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Abstract Fusarium head blight (FHB) is an important

disease of wheat worldwide. Soissons is one of the most

resistant varieties grown in UK. The current study was

undertaken to identify QTL for FHB resistance in Soissons

and to determine whether the semi-dwarfing alleles Rht-

B1b and Rht-D1b have a similar influence on susceptibility

to FHB. A Soissons (Rht-B1b; Rht-D1a) 9 Orvantis (Rht-

B1a; Rht-D1b) doubled haploid (DH) population was

assessed for FHB resistance in three trials. Soissons con-

tributed a single, stable major FHB QTL linked to the Rht-

D1 locus. In contrast, the Rht-B1b allele (contributed by

Soissons) conferred no negative effect on FHB resistance,

even conferring a very minor positive effect in one trial.

The influence of the Rht-B1b and Rht-D1b alleles on FHB

resistance was further investigated using both Mercia and

Maris Huntsman near-isogenic lines. Under high disease

pressure both Rht-B1b and Rht-D1b significantly decreased

Type 1 resistance (resistance to initial infection). However,

whilst Rht-D1b has no effect on Type 2 resistance (resis-

tance to spread of the fungus within the spike), Rht-B1b

significantly increased Type 2 resistance. Our study dem-

onstrates that the choice of semi-dwarfing gene used in

plant breeding programmes may be a significant consid-

eration where resistance to FHB is an important breeding

target.

Introduction

Fusarium head blight (FHB) is a destructive disease of

wheat world wide (Parry et al. 1995; Waldron et al. 1999).

The predominant causal agents Fusarium graminearum

and F. culmorum, both reduce yield and can contaminate

grain with mycotoxins that render it unsuitable for human

and livestock consumption (Gilbert and Tekauz 2000).

Thus, FHB can be a major threat for producers, processors

and consumers of wheat. Agronomic practices and fungi-

cides are not fully effective in controlling the disease and

thus breeding of resistant cultivars has been the strategy

adopted to minimise yield and grain quality losses (Shen

et al. 2004). Several components of resistance to FHB have

been proposed, of which two have been commonly

accepted, Type 1 and Type 2 (Schroeder and Christensen

1963). Resistance to initial infection (Type 1) is assessed as

disease incidence following natural infection or inoculation

by spraying heads at mid-anthesis with conidia. Resistance

to spread within the head (Type 2) is assessed by injection

of inoculum into single florets within the head.

A number of traits including plant height (PH), presence

of awns and heading date have been associated with FHB

resistance. Generally, it has been accepted that taller plant

varieties show fewer FHB symptoms compared to shorter
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ones possibly due to different micro-climates (Miedaner

1997; Steiner et al. 2004). In agreement with this, several

QTL studies have found FHB resistance loci associated or

coincident with PH QTL (Gervais et al. 2003; Steiner et al.

2004; Draeger et al. 2007; Klahr et al. 2007). However, not

all height QTL are coincident with FHB QTL indicating

that the relationship between height and FHB is not simply

a consequence of disease escape.

Draeger et al. (2007) concluded that FHB susceptibility

is associated with the dwarfing allele Rht-D1b (formerly

termed Rht2) resulting from linkage or pleiotropy rather

than an effect of height per se. A recent investigation

involving lines near-isogenic for Rht-D1b and a DH pop-

ulation from a Spark 9 Rialto cross (Rialto carries the Rht-

D1b allele) revealed that Rht-D1b compromised Type 1

resistance either because of tight linkage to FHB suscep-

tibility genes or due to a pleiotropic effect of the Rht-D1b

allele itself (Srinivasachary et al. 2008). Most of the winter

wheat varieties grown in the UK possess the semi-dwarfing

allele Rht-D1b on chromosome 4D, and almost all UK

varieties are also highly susceptible to FHB (Gosman et al.

2007). Soissons, which carries the homeologous semi-

dwarfing allele Rht-B1b (formerly termed Rht1) was found

to be the most resistant of the wheat varieties recom-

mended for growing in the UK (Gosman et al. 2007). The

objective of the present study was to identify the FHB

resistance QTL carried by Soissons using a population

containing both Rht-B1b and Rht-D1b semi-dwarfing

alleles to allow comparison of the effect of these alleles on

resistance to FHB. This study was supported by additional

investigations using lines near-isogenic for the Rht-B1b

and Rht-D1b alleles to ascertain whether they have similar

or divergent effects with regards to FHB.

