL mapping investi-
gations and (ii) review and suggest FHB breeding strategies
based on the available information and DNA markers.

Before reviewing the literature on genetic mapping of FHB
resistance, several terms have to be clarified and discussed. The
intention of this review is to give a comprehensive review of
FHB QTL publications that appeared in peer-reviewed jour-
nals only, focussing on the most significant findings in these
papers. Stability of QTL is an important issue. If a QTL was
found in a similar genomic region in different studies using
related resistant sources but different susceptible parents, we
concluded that this QTL was stable in terms of expression in
different genetic backgrounds. If a QTL was found significant
using varying phenotyping methods, especially inoculation
techniques and/or in independent biological experiments, we
considered it stable across environments and epidemic condi-
tions. We are aware that the opinions and conclusions of the
authors of this review may not necessarily agree in all aspects
with the original publications.

We first give a brief introduction on QTL mapping in
general with some specific considerations relevant for mapping
Fusarium resistance. Then the actual review of FHB resistance
QTL follows.

Plant Material

In classical mapping approaches, segregating populations,
derived from a cross of contrasting genotypes are used. In
this case, the relationship of the lines in a mapping population is
clearly defined and the segregation of loci can be predicted and
tested based on marker segregation. Frequently used population
types are recombinant inbred lines (RIL) in more or less
advanced selfing generations, fully homozygous doubled hap-
loid (DH) populations or populations derived from backcross-
es. Backcross-derived populations are of advantage in cases
where the resistance donor is an ‘exotic’ or ‘wild’ line and the
recipient line a regionally adapted genotype (Tanksley and
Nelson 1996). A further option is the establishment and use of
introgression lines or intervarietal substitution lines that can be
developed by a backcrossing strategy. The aim is to establish a
series of near isogenic lines (NIL) with small chromosomal
segments of a donor line in a specific genetic background,
usually a highly productive cultivar (Eshed and Zamir 1995).
Alternatively, sets of genotypes, which may be cultivars,
breeding lines or introduced germplasm, with or without
pedigree and kinship information can be used. In this case,
methods of association mapping have to be applied, in which
one attempts to associate the occurrence of certain marker
haplotypes with trait expression. The basic principle is to detect
correlations between genotypes and phenotypes in a sample of
individuals on the basis of linkage disequilibrium (Gupta et al.
2005, Breseghello and Sorrells 2006, Rostoks et al. 2006). The
concept of association analysis has been known for many years.
The increased availability of molecular markers, and the
refinement of statistical tools, has rekindled interest in this

approach. Although several reports on DNA marker evaluation
of FHB resistant and susceptible germplasm have been
published (Table 3), no study applying in depth association
mapping to detect FHB resistance QTL has been published yet.

Phenotyping

The goal is to determine the level of genetically determined
resistance on every line of the analysed population as precisely
as possible. One of the main problems in testing for Fusarium
resistance is reproducibility (Groth et al. 1999, Dill-Macky
2003). The severity of FHB is a quantitative trait that is
modulated by (i) genetic factors of the host (resistance factors
in the plant) and of the pathogen (aggressiveness of the fungus)
and (ii) environmental influence on disease establishment and
development leading to significant genotype-by-environment
(GxE) interactions (Campbell and Lipps 1998, Fuentes et al.
2005), which can significantly bias QTL estimates (Ma et al.
2006b). Therefore, in most FHB resistance studies, measures
are taken to provoke Fusarium infections and apply uniform
inoculum pressure over time (flowering period) and space (e.g.
experimental field or greenhouse bench). FHB resistance is a
complex trait and not one single, simple way of measuring
FHB resistance is practiced. For a more detailed review on
inoculation and evaluation methods see Dill-Macky (2003).
The concept of resistance to initial infection (type 1) and
resistance to fungal spread from an infected floret along the
rachis (type 2) first described by Schroeder and Christensen
(1963) is now widely accepted. Type 1 and type 2 resistance
may vary independently between genotypes. This differentia-
tion is based on symptom development only and does not
imply a certain physiological resistance reaction. In addition,
further types or components of resistance to FHB have been
described (Mesterhazy 1995, Mesterhazy et al. 1999). The
ultimate goal in FHB resistance breeding is the development of
productive cultivars with low disease symptoms and low
mycotoxin contamination despite high infection pressure.
Therefore, in some studies, mycotoxin contamination was
measured and the relationship of toxin content with FHB
symptoms was investigated. In a few mapping experiments
toxin content, in most cases DON content, was used as a
measure for FHB severity. Because of the considerable cost of
toxin analysis, most mapping projects were content with other
observations of FHB symptoms. Type 2 resistance is typically
measured following, single-floret or single-spikelet inoculation,
conidial spray or grain-spawn inoculation. Usually, the
amount and/or speed of spread of the typical Fusarium
symptoms from the inoculation site along the ear is used as
a measure for type 2 disease severity. Type 1 resistance is
considered more difficult to assess and therefore fewer reports
have been published on type 1 resistance QTL. As a measure
for type 1 resistance, disease incidence (percentage of ears with
disease symptoms) in spray or naturally inoculated plots or
pots are commonly used. Several authors applied spray
inoculations and scored disease severity (percentage of dis-
eased spikelets per unit area) as a measure for FHB resistance.
It is believed that using such an approach mimics the situation
as it may occur under natural infections. The disease reaction
should thus reflect all possible mechanisms, which may
contribute to the resistant phenotype under epidemic condi-
tions. Alternatively to spray inoculations, the grain-spawn
method (scattering Fusarium-infected corn or barley grains),
sowing in fields with maize stubble on the soil surface or
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sowing trials in natural hot spots for Fusarium infection, has
been applied to provoke infections. Measures for FHB disease
severity may be visual scoring of disease symptoms on the
heads, visual scoring of percentage of diseased grains in
harvested samples, measurement of yield or yield components
relative to non-inoculated controls or mycotoxin (mostly
DON) content. Morphological and developmental character-
istics such as plant height (e.g. Mesterhazy 1995, Paillard et al.
2004, Schmolke et al. 2005, Draeger et al. 2007, Klahr et al.
2007), ear compactness (Schmolke et al. 2005), flower opening
(Gilsinger et al. 2005), or heading date (Miedaner et al. 2006,
Klahr et al. 2007, Wilde et al. 2007) may also influence the
response to pathogen inoculation under field conditions. The
difficulty in QTL mapping is to separate pleiotropic effects on
FHB response of genes involved in morphological or devel-
opmental traits from effects of true resistance genes which may
be tightly linked to such morphological or developmental
genes. Including resistant and susceptible checks with a broad
range of flowering dates helps to separate and interpret effects
due to flowering date, but positive correlations between plant
height and disease resistance are more difficult to separate,
especially under field conditions. The choice of the pathogen
species or pathogen strains for inoculation has also been
subject to discussions. Although a range of species may be
implicated in the disease, F. graminearum, F. culmorum and F.
avenaceum have been described as the dominating species
involved in FHB of cereals (Parry et al. 1995, Dill-Macky
2003). Different Fusarium strains (isolates) may differ widely in
aggressiveness, but until now no biological races with a specific
host—pathogen interaction have been detected. Therefore,
resistance to FHB is of horizontal or non-specific nature
(Snijders and Van Eeuwijk 1991, Van Eeuwijk et al. 1995,
Mesterhazy et al. 1999) at least for the most prevalent species
like F. culmorum and F. graminearum. However, given the
large genetic variability known to exist in Fusarium spp.
(Bowden and Leslie 1999), the reliance on at least a few
different resistance genes would be a wise approach.

Genotyping

The goal is to determine the genotype of each line in the
mapping population relative to the parental genotypes. The
type and number of markers applied depends on the equip-
ment and resources available. During the 1990s, RFLP
(restriction fragment length polymorphism) markers domi-
nated the scene, but PCR (polymerase chain reaction)-based
markers have become increasingly popular in recent years.
Locus specific simple sequence repeat (SSR) markers, some-
times in combination with higher throughput PCR markers,
like AFLP (amplified fragment length polymorphism) or
TRAP (target region amplified polymorphism) markers were
frequently applied. In the near future, markers based on SNPs
(single nucleotide polymorphisms) may become more popular.
Array-based medium to high throughput markers, like DArT
(diversity array technology) markers (Akbari et al. 2006) or
other high throughput SNP detection systems (Shen et al.
2005, Rostoks et al. 2006) will complement electrophoresis-
based PCR markers in the coming years.

Dimension of Mapping Projects

The question of how many lines are needed for an informative
segregating population, how many markers and replications of

the resistance evaluation needs careful consideration. It has
been shown that using more lines is always better than using
few lines (Beavis 1998). If QTL of moderate to small individual
effects contribute to trait expression, a large number of lines
are needed for meaningful QTL estimation (Vales et al. 2005).
Usually, the effects of the detected QTL are over-estimated
because of a limited number of recombinant lines in the
population. Because of practical limitations more than 300
lines are rarely used in QTL mapping in plants, although over
300 lines would be desirable at least for quantitative traits
controlled by multiple loci (Melchinger et al. 2004, Schoén
et al. 2004). Most studies to date have used 100-200 lines. We
consider <100 recombinant lines too low to detect anything
other than large effect QTL for FHB resistance. The number
and choice of markers should allow full coverage (e.g. no gaps
>20 cM) of the genome and should include suspected QTL
regions based on previous work. Although more than a
thousand SSR markers are now available in the public domain
and can be chosen to map almost any part of the wheat
genome, the development of a dense map in hexaploid wheat is
still resource demanding and not trivial.

The number and design of the phenotyping experiments is
crucial for successful QTL mapping. At least two independent
biological experiments (locations or years) are necessary to
estimate the repeatability of the resistance evaluation (e.g.
calculation of broad sense heritability and/or correlation
between experiments) and determine the stability of
QTL estimates across environments (QTL-by-environment
interactions).

QTL for FHB Resistance

The results of 52 peer-reviewed studies reporting QTL for
FHB resistance in wheat are summarized in three tables and
one figure. Of the 52 studies, 46 were carried out with
hexaploid wheat, four with tetraploids and two with related
species. A detailed list including information on the mapping
population, the phenotyping methods and the association of
the detected FHB resistance QTL with other traits is given in
Table 1. The approximate position of most of the QTL listed
in Table 1 is illustrated in Fig. 1. Table 2 lists peer-reviewed
reports on QTL validation and marker-assisted selection
(MAS) and Table 3 lists marker-assisted germplasm evalua-
tions. The linkage maps of the wheat chromosomes 1A-7B (no
QTL have been identified on 7D yet) in Fig. 1 were drawn in
Mapchart (Voorrips 2002) using the wheat consensus map
data published by Somers et al. (2004) which were downloaded
from the graingenes database (http://wheat.pw.usda.gov/). The
map for chromosome 7el is based on the publication by Shen
and Ohm (2007). For readability, only selected markers
mapped and published by Somers et al. (2004) are displayed
in Fig. 1, numerous additional markers can be found in the
graingenes database. To locate the positions of the FHB
resistance QTL reported in 52 mapping studies relative to the
wheat consensus map, we used primarily SSR markers as
anchor points. For many QTL, this was quite easy to achieve
especially in cases where more than one SSR marker was in
common between the consensus map and the specific QTL
mapping study. For other QTL, finding the corresponding
chromosome regions in the consensus map was more difficult
to achieve. In cases where no direct alignment between the
consensus map and a specific QTL map was possible, further
genetic or physical maps published in graingenes, like the
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QTL for Fusarium resistance in wheat
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QTL for Fusarium resistance in wheat 13

‘Synthetic’ X ‘Opata maps’, were used as a bridge to identify
the QTL regions. The graingenes comparative map viewer
(CMap) was used in these cases (http://rye.pw.usda.gov/cmap/
). QTL positions in Fig. 1 are indicated by vertical bars and
named with the genotype that contributed the resistant allele
and a number referring to the respective reference. The only
exceptions are the resistance loci Fhbl (syn: Qfhs.ndsu-3BS),
and Fhb2, both derived from the highly resistant cultivar
‘Sumai 3’ or its close relatives, which are indicated by their
proposed gene names and numbers for the references. The sizes
of the bars in Fig. | indicating the QTL positions do not reflect
the magnitude of a QTL effect, but only the estimated location
of the respective QTL. A small bar indicates that this QTL
could be located relatively precisely on the map, a long bar
indicated that locating this QTL was more uncertain.