Materials and methods

Field phenotyping for FHB resistance

in the Soissons 9 Orvantis population

A Soissons (FHB resistant and carrying Rht-B1b and Rht-

D1a alleles) 9 Orvantis (FHB susceptible and carrying

Rht-B1a and Rht-D1b alleles) F1 derived doubled haploid

(DH) population, generated using the method of Laurie and

Reymondie (1991), was provided by RAGT Seeds. Most

DH lines carrying both Rht-B1b and Rht-D1b (double-

dwarf) had been removed from the population in earlier

trials and 190 lines were used in the current study. The

FHB resistance of the DH lines along with their parents

was assessed in field trials during the summers of 2005/

2006 at the Central Science Laboratory (CSL), Sand Hut-

ton, York, at the National Institute of Agricultural Botany

(NIAB), Cambridge and at the JIC, Norwich. Hereafter, the

experimental data generated from these experiments are

designated as N2005, C2005 and J2006 for the NIAB, CSL

and JIC trials, respectively. Field experiments were con-

ducted using a randomised complete block design. To

facilitate inoculation, the lines were grouped in each block

according to flowering time.

The same inoculum was used in all the trials and com-

prised of conidia of a highly virulent DON-producing

F. culmorum isolate (Fu42). The inoculum was produced as

described previously by Gosman et al. (2005). Plants were

spray inoculated at mid-anthesis (growth stage (GS) 65,

Zadoks et al. 1974) with a conidial suspension of 1 9 105

spores mL-1 amended with 0.05% Tween 20. In all trials

inoculum was applied at 50 mL m-2 and the plants were

mist irrigated for a minimum of 72 h post inoculation to

maintain high humidity. The inoculation was repeated after

an interval of 3 or 4 days.

Trials were visually assessed for disease levels in each

plot as described by Gosman et al. (2005). Additionally, at

N2005, disease incidence (percentage of infected ears per

plot) and disease severity (average percentage of disease on

ears within each plot) were measured. The area under the

disease progress curve (AUDPC) was calculated to provide

an integrated measure of disease for N2005, C2005 and

J2006 (Buerstmayr et al. 2000). The data from the three

sites were also combined to produce a pooled AUDPC data

set for analysis. PH to the top of the spike at mid-anthesis

was also recorded at the JIC location.

Evaluation of FHB resistance of Rht near-isogenic

lines of Mercia and Maris Huntsman

Tall (rht), Rht-B1b and Rht-D1b near-isogenic lines of the

varieties Maris Huntsman and Mercia (Flintham et al.

1997) were phenotyped for FHB resistance at JIC in the

summer of 2005 following inoculation with F. culmorum in

a randomised complete block design field trial with three

replicate plots per variety. Lines were inoculated by

spraying with a conidial suspension (1 9 105 mL-1) at GS

65 (Zadoks et al. (1974) using a knapsack sprayer

(150 mL m-2). Disease severity was visually assessed

several times and data were used to calculate AUDPC.

The resistance of tall (rht), Rht-B1b (Rht1) and Rht-D1b

(Rht2) near-isogenic lines of Maris Huntsman (Flintham

et al. 1997) and Mercia to FHB were assessed in 2005 at JIC

in an unheated polytunnel with capillary matting irrigation.

Inoculum preparation, inoculation and disease assessment

were as described by Gosman et al. (2007). Two deoxyni-

valenol (DON) producing isolates were used in this study:

F. culmorum (Fu42) and F. graminearum (UK1). Lines of

Maris Huntsman were inoculated at GS 65 by spray inocu-

lation with a conidial suspension (1 9 105 mL-1) of

F. culmorum or by point inoculation, with 10 ll of conidial

696 Theor Appl Genet (2009) 118:695–702

123



suspension (1 9 106 mL-1) injected into a single floret

within the central portion of each spike. For the spray inoc-

ulation, pots containing individual plants were arranged in a

randomised complete block design of three blocks of nine

plants per variety and for the point inoculation treatment ten

plants per variety were used in each replicate. Following

spray inoculation AUDPC was calculated on the basis of the

percentage of spikelets infected per head at each score date 7,

14 and 21 days post inoculation (dpi). Following point

inoculation, disease was measured as the number of diseased

spikelets at 21dpi. Near-isogenic Rht lines of Mercia were

similarly assessed for FHB resistance following spray and

point inoculation with conidia of F. graminearum. For each

treatment group, pots containing individual plants were

arranged in a randomised complete block design of four

replicates of seven plants per genotype and disease severity

assessed after 350 day degrees (Gervais et al. 2003).