References!
[51] Somers et al. (2006)

[52] Kumar et al. (2007)

Shown
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Fig. 1

Comment

Resistance Sources from Asia

Some wheat growing regions in Asia have suffered from
regular FHB epidemics (Liu 1985, Bai and Shaner 1994).
Breeding for resistance to FHB has therefore a long tradition,
with remarkable successes like the cultivars ‘Sumai 3’, ‘Ning
78407, ‘Ning 8331°, and other lines developed by Chinese wheat
breeders. This material has been distributed to other parts of
the world and used in resistance breeding programmes
worldwide. These lines have also been the basis of the earlier
projects to determine the genetic basis of Fusarium resistance.

The first two published QTL mapping studies by Waldron
et al. (1999) and Bai et al. (1999) were based on populations
derived from Chinese cultivars, which showed remarkably high
type 2 FHB resistance. Waldron et al. (1999) reported RFLP
mapping of type 2 FHB resistance QTL in a ‘Sumai 3’ x ‘Stoa’
population. They detected five QTL for type 2 resistance. The
QTL with the largest effect was derived from ‘Sumai 3’,
mapped to chromosome 3BS, and was designated Qfhs.ndsu-
3BS. Two smaller effect QTL descending from ‘Sumai 3’
mapped to separate regions on 6BS. In addition, two ‘Stoa’
derived QTL mapped to 2A and 4BL, respectively. At about
the same time, Bai et al. (1999) reported one major QTL in a
‘Ning 7840’ x ‘Clark’ population based on AFLP genotyping.
‘Ning 7840’ has the pedigree ‘Aurora’/’Anhuill’//’Sumai 3’.
This major QTL could not be assigned to a wheat chromosome
unambiguously. By integrating SSR markers and the analysis
of a further ‘Sumai 3’ derived population, Anderson et al.
(2001) confirmed the major QTL for resistance to fungal
spread on chromosome 3BS (Qfhs.ndsu-3BS). This finding was
verified by another independent mapping report using a large
DH population of CM-82036 x ‘Remus’, where CM-82036 is a
selection from the cross ‘Sumai 3’ X ‘Thornbird’ from the
CIMMYT wheat programme (Buerstmayr et al. 2002). The
integration of SSR markers in the ‘Ning 7840’ x ‘Clark’
population revealed that the major QTL derived from ‘Ning
7840’ was also in the same region on chromosome 3BS. In
addition, two smaller effect QTL derived from ‘Ning 7840’
were mapped to 2BL and 2AS (Zhou et al. 2002). Because of
its high breeding potential the chromosomal segment covering
QOfhs.ndsu-3BS was further characterized with SSR, STS
(sequence tagged sites) and AFLP markers (Guo et al. 2003,
Liu and Anderson 2003a,b). A first clue to decipher the
function of this QTL was proposed by Lemmens et al. (2005)
who found that wheat lines carrying Qfhs.ndsu-3BS were able
to convert DON into the less phytotoxic DON-3-O-glycoside
and hypothesized that Qfhs.ndsu-3BS either encodes a

Phenotyping
SFI: 1 greenhouse exp.
SFI, 3 greenhouse exp.

Fusarium graminearum,
Fusarium graminearum,

Plant material
bird x Strongfield,

85 DH

don(Dicc-7A), 118

Langdon x Lang-
RIL

Black-

Association
with

FHB trait
FHB
spread
FHB
spread

Markers

Xgwm5 18—
Xbarcl25
Xksuml76—
Xbarcl21

% variation
explained
23
19

Chromosome

6B
7AL

CV.

2Published as Wuhan 1 x Maringa (Somers et al. 2003) but corrected to Wuhan 1 x Nyu Bai (McCartney et al. 2007).

SPRAY, spray inoculation; SFI, single floret inoculation.
"Numbers in square brackets for cross reference with Fig. 1.

*indicates the significant values.

Table 1: Continued

Triticum dic-

Triticum cart-
occoides:

Source of
resistance
allele
hlicum
‘Blackbird’
PI478742
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Fig. 1: Location of FHB resistance QTL on wheat chromosomes 1A—7B and the Thinpyrum ponticum chromosome 7el. The QTL Fhb1 (3B) and
Fhb2 (6B) are named with their gene names. All other QTL are identified with the name of the cultivar contributing the resistant allele and
numbers in brackets referring to the specific publications in which the QTL were reported (see column references in Table 1). The length of bars
representing each QTL is meant to designate the QTL location, with shorter bars indicating more precise QTL locations. Patterns of bars indicate
the FHB-associated trait(s) — see figure legend
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Fig. 1: Continued

DON-glucosyltransferase or modulates the expression or
activity of such an enzyme. The QTL Qfhs.ndsu-3BS was
recently re-designated as Fhbl (Liu et al. 2006). In high
resolution mapping populations segregating for Fhbl, this
locus could be mapped as a single Mendelian gene with high
precision. Flanking STS markers bracketing Fhb/ within a 1.2-
cM interval are now available (Cuthbert et al. 2006, Liu et al.
2006). A large scale project on map-based isolation of Fhbl is
well underway and should result in the first cloned FHB
resistance gene with known function in the near future (J. A.
Anderson and S. Liu, personal communications).

In populations derived from other Asian resistance sources,
the largest effect on type 2 resistance appeared regularly at
Fhbl: ‘W14’ (Chen et al. 2006a), ‘Huapei 57-2" (Bourdoncle
and Ohm 2003), ‘Ning 894037’ (Shen et al. 2003a), ‘CJ 9306
(Jiang et al. 2007a). ‘W14’ and ‘CJ 9306’ are both highly FHB
resistant lines derived from a complex cross involving ‘Sumai 3’
and other resistant lines (Chen et al. 2006a, Jiang et al. 2007a).

The pedigree of ‘Huapei 57-2° was not reported, and ‘Ning
894037 was described as a somaclonal variant from the FHB
susceptible cultivar “Yangmai 3’ (Shen et al. 2003a) but has the
same marker haplotype as ‘Sumai 3’ at five SSR markers
around Fhbl (Liu and Anderson 2003b). It is therefore very
likely that “W14°, ‘CJ 9306’, ‘Huapei 57-2’, and ‘Ning 894037
possess the same FHB resistance allele by descent as ‘Sumai 3’
at Fhbl.

Buerstmayr et al. (2003a) evaluated their CM-82036 X
‘Remus’ DH population for FHB severity using spray inocu-
lations in mist irrigated field nurseries to detect field resistance
and found two significant QTL mapping to chromosomes 3BS
and SA, respectively. Using spray inoculations, the effects of
the two QTL Fhbl and Qfhs.ifa-5A were in a comparable
range. In contrast, after single floret inoculation, Fhbl showed
a much larger effect than Qfhs.ifa-54 (Buerstmayr et al. 2002,
2003a). The authors interpreted this as an indication that
Ofhs.ifa-54 may contribute more towards type 1 resistance



16

BUERSTMAYR, BAN and ANDERSON

6A 6B 6D
Xgwm459 0 Xgwm613—— 0 Xcfd49 0
S Xgwm132 >
| Z Yo Xgwm508+ | > = X, 1301
xparc23— 20 M1Q U3 xgwmiga\| [ 2 £ £ . p3 gz om0
S U8 Xgwm133 2 3 & 5 obgng e
© 5 Xgwmé44 I:I ® g 0 °orna T =2||E
Xwme256 140 —R = Xwmc397 F140-"= N —Q % B e — 40
Xgwm88 N =2 N[[EFS o
- Xwmce748// |- - N 7 gwmoo ~-| 7K
60 Xbarc24 60 = TS Xwme753=T1 60 G
Xwmce417 2 Xwmce748— 2
Xgwm169—| 80 Xbarc134—~ 80 — 80
Xowm617— Xbarc96 —|
— 100 — 100
X 206 Xwmce773—<
wmc. 1
— 120
— 140
Xwmc254—
Xwmc59 —
I‘
7A g 7B 7el
Xgwm666 —— 0 % g Xwmc606 0 Xgwm333 0
Xgwm233 | o ]
Xgwm350— %. Xgwm569
— 20 — 20 — 20
9 =
Xgwm60 —| < o ©
g Xwmc76— 9 ; 2 Xpsr129 —
Xbarc154—1— 40 Xgwm400 40 I:I 8 o E — 40
- 7N
Xgwm573 3 849s
Xwmc83 — v > Ypa & S
= Xgwm46é ’ o Xwmc273 5
Xbarc174~_[ 60 ) 2 Xgwm644-T[ 60 =4 .% XMc/ggMO :__ 60 8
Xparc1 8¢ @ z @ Xbarc176— = XBE445506-7 E
Xbarc121~] s =z 2 []3 Xpsr121 -T] 3
Xgwm10-1t-80 I3 _3 78— Xgwm131 80 —80|[3
Xgwm276 -1 2llg Z g & 3
HIE g 3 Xwmes17—H Xcfaz2240 -5 §
Xgwmz282 100 % Ix = — 100 =
1 — [ee]
Xgwmb54 )] Xwme792—H ]
Xcfa2040—1— 120 — 120
— X 1 ) )
Xwmc809 megg7g'\_ g o Multiple traits  FHB severity
Xbaraso N 140 (T S BRI
—H AN DON FHB incidence
oo H IE NE M
Xbarc94 7 B § FHB spread
— |

Fig. 1: Continued

and to a lesser extent to type 2 resistance, whereas Fhbl
appears to play a role primarily in type 2 resistance. Similar
conclusions were drawn by Chen et al. (2006a) who evaluated
a ‘W14’ x ‘Pioneer Brand-2684" DH population and found a
QTL for type 2 resistance in single-floret inoculated green-
house tests at 3BS, and for FHB incidence and FHB severity in
a spray inoculated field experiment on 3BS and 5AS. Again,
the effect of the 5SA QTL was stronger after spray inoculation

than after single floret inoculation. No high resolution maps
around the 5SA QTL are available yet, because the QTL resides
in an area of low recombination most likely near the
centromere of the SA chromosome (Buerstmayr et al. 2003a).