A portion of the data from the field trial and the Mercia

polytunnel trial relating to the rht and Rht-D1b genotypes has

been reported previously (Srinivasachary et al. 2008).

Statistical analysis

All statistical analyses were performed using GenStat for

Windows 9th edition (Lawes Agricultural Trust, Rotham-

sted Experimental Station, UK). Analysis of variance

(ANOVA) was carried out using the generalised linear

model (GLM) of regression analysis. Broad sense herita-

bility across environments was estimated from the ANOVA

using the formula: h2 = rG
2 /[rG

2 ? (rGE
2 /E) ? (re

2/rE)], and

experimental repeatability (R) using the formula: h2 = rG
2 /

[rG
2 ? (re

2/r)], with rG
2 the genetic variance, rGE

2 the geno-

type 9 environment interaction variance, re
2 the residual

variance, E the number of environments, r the number of

replicates per genotype (Nyquist 1991).

Genotyping, map construction and QTL analysis

Soissons, Orvantis and DH lines were genotyped using

SSRs and DArT markers. In addition, all lines were gen-

otyped for wild-type (tall) and semi-dwarfing alleles at the

Rht-B1 and Rht-D1 loci as described in Ellis et al. (2002)

with the following modifications. For genotyping Rht-D1, a

single forward primer (50-CGCGCAATTATTGGCCA

GAGATAG-30) was used for both Rht-D1a (tall) and Rht-

D1b alleles. For both Rht-B1 and Rht-D1, the reaction

mixtures (20 lL) contained 100 ng of DNA, 4 nmol of

dNTPs, 10 pmol each of the forward and reverse primers,

19 Hotstar Buffer, 19 Hotstar Q solution and 1 unit of

Hotstar Taq polymerase (Qiagen). PCR was performed

using the following programme: 15 min at 95�C, 38 cycles

of 30 s at 94�C, 30 s at 63�C and 30 s at 72�C with a final

primer extension for 5 min at 72�C.

A genetic linkage map was constructed using 12 SSRs,

226 DArT markers and perfect markers Rht-B1 (Rht1) and

Rht-D1 (Rht2) and the linkage analysis was performed with

JoinMap (version 3.0) (Van Ooijen and Voorips 2001),

using the Kosambi mapping function (Kosambi 1944). The

map derived from 190 DH lines comprised 240 loci

organised into 36 linkage groups (LGs). MapQTL� 4.0

programme (Van Ooijen 2004) was used for QTL mapping.

The Kruskal-Wallis test was used in a preliminary analysis

to detect associations between markers and individual traits,

followed by interval mapping (IM) to identify the major

QTL. Automatic cofactor selection was used to fit the

multiple QTL model (MQM) [backward elimination

(P [ 0.02)] and to detect significantly associated markers

as cofactors. For each trait, a permutation test (1,000 per-

mutations) was performed to identify the LOD threshold

corresponding to a genome-wide false discovery rate of 5%

(P \ 0.05) and a threshold LOD value of 2.5 was used to

declare the presence of QTL. QTL identified in more than

one environment which mapped very close to one another

on the same linkage group and with alleles derived from the

same parent, were considered to represent a single QTL.

The QTL that explained [10% of the variance (R2) in at

least one environment were arbitrarily classified as major

QTL and those explaining\10% as minor QTL. The link-

age map was drawn using MAPCHART (Voorrips 2002).

Results

Soissons 9 Orvantis population:

FHB resistance and PH

Disease intensity differed markedly at the three sites but in

all cases Soissons was much less diseased than Orvantis

(Table 1). FHB severity was continuously distributed

amongst the DH lines in all three trials (data not shown).

The mid parent AUDPC values were greater than the

population means in C2005 and J2006. The level of FHB

resistance amongst DH lines was slightly skewed towards

the resistant parent Soissons. Transgressive segregation

was observed in all environments being towards greater

resistance in J2006 and N2005 and towards greater sus-

ceptibility in C2005. The PH of Soissons and Orvantis was

90.3 cm and 96.1 cm, respectively (Table 1) and PH

within the DH population was normally distributed about

the parents (data not shown).