In several mapping populations derived from Chinese wheat
lines, a significant type 2 FHB resistance QTL was found on
chromosome 6BS deriving from ‘Sumai 3’ or related lines
(Waldron et al. 1999, Shen et al. 2003a, Lin et al. 2004, Yang
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Table 2: Continued

Association

% variation

Source of

References

Comment

Phenotyping

Plant material

with

FHB trait

Markers

explained

resistance allele Chromosome

McCartney et al. (2007)

MAS with 15
SSR markers

Fusarium graminearum,
SPRAY: 2 field exp..

3 backcross populations
and Sumai 3
DH[CM-82036/Remus]/

involving: Nyu Bai, Wuhan 1

FHB severity,
DON content

Xgwm533,
Xgwm493

3BS

Sumai 3

Miedaner et al. (2006),
Wilde et al. (2007)

MAS with 6
markers

Fusarium culmorum,
SPRAY: 4 field exp.

Nandu/2/DH[Frontana/

DON content

FHB severity,

Xgwm389,
Xgwm533,

3BS

CM-82036

Remus]/Munk
DH[CM-82036/

Xbarcl33
Xgwml56,

Miedaner et al. (2006),
Wilde et al. (2007)

MAS with 6
markers

Fusarium culmorum,
SPRAY: 4 field exp.

Remus]/Nandu/2/
DHJ[Frontana/Remus]/Munk
DH[CM-82036/Remus]/Nandu/2/

DON content

FHB severity,

Xgwm304a

S5A

CM-82036

Miedaner et al. (2006),

MAS with 6

Fusarium culmorum,

FHB severity,

Xgwm720

3A

Frontana

DON content
FHB severity,

Wilde et al. (2007)

markers

SPRAY: 4 field exp.
Fusarium graminearum, QTL validation in Pumphrey et al. (2007)

DH[Frontana/Remus]/Munk

breeding lines

SPRAY: 2 field exp.,

19 QTL F4:5
NIL pairs from 13 crosses

kernel infection

Xgwm493,
Xbarcl33,

3BS

Sumai 3

grain spawn: 2 field
exp., SFI: 3 controlled

Xgwm533

environment exp.
Fusarium culmorum,

Hiberle et al. (2007)

QTL validation

Dream/4*Lynx, 127

FHB severity  Plant height

Xgwm82

6AL

Dream

in BC lines
QTL validation
in BC lines

SPRAY: 3 field exp.

BC2F4 lines
Dream/4*Lynx,

Hiberle et al. (2007)

Fusarium culmorum,
SPRAY: 3 field exp.

127 BC2F4 lines

FHB severity ~ Plant height

Xgwm46

7BS

Dream

SPRAY, spray inoculation; SFI, single floret inoculation.

et al. 2005a) indicating that this chromosome carries another
stable QTL for resistance to fungal spread. Recently, the 6B
QTL was named Fhb2 and mapped as a single Mendelian
factor in a fine mapping population 2 cM from the SSR locus
Xgwm644 (Cuthbert et al. 2007).

In a DH population that was originally described as “Wuhan
I’ x ‘Maringa’ (Somers et al. 2003), but later corrected to
‘Wuhan 1’ x ‘Nyu Bai’ (McCartney et al. 2007), several QTL
were detected for different components of resistance depending
on the phenotyping methods applied. Two type 2 resistance
QTL were found, one on 2DL (resistant allele from “‘Wuhan 17)
and one on 3BS (resistant allele from ‘Nyu Bai’). For disease
severity after spray inoculation, two QTL were detected on
3BSc (resistant allele from ‘Nyu Bai’) and 4BS (resistant allele
from ‘Wuhan 1’). Two QTL for DON content after spray
inoculation were detected on 3BS and 5AS (both resistant
alleles derived from ‘Nyu Bai’). In a population DH181 (a line
selected from the cross ‘Sumai 3” x ‘HY368’) crossed with ‘AC
Foremost’, Yang et al. (2005a) reported seven QTL for type 1
resistance, four QTL for type 2 resistance and six QTL for
resistance to kernel infection. QTL on 2DS, 3BS and 6BS were
associated with all three traits. Recently, also in a ‘Chinese
Spring’ ‘Sumai 3’ chromosome 7A substitution line (CS-SM3-
7ADS), a major QTL for type 2 resistance was found on 3BS
and smaller effect QTL on 2D and 4D (Ma et al. 2006b).

Marker haplotypes have been used to compare QTL regions
of FHB resistant and susceptible lines (Bai et al. 2003, Liu and
Anderson 2003b, McCartney et al. 2004, Yang et al. 2006, Yu
et al. 2006). Using five SSR markers around Fhbl, Liu and
Anderson (2003a) detected eight haplotypes on 54 FHB-
resistant wheat lines. Bai et al. (2003) showed that several FHB
resistant lines related to ‘Sumai 3’ have similar SSR and AFLP
marker alleles at Fhbl. The largest set of genotypes and
markers was analysed by McCartney et al. (2004) who
reported allele sizes of 41 SSR markers on 79 wheat lines.
The same marker haplotype as ‘Sumai 3’ for the SSR markers
Xgwm493, Xbarcl47 and Xgwm533 (spanning Fhbl), was
found in seven genotypes, including the highly resistant
varieties ‘Ning 7840°, ‘Ning 984037, ND2710, and CM-
82036. In a similar approach, Yu et al. (2006) analysed 59
Asian wheat landraces using SSR and AFLP markers. Chinese
resistant landraces displayed broader genetic diversity than
accessions from Japan and several highly resistant Asian
landraces differed for some of the known QTL regions (3BS,
5A, 6BS) in their SSR marker haplotypes from that of ‘Sumai
3, suggesting that several Asian landraces carry some different
QTL than ‘Sumai 3’.

Although ‘Sumai 3’ has been shown to possess the alleles
contributing to enhance FHB resistance at several QTL, it also
possesses negative alleles at some loci. For example, in the
‘Sumai 3’ x ‘Stoa’ population, ‘Sumai 3’ contributed the
negative alleles for the QTL on chromosomes 2AL and 4B
(Waldron et al. 1999, Anderson et al. 2001). In two popula-
tions: ‘Sumai-3’ X ‘Nobeokabozu komugi’ and ‘Sumai
3’ x ‘Gamenya’, a significant QTL was detected on chromo-
some 2DS near the rht8/Rht8 semi dwarfing gene locus.
Interestingly, both alleles from the FHB susceptible variety
‘Gamenya’ and from the resistant variety ‘Nobeokabozu
komugi’ enhanced FHB resistance and reduced DON accu-
mulation compared to the ‘Sumai 3’ allele (Handa et al. 2008).
The ‘Sumai 3* allele at this QTL decreased plant height by
about 10 cm indicating that ‘Sumai 3’ possesses a semi-dwarf
allele at the RAt8 locus. The authors identified and mapped a



QTL for Fusarium resistance in wheat

Table 3: Marker-assisted germplasm evaluation studies for Fusarium head blight resistance in wheat

Markers Plant material

Phenotyping

Comment References

65 cultivars with

varying head blight

resistance (type 2)
74 wheat lines

2 SSR markers and 16
AFLP primer combinations

5 SSR markers
17 RAPD primers 35 wheat lines
41 SSR markers 79 wheat lines

5 SSR markers 36 Asian wheat lines

Fusarium graminearum,
SFI: 1 greenhouse and
1 field exp.

Fusarium graminearum,
SPRAY: 1 field exp.
Fusarium graminearum,
SPRAY: 2 field exp.
Fusarium graminearum,
SFI: lgreenhouse exp.,

Genetic diversity for AFLP
and SSR at Fhbl

Bai et al. (2003)

SSR haplotyping Liu and Anderson (2003b)
for Fhbl
Genetic diversity using Sun et al. (2003)
RAPDs

SSR haplotyping for 6
QTL regions
SSR markers for Fhbl
and Fhb2

McCartney et al. (2004)

Yang et al. (2006)

SPRAY: 2 field exp.

25 SSR markers and 24
AFLP primer combinations
282 DNA markers (SSR, STS)

58 Asian wheat accessions

WSY and its parents:
Sumai 3, Wangshuibai,
Nobeokabouzu

Fusarium graminearum,

SFI: 1 greenhouse exp.

Fusarium graminearum,

grain spawn: field exp.,
SFI: 1 exp.

SSR and AFLP haplotyping
for 6 QTL regions
Haplotype analysis
of a selection from three
resistant parents

Yu et al. (2006)

Shi et al. (2008)

SPRAY, spray inoculation; SFI, single floret inoculation.

multidrug resistance-associated protein (MRP) gene at the
QTL closely linked to the SSR locus Xgwm261 and suggested
that MRP may be associated with type 2 resistance and
reduced DON accumulation. In conclusion, Handa et al.
(2008) hypothesized that the QTL on chromosome 2DS is a
gene complex consisting of morphological traits modulated by
rht8/ Rht8 associated with type 1 resistance and specific gene(s)
controlling type 2 resistance by detoxification of DON, like
MRP. In a similar chromosomal region on 2DS, QTL were
detected deriving from the susceptible cultivar ‘Alondra’ (Shen
et al. 2003a), and from the resistant cultivars ‘Wangshuibai’
(Jia et al. 2005) and ‘Nyu Bai’ (Somers et al. 2003).

The Chinese landrace ‘Wangshuibai’, which possesses high
and stable resistance, has received considerable attention as an
alternative source for improving FHB resistance. Because
‘Sumai 3’ and ‘Wangshuibai’ were considered not related by
descent, the expectation was to find novel QTL in “Wangshui-
bai’. This was supported by the finding that for several SSR
and AFLP markers around the 3BS QTL ‘Wangshuibai’
showed the same marker alleles as ‘Nyu Bai’ (McCartney et al.
2004) but slightly different allele sizes than ‘Sumai 3’ (Bai et al.
2003, Liu and Anderson 2003b, McCartney et al. 2004).
Several groups have been working on mapping ‘Wangshuibai’s’
Fusarium resistance using different mapping populations. In all
mapping studies for type 2 resistance, the largest effect was
found on 3BS with maximum R’ values of 17-37.3% as shown
in Table 1 (Lin et al. 2004, Zhang et al. 2004, Zhou et al. 2004,
Ma et al. 2006a, Yu et al. 2008). Similarly, Mardi et al. (2005)
found a significant QTL on 3BS for field resistance evaluated
in spray inoculated field tests. Jia et al. (2005) reported six
QTL, including the 3BS QTL in naturally infected experi-
ments. Lin et al. (2006) analysed their “Wangshuibai’-derived
population for FHB incidence as a measure for type 1
resistance and found QTL effects on 2D, 4B and 5A, but not
3B. In conclusion, ‘Wangshuibai’ possesses either the same
QTL or a functionally similar allele at Fhbl as its major
component of type 2 resistance. Recently, unpublished data
have indicated that several FHB resistance sources of Asian
origin, including ‘Sumai 3’, ‘Nyu Bai’ and ‘Wangshuibai’ share
the same sequence for candidate genes in the Fhb! region (Liu
et al. 2006, S. Liu, personal communications).