Correlations, ANOVA and broad sense heritability

Correlations of AUDPC across C2005, N2005 and J2006

were all significant (P \ 0.001) (data not shown) and the

correlation coefficients (r) ranged from 0.43 (P \ 0.001)

Theor Appl Genet (2009) 118:695–702 697

123



between C2005 and N2005 to 0.55 (P \ 0.001) between

N2005 and J2006. Disease severity at N2005 was more

highly correlated with AUDPC at C2005 and J2006 than

AUDPC being 0.43 (P \ 0.001) and 0.55 (P \ 0.001) for

C2005 and J2006, respectively. PH was weakly to mod-

erately correlated with AUDPC (r = -0.22 to -0.4;

P = 0.003 to\0.001) and with disease incidence at N2005

(r = -0.51; P \ 0.001). Highly significant differences in

AUDPC amongst the genotypes was observed in all the

environments (P = 0.007 to \0.001) (Table 2). The

experimental repeatability for disease resistance (AUDPC)

ranged from 42 to 90% and the broad sense heritability (h2)

was 42%.

QTL analysis

The genetic map was constructed using SSRs and Diversity

array technology (DArT�) markers, a micro-array based

genome analysis tool called ‘diversity array technology’

(DArT), a relatively cheap, sequence independent, robust

and high through put marker system with minimal sample

DNA requirement (Jaccoud et al. 2001). The map comprised

36 linkage groups (LGs) spanning approximately 1197 cM.

Thirty-four of the LGs could be related to the 21 wheat

chromosomes based on the consensus wheat DArT map from

the Triticarte website (http://www.wheat-research.com.au/

media/Hot%20Topics/TriticartewhtmapalignV1-2.xls) and/

or using the marker information from previously published

maps. The size of the A, B and D genome maps were 324, 561

and 315 cM, respectively. Because DArT markers formed

the bulk of the markers in the LGs, the position of QTL were

determined on the basis of either consensus wheat maps

published on the Triticarte website or the wheat genetic maps

(DArT markers anchored with SSRs) of Semagn et al.

(2007).

QTL analysis of AUDPC revealed only a single major

FHB QTL Qfhs.jic-4D (LOD = 4.0–6.4; R2 = 10.6–16.1)

effective in all three trials (Table 3; Fig. 1). Qfhs.jic-4D is

in the region of the Rht-D1 locus, although wPt-0710 was

the marker closest to the QTL peak. Soissons (Rht-D1a)

contributed the FHB resistance allele. The Qfhs.jic-4D

QTL was also effective, but to a lesser extent, in the N2005

trial when the disease incidence and disease severity traits

were analysed separately.

Five QTL for PH were detected with alleles contributed

by both parents. PH QTL were associated with five linkage

groups (1BL-1, 1BL-2, 4BS-1, 4DS and 7AL-2). The QTL

on 4BS (LOD = 8.6 and R2 = 15.9) and 4DS

(LOD = 11.6 and R2 = 21.9) were the major PH QTL in

this population. These correspond to the Rht-B1 and Rht-

D1, loci with alleles for PH deriving from Orvantis and

Soissons, respectively. Two minor PH QTL were detected

on 1B, with one on 1BL-1 contributed by Soissons and one

on 1BL-2 from Orvantis.

Table 1 Summary statistics for plant height and AUDPC in Soissons/Orvantis DH population

Experimental site Trait Soisson Orvantis Mid parent value Range Population mean

C2005 AUDPC 0 519.2 259.5 743.2 238.7

J2006 AUDPC 208.6 1838.4 1023.5 1670.5 470.6

N2005 Incidence 6.6 45 25.8 95 34.6

Severity 4.1 13.9 9 58.8 13.7

AUDPC 34 677 356 5508 659

Across J,N,C AUDPC 80.9 1011.3 556.1 2382.7 546.1

J2006 Plant height (cm) 90.3 96.1 93.2 70 92.9

Table 2 Variance components identified using generalised linear model for FHB-AUDPC and plant height in the Soissons/Orvantis DH

population

Source of variation Disease Plant height

N2005 C2005 J2006 Across J,N,C

ms F pr ms F pr ms F pr ms F pr ms F pr

Genotype (DH line) 3.77 9 108 0.007 11.71 9 105 \0.001 486578 \0.001 631795 \0.001 137.962 \0.001

Genotype 9 replication 2.85 9 107 0.5 4.33 9 105 0.5 27577 0.5 431372 \0.001 8.384 0.5

Replication or expt. site 1.28 9 108 0.082 38.84 9 105 0.003 2529 0.762 35.52 9 106 0.486 106.381 \0.001