For field resistance, a range of further QTL have been
described (see Table 1 for details). As an example in the

‘Wangshuibai’ X ‘Alondra’s® DH population, QTL for FHB
severity measured in naturally infected field experiments were
detected on chromosomes 2B, 3BS, 4B, 5B and 7A by Jia et al.
(2005). In spray inoculated trials, Lin et al. (2006) found
significant QTL effects for FHB incidence on 2D, 4B and 5A.

The Korean cultivar ‘Chokwang’ was found to carry
significant type 2 FHB resistance QTL on chromosomes 4BL
and 5DL, but not on 3BS (Yang et al. 2005b). This cultivar,
despite originating from the Asian genepool, seems to carry
QTL different from those in ‘Sumai 3’ and its relatives and
therefore has high potential in breeding, as a source of
alternative or complementary resistance genes.

Resistance Sources from Latin America

The Brazilian cultivar ‘Frontana’ was described as a source of
FHB resistance by Schroeder and Christensen (1963). An
extensive mapping study using 180 DH lines derived from a
‘Frontana’ X ‘Remus’ cross was evaluated by Steiner et al.
(2004) for resistance using single floret inoculations and spray
inoculations in replicated field tests. Stable QTL for field
resistance were detected on chromosomes 3A and 5A, and less
stable QTL on 2B and 6B. A QTL with a minor effect on
resistance to fungal spread in ‘Frontana’ was detected on
chromosome 2B. In a population of ‘Frontana’ x ‘Falat’,
Mardi et al. (2006) confirmed the 3AL QTL of ‘Frontana’
and detected an additional effect on chromosome 7AS. In
summary, ‘Frontana’ appears as a source of moderate type 1
FHB resistance which is possibly partly based on morpholog-
ical or developmental traits, such as hard glumes and narrow
flower opening, although no specific results to support this
hypothesis have been published so far. To date, no large-effect
QTL has been detected in any ‘Frontana’ derived population.

Winter Wheat Resistance Sources

While large investments went into mapping spring wheat
resistance sources, less emphasis was put into molecular
genetic analysis of winter wheat varieties for FHB resistance.
This probably reflects that the most FHB resistant lines were
found in spring wheat and that severe FHB epidemics since
1993 hit particularly the huge spring wheat areas of the
northern USA and southern Canada (McMullen et al. 1997).
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So a very urgent need to speed up breeding for FHB resistance
was evident in the spring wheat growing areas of the northern
Great Plains in North America. Variation for resistance to
FHB is significant in different native winter wheat gene pools,
for example in Europe (Snijders 1990, Buerstmayr et al. 1996)
and in Japan (Nishio et al. 2004). Genotypes with quantitative
resistance have been found by chance or by targeted screening
of breeding lines or germplasm collections for the trait. Even in
breeding programmes where no specific FHB testing was
performed, variation for resistance could be detected (Snijders
1990, Buerstmayr et al. 1996, Groth et al. 1999). In some
wheat growing areas, such as the UK, the majority of the
current cultivars were highly susceptible (Gosman et al. 2007),
possibly because Fusarium diseases of cereals were not
prevalent in Britain in the past. However, the incidence of
FHB has increased in recent years also in the UK (Gosman
et al. 2007). In other parts of Europe, like in Germany, FHB
resistance became an important trait for cultivar registration.
Screening and selection for improved FHB resistance has
therefore been implemented in practical breeding by a range of
breeders since more than a decade (Spanakakis 2003).

The first winter wheat population that was analysed for
FHB resistance and with several storage protein markers was
‘Sincron’ X F1054W from Romania (Ittu et al. 2000). Storage
protein markers on the TIBL.1RS translocation chromosome
and on chromosome 1D were associated with enhanced type 2
FHB resistance derived from ‘Sincron’. However, only a few
markers were available for QTL detection in this population.
Gervais et al. (2003) performed the first full scale QTL analysis
in winter wheat using the mapping population ‘Re-
nan’ X ‘Recital’. Several QTL were detected, with the largest
effect QTL being mapped to 2A, 2BS and SAL. Overlap of
FHB resistance QTL with plant height QTL (2BS, 5A) and
flowering date QTL (2BS) was observed. The type 2 resistance
of F201R, a FHB resistant breeding line from Romania, was
analysed in RILs from a cross with ‘Patterson’ (Shen et al.
2003b). They used bulked segregant analysis to detect prom-
ising markers first and screened only those markers on the
entire population. Using this approach, they found three QTL
derived from the resistant line F201R on chromosomes 1B, 3A
and 5A and one QTL derived from susceptible ‘Patterson’ on
chromosome 3D. Gilsinger et al. (2005) evaluated 100 RILs
from the cross ‘Patterson’ x ‘Goldfield’ for FHB incidence in
six field experiments. In addition, data for flower opening
width and flower opening duration were collected from five
experiments. Bulked segregant analysis was used to map QTL
for FHB incidence. The region Xbarc200-Xgwm210 on chro-
mosome 2BS was associated with FHB incidence and narrow
flower opening. Another unlinked marker on 2B was also
associated with both traits, but at lower significance. The
marker Xgwm344 mapped to chromosome 7B and was
associated with FHB incidence, but not with flower opening.

The Swiss cultivar ‘Arina’ has long been known for its
moderate FHB resistance (Snijders 1990, Buerstmayr et al.
1996) and has been used in three independent QTL mapping
studies to date: 240 RILs from the cross ‘Arina’ X ‘Forno’
(Paillard et al. 2004), 93 DHs from the cross ‘Ari-
na’ x NK93604 (Semagn et al. 2007) and 116 DHs from the
cross ‘Arina’ X ‘Riband’ (Draeger et al. 2007). In the ‘Ari-
na’ X ‘Forno’ cross, both stable and unstable QTL for FHB
severity assessed in spray-inoculated field experiments were
reported. Among the eight listed QTL, the more constant QTL
effects were found on chromosomes 4AL and 6DL of ‘Arina’

and 5BL of ‘Forno’. The QTL on 5BL and 6DL overlapped
with plant height and/or heading, indicating either linkage or
pleiotropy between morphological/developmental traits and
FHB severity (Paillard et al. 2004). In the ‘Arina’ x NK93604
population, QTL derived from ‘Arina’ were detected on 1BL
and 6BS, while QTL on 1AL and 7AL were detected from
NK93604 (Semagn et al. 2007). In the ‘Arina’ x ‘Riband’
cross, 10 QTL were detected for different traits associated
with FHB, but only the QTL at the RAz-DI locus on
chromosome 4DS was significant in four of five independent
phenotyping experiments. The semi-dwarf allele (Rht-D1b)
inherited by ‘Riband’ contributed to significantly increased
susceptibility. The authors presented evidence that this asso-
ciation could be due to pleiotropy or linkage of deleterious
genes to the Rht-D1b semi-dwarfing allele rather than differ-
ences in height per se. The association of Rht-DI1b with
increased susceptibility to FHB was verified in an independent
mapping study based on the population ‘Rialto’ x ‘Spark’
(Srinivasachary et al. 2008). Additional evidence that presence
of Rht-D1b impairs FHB resistance significantly was provided
by Gosman et al. (2007) and Buerstmayr et al. (2008). Further
research is needed to determine whether the association of Rht-
D1b with susceptibility to FHB is due to tight linkage or to
pleiotropy and to further investigate the relationship of other
widely used dwarfing genes like Rhz-Blb and Rht§8 with FHB
response. Surprisingly, there is close to no overlap in the
results of QTL positions and effects among the three indepen-
dent studies using ‘Arina’. The QTL detected in the different
‘Arina’ populations depended largely on the susceptible parent,
indicating that ‘Arina’s’ resistance appears not to be amenable
to MAS.

Another winter wheat mapping project used a RIL popu-
lation derived from the cross ‘Dream’ x ‘Lynx’ (Schmolke
et al. 2005). Of four QTL detected, three were derived from
FHB resistant ‘Dream’ (AL, 2AL, 7BS). The fourth QTL was
associated with the TIBL.IRS translocation chromosome
present in the susceptible parent ‘Lynx’. A winter wheat RIL
population derived from the cross ‘Ritmo’ x ‘Cansas’ was
tested in four spray-inoculated field experiments (Klahr et al.
2007). QTL for field resistance were detected on seven
chromosome segments (1BS, 1DS, 3B, 3DL, SBL, 7BS and
7AL), two of which strongly overlapped with plant height and/
or heading date QTL (5BL, 7AL) indicating disease escape
effects rather than physiological resistance at these two QTL.
Schmolke et al. (2008) reported two QTL for field resistance in
the population G16-92 x ‘Hussar’ mapping to chromosomes
1A (resistant allele from the susceptible parent ‘Hussar’) and
2BL (resistant allele from resistant G16-92). While the QTL on
1A was associated with plant height, the 2BL QTL was
independently inherited from morphological traits.

Liu et al. (2007) used 248 RILs from the cross of the
moderately FHB resistant Missouri winter wheat ‘Ernie’ with
the susceptible breeding line M094-317 to map QTL for
resistance to fungal spread. Stable QTL were detected on
chromosomes 2B, 3B, 4BL and 5A and none of these FHB
resistance QTL was associated with presence or absence of
awns, earliness, or the number of spikelets per spike.

Resistance in Tetraploid Wheat

In tetraploid durum wheat, the need for improving FHB
resistance is certainly at least as urgent as for hexaploid wheat.
Current durum wheat cultivars are generally highly susceptible
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to FHB (Stack et al. 2002). Durum wheat is almost exclusively
used for human consumption, leading to a high risk that toxin-
contaminated grain may enter the food chain. Introgressing
FHB resistance from hexaploid into tetraploid wheat has had
only limited success so far (H. Buerstmayr, unpublished
results). Because of the limited variation for FHB resistance
available in T. durum its cultivated or wild relatives like
Triticum dicoccum and Triticum dicoccoides may provide
alternative sources for resistance genes (Buerstmayr et al.
2003b, Oliver et al. 2007). So far the published reports on
mapping FHB resistance in tetraploid wheat were indeed based
on resistance derived from related species of tetraploid wheat.
Ban and Watanabe (2001) found that the 3A chromosome
from the T. dicoccoides accession ‘FA-15-3" (syn. ‘Israel A’)
provided resistance to head bleaching after Fusarium inocula-
tion. Stack et al. (2002) and Otto et al. (2002) developed a
single chromosome recombinant population for the 3A chro-
mosome of ‘FA-15-3" based on the cross of ‘Langdon’ x ‘Lang-
don’ (T. dicoccoides-3A). A QTL for resistance to fungal
spread was located near Xgwm2 on 3AS. Recently, this QTL
region was saturated with additional markers. The QTL region
of about 10 cM is flanked by two TRAP markers and peaks
near two SSRs (Xgwm2, Xbarc45), a region not homoeologous
to Fhb1 (Chen et al. 2007). In a similar approach, Kumar et al.
(2007) mapped a significant QTL to chromosome 7AL derived
from the T. dicoccoides accession P1478742, in a chromosomal
region where several QTL in hexaploid wheat also have been
found (Fig. 1). In a mapping population derived from the
cross of the T. durum cultivar ‘Strongfield’ with the Triticum
carthlicum cultivar ‘Blackbird’, two significant QTL for FHB
spread were found, one from each of the two parents (Somers
et al. 2006). At the QTL on 2BS, ‘Strongfield’ carried the
resistant allele and at 6BS ‘Blackbird’. In both regions, QTL
also have been found in different hexaploid wheat populations.
Notably, the 6BS QTL in ‘Blackbird’ appears coincident with
Fhb2.

FHB Resistance in Related Species of Wheat

Based on previous evaluations of the intervarietal substitution
series of Triticum macha in ‘Hobbit-sib’ (Mentewab et al.
2000), a single chromosome recombinant population for
chromosome 4A derived from ‘Hobbit-sib’ x ‘Hobbit-sib’
(T. macha-4A) was generated. This DH population proved
useful to map a 7. macha derived QTL for type 1 resistance on
the short arm of chromosome 4A co-segregating with
Xgwml65 (Steed et al. 2005).

Shen et al. (2004) evaluated several wheat substitution and
translocation lines with Thinopyrum ponticum (syn. Lophopy-
rum ponticum). They found that wheat lines possessing chro-
mosome 7el from two different Thinopyrum ponticum sources
expressed different FHB response. While chromosome segment
7el, showed enhanced FHB resistance, 7el; did not (Shen et al.
2004). For mapping, they developed a recombinant population
derived from two chromosome 7el(7D) disomic substitution
lines with different origins and different reactions to FHB.
A single QTL contributing resistance to fungal spread was thus
mapped to the distal region on the long arm of the 7el
chromosome. Further work is underway to generate translo-
cations possessing only a short piece of the alien chromosome
around the resistance QTL (Shen and Ohm 2007).

Several further alien species that have potential as donors of
FHB resistance genes have not been genetically mapped so far,

like Elymus humidas, Elymus racemifar, Roegneria kamoji and
Leymus racemosus (Ban 1997, Chen et al. 2005, Oliver et al.
2005). To incorporate L. racemosus FHB resistance in wheat
several addition, substitution and translocation lines were
generated by Chen et al. (2005). FHB resistance in lines with a
single chromosome or a chromosome segment from the wild
species was lower than that of the alien parent indicating FHB
resistance in L. racemosus is oligogenic and quantitative like in
wheat. Some alien species probably possess highly effective
FHB resistance genes leading to an almost immune phenotype.
No such resistance genes for FHB have yet been detected in
cultivated wheat. Mapping and tagging of such types of
‘complete’ resistance would be of great potential for wheat
breeding. In case, a single gene alone would be sufficient to
ensure a high level of FHB resistance, breeding of resistant
cultivars may be feasible much easier and faster than now. On
the other hand, reliance on major gene resistance, if ever
available, bears a high risk of sudden resistance breakdown, as
the experience with other wheat diseases like the rusts and
powdery mildew shows.

Validation of FHB Resistance QTL and MAS

Marker-assisted selection for FHB resistance has been a goal
for breeders for more than a decade (Van Sanford et al. 2001).
The best validated gene for FHB resistance is Fhbl on
chromosome 3BS, which was found in numerous independent
mapping studies based on Chinese FHB resistant sources.
Using linked SSR markers or phenotypic selection Fhbl has
been introduced into many breeding populations worldwide,
including the USA (Del Blanco et al. 2003, Zhou et al. 2003,
Pumphrey et al. 2007), Canada (Yang et al. 2003, McCartney
et al. 2007), Australia (Xie et al. 2007) and Germany (Mieda-
ner et al. 2006). As an example, Pumphrey et al. (2007) used 19
pairs of NIL for Fhbl derived from an ongoing breeding
programme. The average reduction in disease severity between
NIL pairs was 23% for disease severity and 27% for kernel
infection, but with large variation. The presence of Fhbl did
not result in a significant improvement in FHB resistance in all
NIL pairs, but this group later demonstrated successful
implementation of MAS for this QTL (Anderson et al.
2007). Miedaner et al. (2006) showed that MAS for three
FHB resistance QTL simultaneously (3B and 5A from
CM-82036, and 3A from ‘Frontana’) was highly effective in
enhancing FHB resistance in German spring wheat back-
grounds. The QTL on 3BS and 5A contributed more to FHB
resistance than the 3A QTL from ‘Frontana’. FHB resistance
was the highest in recombinant lines with multiple QTL,
especially 3B plus 5A, combined. Derived from the same
progeny, Wilde et al. (2007) compared phenotypic selection
with marker-based selection in a four-way cross-combination
segregating for resistance derived from CM-82036 and ‘Fron-
tana’. Selection gain for FHB resistance and reduced DON
content was larger when phenotypic selection was applied
compared to marker-based selection. However, selection gain
per unit time was larger with marker-based selection. The
authors concluded that marker-based selection for major QTL
(3BS, 5A) is an efficient tool for quickly improving the FHB
resistance level in adapted, high-yielding wheat germplasm.
Wilde et al. (2007) further stated that to exploit the full range
of quantitative variation for resistance, phenotypic selection
should follow marker-based selection to incorporate positive
alleles that have gone undetected in QT L-mapping studies. The
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Chinese breeding line ‘WSY’ was phenotypically selected from
the cross ‘Sumai 3’/"Wangshuibai’//"Nobeokabouzu komugi’, it
showed a higher resistance to FHB than any of its parents (Shi
et al. 2008). SSR marker haplotyping revealed that ‘WSY’
possessed the marker alleles on 1BL, 2BL, 5AS and 7AL from
‘Sumai 3’, on 2AS, 2DS, 3AS and 6BS from ‘Wangshuibai’,
and on 3BS from ‘Nobeokabouzu-komugi’ (Shi et al. 2008).

FHB resistance QTL alleles from ‘Nyu Bai’, ‘Sumai 3’ and
‘Wuhan 1’ were evaluated for their effect on FHB-associated
traits including DON content as well as plant height, heading
date and grain quality traits in Canadian spring wheat
backgrounds by McCartney et al. (2007). The ‘Wuhan 1’ 4B
FHB resistance QTL was the most effective QTL enhancing
FHB resistance but was associated with a significant increase
in plant height. The ‘Wuhan 1’ 2D, ‘Nyu Bai’ 3BSc, ‘Sumai 3’
3BSc, ‘Nyu Bai’ 5AS and ‘Sumai 3’ SAS alleles also enhanced
FHB resistance. Notably, the ‘Nyu Bai’ and ‘Sumai 3’ 3BS
alleles were the least effective of the FHB resistance alleles in
this experimental series. Again, FHB resistance tended to
increase with more FHB resistance alleles introgressed into the
elite genetic background.

In European winter wheat, Héberle et al. (2007) evaluated
the effect of two QTL on 6AL and 7BS derived from the
cultivar ‘Dream’ (Schmolke et al. 2005). Each QTL alone
resulted in an average reduction on FHB severity of 27%
compared to the lines without the resistant allele and lines with
both QTL combined showed 36% reduced FHB severity.
Thus, MAS also proofed successful for moderately strong
QTL derived from winter wheat.

Chromosome View of Repeatable QTL Regions

More than 100 QTL for FHB resistance have been reported
in wheat and reviewed herein. Given the relatively small
population sizes used in some mapping experiments,
a significant portion of these are certainly false positives.
However, many QTL regions have been detected in more
than one mapping population, thus greatly increasing the
chances that the QTL is a real effect. We count 22 such
regions after reviewing the 52 papers published to date. These
are on chromosomes 1B (two regions), 1D, 2A (2), 2B (2), 2D
(2), 3A, 3B (2), 3D, 4B, 4D, 5A, 5B, 6A, 6B, 7A and 7B (2).
Flowering date and plant height are morphological charac-
teristics known to have dramatic effect on FHB symptoms,
especially when the inoculation methods mimic the natural
conditions (e.g. grain spawn instead of spraying conidia at
flowering time for each entry). It is unfortunate that only a
few of the field-based FHB evaluations included an analysis
of these traits. Even without complete analysis of these
important morphological traits, 10 of the 22 QTL regions
listed above were also associated with increased plant height
and four were associated with flowering date. QTL on 2D, 4B
and 4D overlapping with plant height are possibly pleiotropic
or linked effects of RAt genes. Further investigations are
needed to clarify this association. The B genome has the most
repeatable QTL regions (11), more than the A (5) and D (4)
genome combined. This may be at least partially an artefact
of the generally higher rates of polymorphism observed with
the B genome. The D genome maps are particularly lacking
full marker coverage. The following is a brief synopsis of
each of the 22 QTL regions:

1B: The region associated with FHB resistance in ‘Sincron’,
F201R, ‘Alondra’s’, ‘Lynx’, and ‘Cansas’ had R’ ranging from

12% to 16%. In these lines, resistance is associated with the
TIBL.1IRS translocation chromosome. It remains currently
unclear whether the resistance locus resides on the rye segment
or is linked to it. The region centred on Glu-BI was found in
the CIMMYT wheat ‘Seri82’ and two cultivars with Chinese
heritage with R? ranging from 8% to 10%.

1D: QTL with moderate effects were reported in two
European winter wheat varieties and one spring wheat.

2A: The region on 2AS is derived from Chinese sources, but
R’ varied from 3% to 27%. The QTL region on 2AL, R? 10—
14%, was associated with greater resistance deriving from the
susceptible parent ‘Stoa’ analysed in the cross with ‘Sumai 3’.

2B: Almost the entire length of this chromosome is covered
by QTL intervals, ranging in R’ from 4% to 29%. Resistance
sources contributing QTL to this chromosome include Chi-
nese, native sources from European and US winter wheat, and
durum wheat. The ‘Renan’ QTL was associated with flowering
date and height and the ‘Goldfield’ QTL was associated with
narrow flower opening.

2D: The QTL region near RAt8 is associated with plant
height. The other QTL region was found exclusively in
materials of Chinese origin and has shown consistent effects
of 9-17% and has been associated with multiple FHB traits,
including reduced incidence.

3A: The QTL near Xgwm?2 was detected in 7. dicoccoides,
Chinese, South American, and European winter wheat back-
grounds with R? ranging from 8% to 37%. One study showed
a clear association with lower incidence.

3B: Fhbl, near Xbarcl33 has been detected in at least 26
different studies. Another QTL region, designated 3BSc has a
moderate effect from Chinese materials (4-8%) and was also
found in ‘Ernie’, a US winter wheat with an R of 13%.

3D: A region centred near Xgwm341 with moderate effects
(R? 4-11%) was found in the susceptible US winter wheat
‘Patterson’ and the moderately resistant European winter
wheat ‘Cansas’.

4B: This QTL region has been found in Asian resistance
sources and ‘Ernie’, with one report of lower incidence. R’
range from 5% to 14%, but the study using ‘Wuhan 1’
reported an association with plant height, possibly correlated
with Rht-Bl1.

4D: The QTL at RAt-D1 was reported in two independent
studies so far. The association of the semi-dwarfing allele (RAt-
D1b) with significantly increased FHB susceptibility appears a
common phenomenon, because Rht-D1b cultivars are gener-
ally quite susceptible. Whether or not increased susceptibility
of Rht-DIb lines is a pleiotropic effect or due to linked
susceptibility genes warrants further research.

SA: Qfhs.ifa-54 has long been known as a consistent QTL
associated primarily with reduced incidence (type 1 resistance).
Interestingly, QTL in this region have been found in materials
with Asian, South and North American, and European
origins.