Residual error 2.40 9 107 4.33 9 105 27577 430715 8.384

R = 0.88 R = 0.58 R = 0.9 h2 = 0.42 R = 0.9

ms mean square, F pr F-probability, R experimental repeatability and h2 broad sense heritability
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Field trial of FHB resistance of Rht-B1b

and Rht-D1b near-isogenic lines

In the field trial of lines of Mercia and Maris Huntsman the

Rht status was found to be highly significant (P = 0.010)

whilst neither variety nor the Rht status by variety inter-

action were significant (Table 4). The mean AUDPC of the

semi-dwarf Rht-D1b isogenic lines of the two varieties

(13417) was significantly higher (P \ 0.001) than the

AUDPC of the tall (rht) parental varieties (8250). The

AUDPC of the Rht-B1b lines (11083) was intermediate

between that of the semi-dwarf Rht-D1b and the rht lines

and no significant differences in AUDPC were found

between Rht-B1b (P = 0.109) and tall (rht), and Rht-B1b

and Rht-D1b (P = 0.180).

FHB resistance of Rht-B1b and Rht-D1b

near-isogenic lines: spray inoculation

Disease levels differed markedly following spray inocula-

tion of Mercia and Maris Huntsman near-isogenic lines

with F. culmorum or F. graminearum. For this reason, the

two trials were analysed separately. For Mercia, the AU-

DPC of the tall line was 3729 whereas those of Rht-B1b

Table 3 Plant height and FHB resistance QTL identified in Soissons/Orvantis DH population using interval and MQM mapping in N2005,

C2005 and J2006 trials

FHB trait QTL Closest locus Origin Chr. Position J2006 N2005 C2005 Across J, N, C

LOD R2 LOD R2 LOD R2 LOD R2

AUDPC Qfhs.jic-4D wPt-0710 Soissons 4DS 33.2 6.4 16.1 4.3 11 4 10.6 5 12.4

Incidence Qfhs.jic-4D wPt-0710 Soissons 4DS 33.2 3.2 8.2

Severity Qfhs.jic-4D wPt-0710 Soissons 4DS 33.2 2.5 6.3

Plant height QHt.jic-1B.1 wPt-5562 Soissons 1BL-1 47 3 5.1

QHt.jic-1B.2 wPt-9809 Orvantis 1BL-2 14.6 4.1 7.4

QHt.jic-4B.1 Rht-B1 Orvantis 4BS-1 0 8.6 15.9

QHt.jic-4D Rht-D1 Soissons 4DS 24 11.6 21.9

QHt.jic-7A wPt-2780 Orvantis 7AL-2 0 3.2 5.4

Chr. chromosome, LOD Log of adds ratio and R2 percentage variance explained

Fig. 1 Linkage maps of

chromosome segments

constructed from the Soissons/

Orvantis doubled haploid

population. Putative QTL

positions for FHB resistance

and plant height are shown on

the right of each linkage map.

Genetic distances are shown in

centimorgans to the left of each

linkage map. S and O refer to

alleles contributed by Soissons

and Orvantis, respectively.

Asterisk indicates QTL detected

below LOD threshold value
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and Rht-D1b were 6187 and 6554, respectively. Similarly,

the AUDPC of the rht (tall) line of Maris Huntsman was

1160 whereas those of Rht-B1b and Rht-D1b were 1412

and 1472, respectively. ANOVA showed that the effect of

Rht status (genotype) was highly significant for both vari-

eties (Table 4). The AUDPC of rht (tall) lines of both

varieties were significantly lower (P \ 0.05) than those of

their respective Rht-B1b and Rht-D1b near-isogenic coun-

terparts (Table 4). However, for both varieties, following

spray inoculation, the AUDPC of the Rht-B1b and Rht-D1b

lines were very similar and no significant difference existed

between them (Table 4).

FHB resistance of Rht-B1b and Rht-D1b

near-isogenic lines: point inoculation

Following point inoculation, disease scores in Mercia and

Maris Huntsman lines were sufficiently similar to permit

the data from the two experiments to be combined prior to

analysis. The average number of spikelets infected was 8.2,

6.5 and 8.8 for the rht (tall), Rht-B1b and Rht-D1b lines,

respectively. Following point inoculation, the influence of

Rht status on disease levels was highly significant

(P \ 0.001, Table 4). Disease levels in Rht-B1b lines were

significantly less (P \ 0.001) than those in either the rht

(tall) or Rht-D1b lines (Table 4). Although the mean

number of diseased spikelets was slightly greater in

Rht-D1b lines than in rht (tall) lines this difference was not

significant (P = 0.269).