5B: QTL were mapped to different parts of this chromo-
some. Possibly, the European winter wheat varieties ‘Cansas’
and ‘Forno’ share a common QTL.

6A: This QTL has been identified in two studies, but was
associated with plant height in one.

6B: Fhb2 has been identified in numerous studies using
Chinese resistance sources with R’ ranging from 4% to
24%. A region overlapping Fhb2 was found in the
T. carthlicum cultivar ‘Blackbird’ that explained 23% of
the variation.
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7A: A region near Xgwm276 was found in several wheat
varieties of Chinese origin. A QTL with moderate effect in the
susceptible winter wheat ‘Ritmo’ was associated with flowering
date and plant height.

7B: The QTL from ‘Dream’ was associated with both
flowering date and height effects in a validation population.
A second QTL of moderate effect, R° 7-8%, was found in a
line with Chinese origin and a US winter wheat.

Conclusions

Clearly, the most repeatable QTL are those on chromosomes
3BS (Fhbl), 5AS (Qfhs.ifa-54) and 6BS (Fhb2). For the
purposes of MAS, diagnostic markers are available for only
Fhbi. Other FHB QTL have also been used in MAS pro-
grammes, especially in cases where breeders are familiar with
marker allele types of the QTL donors and the recipient
germplasm. More diagnostic markers should be developed for
QTL to be easily adopted by breeders. Therefore, the emphasis
of future research activities should be to discover and/or develop
more diagnostic markers for the most repeatable QTL reported.
Fine mapping populations that examine several hundred to
several thousand gametes can be used both for QTL validation
and finding diagnostic markers with close linkage to the QTL.
While in hexaploid wheat both conventional and marker-
assisted breeding for improving FHB resistance have made
significant progress, in tetraploid durum wheat good sources of
resistance are still sparse and more work is needed to identify
resistant germplasm and to decipher its FHB resistance.

References

Akbari, M., P. Wenzl, V. Caig, J. Carling, L. Xia, S. Y. Yang,
G. Uszynski, V. Mohler, A. Lehmensiek, H. Kuchel, M. J. Hayden,
N. Howes, P. Sharp, P. Vaughan, B. Rathmell, E. Huttner, and
A. Kilian, 2006: Diversity arrays technology (DArT) for high-
throughput profiling of the hexaploid wheat genome. Theor. Appl.
Genet. 113, 1409—1420.

Anderson, J. A., 2007: Marker-assisted selection for Fusarium head
blight resistance in wheat. Int. J. Food Microbiol. 119, 51—53.
Anderson, J. A., R. W. Stack, S. Liu, B. L. Waldron, A. D. Fjeld,
C. Coyne, B. Moreno-Sevilla, J. M. Fetch, Q. J. Song, P. B. Cregan,
and R. C. Frohberg, 2001: DNA markers for Fusarium head blight
resistance QTLs its two wheat populations. Theor. Appl. Genet.

102, 1164—1168.

Anderson, J. A., S. Chao, and S. Liu, 2007: Molecular breeding using a
major QTL for Fusarium head blight resistance in wheat. Crop Sci.
47, S-112—S-119.

Anonymous, 2005: Commission Regulation (EC) No 856/2005 of 6
June 2005 amending regulation (EC) no 466/2001 as regards
Fusarium toxins.

Bai, G. H., and G. Shaner, 1994: Scab of wheat: prospects for control.
Plant Dis. 78, 760—766.

Bai, G. H., and G. Shaner, 2004: Management and resistance in wheat
and barley to Fusarium head blight. Annu. Rev. Phytopathol. 42,
135—161.

Bai, G. H., F. L. Kolb, G. Shaner, and L. L. Domier, 1999: Amplified
fragment length polymorphism markers linked to a major quanti-
tative trait locus controlling scab resistance in wheat. Phytopatho-
logy 89, 343—348.

Bai, G. H., P. G. Guo, and F. L. Kolb, 2003: Genetic relationships
among head blight resistant cultivars of wheat assessed on the basis
of molecular markers. Crop Sci. 43, 498—507.

Ban, T., 1997: Evaluation of resistance to Fusarium head blight in
indigenous Japanese species of Agropyron (Elymus). Euphytica 97,
39—44.

Ban, T., 2000: Analysis of quantitative trait loci associated with
resistance to Fusarium head blight caused by Fusarium graminearum
Schwabe and of resistance mechanisms in wheat (Triticum aestivum
L.). Breed. Sci. 50, 131—137.

Ban, T., and N. Watanabe, 2001: The effects of chromosomes 3A and
3B on resistance to Fusarium head blight in tetraploid wheat.
Hereditas 135, 95—99.

Beavis, W. D., 1998: QTL analysis: power, precision and accuracy. In:
A. H. Paterson (ed.), Molecular Dissection of Complex Traits,
145—161. CRC Press, Boca Raton, FL.

Bourdoncle, W., and H. W. Ohm, 2003: Quantitative trait loci for
resistance to Fusarium head blight in recombinant inbred wheat
lines from the cross Huapei 57-2/Patterson. Euphytica 131,
131—136.

Bowden, R. L., and J. F. Leslie, 1999: Sexual recombination in
Gibberella zeae. Phytopathology 89, 182—188.

Breseghello, F., and M. E. Sorrells, 2006: Association mapping of
kernel size and milling quality in wheat (7riticum aestivum L.)
cultivars. Genetics 172, 1165—1177.

Buerstmayr, H., M. Lemmens, H. Grausgruber, and P. Ruckenbauer,
1996: Scab resistance of international wheat germplasm. Cereal Res.
Comm. 24, 195—202.

Buerstmayr, H., M. Lemmens, L. Hartl, L. Doldi, B. Steiner,
M. Stierschneider, and P. Ruckenbauer, 2002: Molecular mapping
of QTLs for Fusarium head blight resistance in spring wheat.
I. Resistance to fungal spread (type II resistance). Theor. Appl.
Genet. 104, 84—91.

Buerstmayr, H., B. Steiner, L. Hartl, M. Griesser, N. Angerer,
D. Lengauer, T. Miedaner, B. Schneider, and M. Lemmens, 2003a:
Molecular mapping of QTLs for Fusarium head blight resistance in
spring wheat. II. Resistance to fungal penetration and spread.
Theor. Appl. Genet. 107, 503—508.

Buerstmayr, H., M. Stierschneider, B. Steiner, M. Lemmens,
M. Griesser, E. Nevo, and T. Fahima, 2003b: Variation for
resistance to head blight caused by Fusarium graminearum in wild
emmer (7riticum dicoccoides) originating from Israel. Euphytica
130, 17—23.

Buerstmayr, H., M. Lemmens, M. Schmolke, G. Zimmermann,
L. Hartl, F. Mascher, M. Trottet, N. E. Gosman, and P. Nicholson,
2008: Multi-environment evaluation of level and stability of FHB
resistance among parental lines and selected offspring derived from
several European winter wheat mapping populations. Plant Breed-
ing 127, 325—332.

Campbell, K. A. G., and P. E. Lipps, 1998: Allocation of resources:
sources of variation in Fusarium head blight screening nurseries.
Phytopathology 88, 1078—1086.

Chen, P. D., W. X. Liu, J. H. Yuan, X. Wang, B. Zhou, S. L. Wang,
S.Z. Zhang, Y. G. Feng, B. J. Yang, G. X. Liu, D. J. Liu, L. L. Qi,
P. Zhang, B. Friebe, and B. S. Gill, 2005: Development and
characterization of wheat-Leymus racemosus translocation lines with
resistance to Fusarium Head Blight. Theor. Appl. Genet. 111,
941—948.

Chen, J., C. A. Griffey, M. A. S. Maroof, E. L. Stromberg, R. M.
Biyashev, W. Zhao, M. R. Chappell, T. H. Pridgen, Y. Dong, and
Z. Zeng, 2006a: Validation of two major quantitative trait loci for
fusarium head blight resistance in Chinese wheat line W14. Plant
Breeding 125, 99—101.

Chen, X. F., J. D. Faris, J. G. Hu, R. W. Stack, T. Adhikari, E. M.
Elias, S. F. Kianian, and X. W. Cai, 2007: Saturation and
comparative mapping of a major Fusarium head blight resistance
QTL in tetraploid wheat. Mol. Breed. 19, 113—124.

Cuthbert, P. A., D. J. Somers, J. Thomas, S. Cloutier, and A. Brule-
Babel, 2006: Fine mapping Fhbl, a major gene controlling fusarium
head blight resistance in bread wheat (7riticum aestivum L.). Theor.
Appl. Genet. 112, 1465—1472.

Cuthbert, P. A., D. J. Somers, and A. Brule-Babel, 2007: Mapping of
Fhb2 on chromosome 6BS: a gene controlling Fusarium head blight
field resistance in bread wheat (7riticum aestivum L.). Theor. Appl.
Genet. 114, 429—437.



24

BUERSTMAYR, BAN and ANDERSON

Del Blanco, I. A., R. C. Frohberg, R. W. Stack, W. A. Berzonsky, and
S. F. Kianian, 2003: Detection of QTL linked to Fusarium head
blight resistance in ‘Sumai 3’-derived North Dakota bread wheat
lines. Theor. Appl. Genet. 106, 1027—1031.

Dill-Macky, R., 2003: Inoculation methods and evaluation of Fusa-
rium head blight resistance in wheat. In: K. J. Leonard, and W. R.
Bushnell (eds), Fusarium Head Blight of Wheat and Barley,
184—210. The American Phytopathological Society, St Paul, MN.

Draeger, R., N. Gosman, A. Steed, E. Chandler, M. Thomsett,
Srinivasachary, J. Schondelmaier, H. Buerstmayr, M. Lemmens,
M. Schmolke, A. Mesterhazy, and P. Nicholson, 2007: Identification
of QTLs for resistance to Fusarium head blight, DON accumulation
and associated traits in the winter wheat variety Arina. Theor. Appl.
Genet. 115, 617—625.

Eshed, Y., and D. Zamir, 1995: An introgression line population of
Lycopersicon pennellii in the cultivated tomato enables the identi-
fication and fine mapping of yield-associated QTL. Genetics 141,
1147—1162.

Fuentes, R. G., H. R. Mickelson, R. H. Busch, R. Dill-Macky, C. K.
Evans, W. G. Thompson, J. V. Wiersma, W. Xie, Y. Dong, and J. A.
Anderson, 2005: Resource allocation and cultivar stability in
breeding for Fusarium head blight resistance in spring wheat. Crop
Sci. 45, 1965—1972.

Gervais, L., F. Dedryver, J. Y. Morlais, V. Bodusseau, S. Negre,
M. Bilous, C. Groos, and M. Trottet, 2003: Mapping of quantitative
trait loci for field resistance to Fusarium head blight in an European
winter wheat. Theor. Appl. Genet. 106, 961—970.

Gilsinger, J., L. Kong, X. Shen, and H. Ohm, 2005: DNA markers
associated with low Fusarium head blight incidence and narrow
flower opening in wheat. Theor. Appl. Genet. 110, 1218—1225.

Gosman, N., R. Bayles, P. Jennings, J. Kirby, and P. Nicholson, 2007:
Evaluation and characterization of resistance to fusarium head
blight caused by Fusarium culmorum in UK winter wheat cultivars.
Plant Pathol. 56, 264—276.

Groth, J. V., E. A. Ozmon, and R. H. Busch, 1999: Repeatability and
relationship of incidence and severity measures of scab of wheat
caused by Fusarium graminearum in inoculated nurseries. Plant Dis.
83, 1033—1038.

Guo, P. G., G. H. Bai, and G. E. Shaner, 2003: AFLP and STS tagging
of a major QTL for Fusarium head blight resistance in wheat.
Theor. Appl. Genet. 106, 1011—1017.

Gupta, P. K., R. Sachin, and P. L. Kulwal, 2005: Linkage disequi-
librium and association studies in higher plants: present status and
future prospects. Plant Mol. Biol. 57, 461-—485.

Hiberle, J., M. Schmolke, G. Schweizer, V. Korzun, E. Ebmeyer,
G. Zimmermann, and L. Hartl, 2007: Effects of two major fusarium
head blight resistance QTL verified in a winter wheat backcross
population. Crop Sci. 47, 1823—1831.

Handa, H., N. Namiki, D. Xu, and T. Ban, 2008: Dissecting of the
FHB resistance QTL on the short arm of wheat chromosome 2D
using a comparative genomic approach: from QTL to candidate
gene. Mol. Breed. 27, 71-—84.

Ittu, M., N. N. Saulescu, I. Hagima, G. Ittu, and P. Mustatea, 2000:
Association of fusarium head blight resistance with gliadin loci in a
winter wheat cross. Crop Sci. 40, 62—67.

Jia, G., P. D. Chen, G. J. Qin, G. H. Bai, X. Wang, S. L. Wang,
B. Zhou, S. H. Zhang, and D. J. Liu, 2005: QTLs for Fusarium head
blight response in a wheat DH population of Wangshuibai/
Alondra’s’. Euphytica 146, 183—191.

Jiang, G. L., J. R. Shi, and R. W. Ward, 2007a: QTL analysis of
resistance to Fusarium head blight in the novel wheat germplasm CJ
9306. 1. Resistance to fungal spread. Theor. Appl. Genet. 116,
3—13.

Jiang, G. L., Y. Dong, J. Shi, and R. W. Ward, 2007b: QTL analysis of
resistance to Fusarium head blight in the novel wheat germplasm CJ
9306. I1. Resistance to deoxynivalenol accumulation and grain yield
loss. Theor. Appl. Genet. 115, 1043—1052.

Klahr, A., G. Zimmermann, G. Wenzel, and V. Mohler, 2007: Effects
of environment, disease progress, plant height and heading date on

the detection of QTLs for resistance to Fusarium head blight in an
European winter wheat cross. Euphytica 154, 17—28.

Kolb, F. L., G.-H. Bai, G. J. Muehlbauer, J. A. Anderson, K. P.
Smith, and G. Fedak, 2001: Host plant resistance genes for
Fusarium head blight: mapping and manipulation with molecular
markers. Crop Sci. 41, 611—619.

Kumar, S., R. W. Stack, T. L. Friesen, and J. D. Faris, 2007:
Identification of a novel fusarium head blight resistance quantitative
trait locus on chromosome 7A in tetraploid wheat. Phytopathology
97, 592—597.

Lemmens, M., U. Scholz, F. Berthiller, C. Dall’Asta, A. Koutnik,
R. Schuhmacher, G. Adam, H. Buerstmayr, A. Mesterhazy,
R. Krska, and P. Ruckenbauer, 2005: The ability to detoxify the
mycotoxin deoxynivalenol colocalizes with a major quantitative trait
locus for fusarium head blight resistance in wheat. Mol. Plant
Microbe Interact. 18, 1318—1324.

Leonard, K. J., and W. R. Bushnell, 2003: Fusarium Head Blight of
Wheat and Barley American Phytopathological Society. APS Press,
St Paul, MN, USA.

Lin, F., Z. X. Kong, H. L. Zhu, S. L. Xue, J. Z. Wu, D. G. Tian, J. B.
Wei, C. Q. Zhang, and Z. Q. Ma, 2004: Mapping QTL associated
with resistance to Fusarium head blight in the Nanda2419 x Wang-
shuibai population. I. Type II resistance. Theor. Appl. Genet. 109,
1504—1511.

Lin, F., S. L. Xue, Z. Z. Zhang, C. Q. Zhang, Z. X. Kong, G. Q. Yao,
D. G. Tian, H. L. Zhu, C. J. Li, Y. Cao, J. B. Wei, Q. Y. Luo, and
Z. Q. Ma, 2006: Mapping QTL associated with resistance to
Fusarium head blight in the Nanda2419 x Wangshuibai population.
II: Type I resistance. Theor. Appl. Genet. 112, 528—535.

Liu, Z. Z., 1985: Recent Advances in Research on Wheat Scab in
China. Wheats for More Tropical Environments. Proceedings of
International Symposium, Sept 24-28 1984, 169—173. CIMMYT,
Mexico, DF.

Liu, S., and J. A. Anderson, 2003a: Targeted molecular mapping of a
major wheat QTL for Fusarium head blight resistance using wheat
ESTs and synteny with rice. Genome 46, 817—823.

Liu, S., and J. A. Anderson, 2003b: Marker assisted evaluation of
Fusarium head blight resistant wheat germplasm. Crop Sci. 43,
760—766.

Liu, S., X. Zhang, M. O. Pumphrey, R. W. Stack, B. S. Gill, and J. A.
Anderson, 2006: Complex microcolinearity among wheat, rice, and
barley revealed by fine mapping of the genomic region harboring a
major QTL for resistance to Fusarium head blight in wheat. Funct.
Integr. Genomics 6, 83—89.

Liu, S., Z. A. Abate, H. Lu, T. Musket, G. L. Davis, and A. L.
McKendry, 2007: QTL associated with Fusarium head blight
resistance in the soft red winter wheat Ernie. Theor. Appl. Genet.
115, 417—427.

Ma, H. X., K. M. Zhang, L. Gao, G. H. Bai, H. G. Chen, Z. X. Cai,
and W. Z. Lu, 2006a: Quantitative trait loci for resistance to
fusarium head blight and deoxynivalenol accumulation in Wang-
shuibai wheat under field conditions. Plant Pathol. 55, 739—745.

Ma, H. X., G. H. Bai, X. Zhang, and W. Z. Lu, 2006b: Main effects,
epistasis, and environmental interactions of quantitative trait loci
for Fusarium head blight resistance in a recombinant inbred
population. Phytopathology 96, 534—541.

Mardi, M., H. Buerstmayr, B. Ghareyazie, M. Lemmens, S. A.
Mohammadi, R. Nolz, and P. Ruckenbauer, 2005: QTL analysis of
resistance to Fusarium head blight in wheat using a “Wangshuibai’-
derived population. Plant Breeding 124, 329—333.

Mardi, M., L. Pazouki, H. Delavar, M. B. Kazemi, B. Ghareyazie,
B. Steiner, R. Nolz, M. Lemmens, and H. Buerstmayr, 2006: QTL
analysis of resistance to Fusarium head blight in wheat using a
‘Frontana’-derived population. Plant Breeding 125, 313—317.

McCartney, C. A., D. J. Somers, G. Fedak, and W. Cao, 2004:
Haplotype diversity at fusarium head blight resistance QTLs in
wheat. Theor. Appl. Genet. 109, 261—271.

McCartney, C. A., D. J. Somers, G. Fedak, R. M. DePauw,
J. Thomas, S. L. Fox, D. G. Humphreys, O. Lukow, M. E. Savard,



QTL for Fusarium resistance in wheat

25

B. D. McCallum, J. Gilbert, and W. Cao, 2007: The evaluation of
FHB resistance QTLs introgressed into elite Canadian spring wheat
germplasm. Mol. Breed. 20, 209—221.

McMullen, M., R. Jones, and D. Gallenberg, 1997: Scab of wheat and
barley: a re-emerging disease of devastating impact. Plant Dis. 81,
1340—1348.

Melchinger, A. E., H. F. Utz, and G. C. Schon, 2004: QTL analyses of
complex traits with cross validation, bootstrapping and other
biometric methods. Euphytica 137, 1-—11.

Mentewab, A., H. N. Rezanoor, N. Gosman, A. J. Worland, and
P. Nicholson, 2000: Chromosomal location of Fusarium head blight
resistance genes and analysis of the relationship between resistance
to head blight and brown foot rot. Plant Breeding 119, 15—20.

Mesterhazy, A., 1995: Types and components of resistance to
Fusarium head blight of wheat. Plant Breeding 114, 377—386.

Mesterhazy, A., T. Bartok, C. G. Mirocha, and R. Komoroczy, 1999:
Nature of wheat resistance to Fusarium head blight and the role of
deoxynivalenol for breeding. Plant Breeding 118, 97—110.

Miedaner, T., 1997: Breeding wheat and rye for resistance to Fusarium
diseases. Plant Breeding 116, 201—220.

Miedaner, T., F. Wilde, B. Steiner, H. Buerstmayr, V. Korzun, and
E. Ebmeyer, 2006: Stacking quantitative trait loci (QTL) for
Fusarium head blight resistance from non-adapted sources in an
European elite spring wheat background and assessing their effects
on deoxynivalenol (DON) content and disease severity. Theor. Appl.
Genet. 112, 562—569.

Nishio, Z., K. Takata, T. Tabiki, M. Ito, S. Takenaka, T. Kuwabara,
N. Iriki, and T. Ban, 2004: Diversity of resistance to Fusarium head
blight in Japanese winter wheat. Breed. Sci. 54, 79—284.

Oliver, R. E., X. Cai, S. S. Xu, X. Chen, and R. W. Stack, 2005:
Wheat-alien species derivatives: a novel source of resistance to
fusarium head blight in wheat. Crop Sci. 45, 1353—1360.

Oliver, R. E., R. W. Stack, J. D. Miller, and X. Cai, 2007: Reaction of
wild emmer wheat accessions to Fusarium head blight. Crop Sci. 47,
893—899.

Otto, C. D., S. F. Kianian, E. M. Elias, R. W. Stack, and L. R. Joppa,
2002: Genetic dissection of a major Fusarium head blight QTL in
tetraploid wheat. Plant Mol. Biol. 48, 625—632.

Paillard, S., T. Schnurbusch, R. Tiwari, M. Messmer, M. Winzeler,
B. Keller, and G. Schachermayr, 2004: QTL analysis of resistance to
Fusarium head blight in Swiss winter wheat (Triticum aestivum L.).
Theor. Appl. Genet. 109, 323—332.

Parry, D. W., P. Jenkinson, and L. McLeod, 1995: Fusarium ear blight
(scab) in small grain cereals — a review. Plant Pathol. 44, 207—238.

Placinta, C. M., J. P. F. D’Mello, and A. M. C. Macdonald, 1999:
A review of worldwide contamination of cereal grains and animal
feed with Fusarium mycotoxins. Anim. Feed Sci. Technol. 78,
21-—-37.

Pumphrey, M. O., R. Bernardo, and J. A. Anderson, 2007: Validating
the Fhbl QTL for fusarium head blight resistance in near-isogenic
wheat lines developed from breeding populations. Crop Sci. 47,
200—206.

Rostoks, N., L. Ramsay, K. MacKenzie, L. Cardle, P. R. Bhat, M. L.
Roose, J. T. Svensson, N. Stein, R. K. Varshney, D. F. Marshall,
A. Graner, T. J. Close, and R. Waugh, 2006: Recent history of
artificial outcrossing facilitates whole-genome association mapping
in elite inbred crop varieties. Proc. Natl Acad. Sci. U. S. A. 103,
18656—18661.

Schmolke, M., G. Zimmermann, H. Buerstmayr, G. Schweizer,
T. Miedaner, V. Korzun, E. Ebmeyer, and L. Hartl, 2005: Molecular
mapping of Fusarium head blight resistance in the winter wheat
population Dream/Lynx. Theor. Appl. Genet. 111, 747—756.

Schmolke, M., G. Zimmermann, G. Schweizer, T. Miedaner,
V. Korzun, E. Ebmeyer, and L. Hartl, 2008: Molecular mapping
of quantitative trait loci for field resistance to Fusarium head blight
in a European winter wheat population. Plant Breeding 127,
459—464.

Schon, C. C., H. F. Utz, S. Groh, B. Truberg, S. Openshaw, and A. E.
Melchinger, 2004: Quantitative trait locus mapping based on

resampling in a vast maize testcross experiment and its relevance
to quantitative genetics for complex traits. Genetics 167, 485—498.

Schroeder, H. W., and J. J. Christensen, 1963: Factors affecting
resistance of wheat to scab caused by Gibberella zeae. Phytopatho-
logy 53, 831—838.

Semagn, K., H. Skinnes, A. Bjornstad, A. G. Maroy, and Y. Tarkegne,
2007: Quantitative trait loci controlling Fusarium head blight
resistance and low deoxynivalenol content in hexaploid wheat
population from ‘Arina’ and NK93604. Crop Sci. 47, 294—303.

Shen, X. R., and H. Ohm, 2007: Molecular mapping of Thinopyrum-
derived Fusarium head blight resistance in common wheat. Mol.
Breed. 20, 131—140.

Shen, X., M. Zhou, W. Lu, and H. Ohm, 2003a: Detection of
Fusarium head blight resistance QTL in a wheat population using
bulked segregant analysis. Theor. Appl. Genet. 106, 1041—1047.

Shen, X. R., M. Ittu, and H. W. Ohm, 2003b: Quantitative trait loci
conditioning resistance to Fusarium head blight in wheat line
F201R. Crop Sci. 43, 850—857.

Shen, X. R., L. R. Kong, and H. Ohm, 2004: Fusarium head blight
resistance in hexaploid wheat (Triticum aestivum)-Lophopyrum
genetic lines and tagging of the alien chromatin by PCR markers.
Theor. Appl. Genet. 108, 808—813.

Shen, R., J. B. Fan, D. Campbell, W. H. Chang, J. Chen, D. Doucet,
J. Yeakley, M. Bibikova, E. W. Garcia, C. McBride, F. Steemers,
F. Garcia, B. G. Kermani, K. Gunderson, and A. Oliphant, 2005:
High-throughput SNP genotyping on universal bead arrays. Mutat.
Res. Fundam. Mol. Mech. Mutagen. 573, 70—S82.

Shi, J. R., D. H. Xu, H. Y. Yang, Q. X. Lu, and T. Ban, 2008: DNA
marker analysis for pyramided of Fusarium head blight (FHB)
resistance QTLs from different germplasm. Genetica 133, 77—84.

Snijders, C. H. A., 1990: Genetic variation for resistance to Fusarium
head blight in bread wheat. Euphytica 50, 171—179.

Snijders, C. H. A., and F. A. Van Eeuwijk, 1991: Genotype by strain
interactions for resistance to Fusarium head blight caused by
Fusarium culmorum in winter wheat. Theor. Appl. Genet. 81,
239—244.

Somers, D. J., G. Fedak, and M. Savard, 2003: Molecular mapping of
novel genes controlling Fusarium head blight resistance and
deoxynivalenol accumulation in spring wheat. Genome 46,
555—564.

Somers, D. J., P. Isaac, and K. Edwards, 2004: A high-density
microsatellite consensus map for bread wheat (7riticum aestivum L.).
Theor. Appl. Genet. 109, 1105—1114.

Somers, D. J., G. Fedak, J. Clarke, and W. G. Cao, 2006: Mapping of
FHB resistance QTLs in tetraploid wheat. Genome 49, 1586—1593.

Spanakakis, A., 2003: Stand der Resistenzziichtung gegen Fusarien bei
Winterweizen. State of breeding resistance against fusarium in
winter wheat. Gesunde Pflanzen 55, 144—150.

Srinivasachary, N. Gosman, A. Steed, J. Simmonds, M. Leverington-
Waite, Y. Wang, J. Snape, and P. Nicholson, 2008: Susceptibility to
Fusarium head blight is associated with the Rht-D1b semi-dwarfing
allele in wheat. Theor. Appl. Genet. 116, 1145—1153.

Stack, R. W., E. M. Elias, J. M. Fetch, J. D. Miller, and L. R. Joppa,
2002: Fusarium head blight reaction of Langdon durum — Triticum
dicoccoides chromosome substitution lines. Crop Sci. 42, 637—642.

Steed, A., E. Chandler, M. Thomsett, N. Gosman, S. Faure, and
P. Nicholson, 2005: Identification of type I resistance to Fusarium
head blight controlled by a major gene located on chromosome 4A
of Triticum macha. Theor. Appl. Genet. 111, 521—529.

Steiner, B., M. Lemmens, M. Griesser, U. Scholz, J. Schondelmaier,
and H. Buerstmayr, 2004: Molecular mapping of resistance to
Fusarium head blight in the spring wheat cultivar Frontana. Theor.
Appl. Genet. 109, 215—224.

Sun, G., M. Bond, H. Nass, R. Martin, and Z. Dong, 2003: RAPD
polymorphisms in spring wheat cultivars and lines with different
level of Fusarium resistance. Theor. Appl. Genet. 106, 1059—
1067.

Tanksley, S. D., and J. C. Nelson, 1996: Advanced backcross QTL
analysis: a method for the simultaneous discovery and transfer of



26

BUERSTMAYR, BAN and ANDERSON

valuable QTLs from unadapted germplasm into elite breeding lines.
Theor. Appl. Genet. 92, 191—203.

Vales, M. 1., C. C. Schoén, F. Capettini, X. M. Chen, A. E. Corey, D. E.
Mather, C. C. Mundt, K. L. Richardson, J. S. Sandoval-Islas, H. F.
Utz, and P. M. Hayes, 2005: Effect of population size on the
estimation of QTL: a test using resistance to barley stripe rust.
Theor. Appl. Genet. 111, 1260—1270.

Van Eeuwijk, F. A., A. Mesterhazy, C. I. Kling, P. Ruckenbauer,
L. Saur, H. Burstmayr, M. Lemmens, L. C. P. Keizer, N. Maurin,
and C. H. A. Snijders, 1995: Assessing non-specificity of resistance
in wheat to head blight caused by inoculation with European strains
of Fusarium culmorum, F. graminearum and F. nivale using a
multiplicative model for interaction. Theor. Appl. Genet. 90, 221—
228.

Van Egmond, H. P., 2004: Natural toxins: risks, regulations and the
analytical situation in Europe. Anal. Bioanal. Chem. 378,
1152—1160.

Van Sanford, D., J. Anderson, K. Campbell, J. Costa, P. Cregan,
C. Griffey, P. Hayes, and R. Ward, 2001: Discovery and deployment
of molecular markers linked to FHB resistance: An integrated
system for wheat and barley. Crop Sci. 41, 638—644.

Voorrips, R. E., 2002: MapChart: software for the graphical presen-
tation of linkage maps and QTLs. J. Hered. 93, 77—78.

Waldron, B. L., B. Moreno-Sevilla, J. A. Anderson, R. W. Stack, and
R. C. Frohberg, 1999: RFLP mapping of QTL for fusarium head
blight resistance in wheat. Crop Sci. 39, 805—S811.

Wilde, F., V. Korzun, E. Ebmeyer, H. H. Geiger, and T. Miedaner,
2007: Comparison of phenotypic and marker-based selection for
Fusarium head blight resistance and DON content in spring wheat.
Mol. Breed. 19, 357—370.

Xie, G. Q., M. C. Zhang, S. Chakraborty, and C. J. Liu, 2007: The
effect of 3BS locus of ‘Sumai 3’ on Fusarium head blight resistance
in Australian wheats. Aust. J. Exp. Agric. 47, 603—607.

Yang, Z. P., J. Gilbert, D. J. Somers, G. Fedak, J. D. Procunier, and
1. H. McKenzie, 2003: Marker assisted selection of Fusarium head

blight resistance genes in two doubled haploid populations of wheat.
Mol. Breed. 12, 309—317.

Yang, Z. P., J. Gilbert, G. Fedak, and D. J. Somers, 2005a: Genetic
characterization of QTL associated with resistance to Fusarium
head blight in a doubled-haploid spring wheat population. Genome
48, 187—196.

Yang, J., G. H. Bai, and G. E. Shaner, 2005b: Novel quantitative trait
loci (QTL) for Fusarium head blight resistance in wheat cultivar
Chokwang. Theor. Appl. Genet. 111, 1571—1579.

Yang, Z. P., J. Gilbert, and J. D. Procunier, 2006: Genetic diversity of
resistance genes controlling fusarium head blight with simple
sequence repeat markers in thirty-six wheat accessions from east
asian origin. Euphytica 148, 345—352.

Yu, J. B., G. H. Bai, S. B. Cai, and T. Ban, 2006: Marker-assisted
characterization of Asian wheat lines for resistance to Fusarium
head blight. Theor. Appl. Genet. 113, 308—320.

Yu, J. B., G. H. Bai, W. C. Zhou, Y. H. Dong, and F. L. Kolb, 2008:
Quantitative trait loci for Fusarium head blight resistance in a
recombinant inbred population of Wangshuibai/Wheaton. Phyto-
pathology 98, 87—94.

Zhang, X., M. P. Zhou, L. J. Ren, G. H. Bai, H. X. Ma, O. E.
Scholten, P. G. Guo, and W. Z. Lu, 2004: Molecular characteriza-
tion of Fusarium head blight resistance from wheat variety
Wangshuibai. Euphytica 139, 59—64.

Zhou, W. C., F. L. Kolb, G. H. Bai, G. Shaner, and L. L. Domier,
2002: Genetic analysis of scab resistance QTL in wheat with
microsatellite and AFLP markers. Genome 45, 719—727.

Zhou, W. C., F. L. Kolb, G. H. Bai, L. L. Domier, L. K. Boze, and
N. J. Smith, 2003: Validation of a major QTL for scab resistance
with SSR markers and use of marker-assisted selection in wheat.
Plant Breeding 122, 40—46.

Zhou, W. C., F. L. Kolb, J. B. Yu, G. H. Bai, L. K. Boze, and L. L.
Domier, 2004: Molecular characterization of Fusarium head blight
resistance in Wangshuibai with simple sequence repeat and amplified
fragment length polymorphism markers. Genome 47, 1137—1143.