Discussion

Almost all the winter wheat varieties on the UK National

List for 2003 have been shown to be highly susceptible to

FHB (Gosman et al. 2007). Soissons was one of three

varieties that showed significant resistance, the others

being Spark and Vector. In the current study, a large DH

population of Soissons (Rht-B1b; Rht-D1a)/Orvantis (Rht-

B1a; Rht-D1b) was assessed for FHB resistance in three

field trials. A single, stable major FHB QTL (Qfhs.jic-

4D) was identified across trials (Table 3; Fig. 1) and at

one site (N2005), FHB resistance was measured in terms

of incidence and severity as well as AUDPC and

Qfhs.jic-4D was detected for both traits, being slightly

more pronounced for incidence. In addition to this, the

study also detected putative but less significant QTL

often appearing in more than one trial (1BL, 3BL, 4BS

and 7AL) and Soissons contributed all the alleles for

FHB resistance except that on linkage group 1BL

(Fig. 1). The majority of FHB QTL detected in this study

co-localised with QTL for PH. In most instances the

same parent contributed the positive (FHB resistance)

allele for both traits.

Table 4 Analysis of variance and t test results of FHB disease levels on rht, Rht-B1b and Rht-D1b near-isogenic lines of winter wheat varieties

Mercia and Maris Huntsman in a field trial and following spray and point inoculation in a polytunnel

Experiment Analysis of variance t test

Source of variation df ms F value P value Comparison Probability

Field trial (Mercia and Huntsman) Variety 1 1.68 9 106 0.29 0.6 Rht-B1b with rht 0.109

Rht status 2 4.02 9 106 6.95 0.01 Rht-D1b with rht \0.001

Rht 9 variety 2 938889 1.62 0.237 Between Rht-B1b
and Rht-D1b

0.18

Error 12 5.78 9 106

Spray inoculation (Mercia) Block 2 21.82 9 106 0.75 0.524 Rht-B1b with rht 0.015

Rht status 3 17.98 9 107 6.21 0.003 Rht-D1b with rht 0.013

Error 77 28.96 9 106 Between Rht-B1b
and Rht-D1b

0.853

Spray inoculation (Huntsman) Block 2 55077 0.53 0.593 Rht-B1b with rht 0.005

Rht status 2 575215 5.5 0.006 Rht-D1b with rht 0.005

Error 58 104525 Between Rht-B1b
and Rht-D1b

0.573

Point inoculation (Mercia and Huntsman) Block 3 14.81 2.29 0.081 Rht-B1b with rht 0.001

Variety 1 51.51 7.96 0.005 Rht-D1b with rht 0.269

Rht status 2 76.59 11.84 \0.001 Between Rht-B1b
and Rht-D1b

0.001

Rht 9 variety 2 5.57 0.86 0.425

Error 154 6.47

df degrees of freedom, ms mean square
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The major PH QTL associated with Rht-D1 locus on

4DS co-localised with the major FHB QTL Qfhs.jic-4D

and Soissons contributed the alleles for both these QTL.

The second major PH QTL segregating in this population

was associated with the Rht-B1 locus with Soissons car-

rying the Rht-B1b (semi-dwarf) allele whilst Orvantis

possesses the Rht-B1a (tall) allele. Surprisingly, consider-

ing the large influence of the 4D homeologous locus on PH

and FHB no evidence was found to suggest that the Rht-

B1b allele was associated with reduced resistance to FHB.

On the contrary, this allele appeared to have a minor

positive effect on FHB resistance in the J2006 trial.

Disease escape has long been considered to be potentially

important in relation to resistance to FHB. Genotypes that

differ in flowering time and PH may either completely

escape from infection or show fewer FHB symptoms. It is

therefore, important to consider the potential pleiotropic

effects of such traits on FHB infection. Generally, taller

genotypes show fewer FHB symptoms (Miedaner 1997;

Hilton et al. 1999; Steiner et al. 2004) and it has been

postulated that conidia spread more easily to the heads of

short varieties because of the reduced distance between leaf

layers (Mesterhazy 1995). This view was supported by

findings that tall and short varieties expressed similar levels

of symptoms following artificial inoculation (Mesterhazy

1995). However, the effect of PH on FHB has been shown to

differ markedly in different populations ranging from stable

and highly significant (Somers et al. 2003) to moderate or

absent depending upon environment (Klahr et al. 2007).

Recent studies have revealed that QTL for FHB resis-

tance often co-localise with those for PH (Gervais et al.

2003; Paillard et al. 2004; Steiner et al. 2004; Schmolke

et al. 2005; Draeger et al. 2007). Importantly, however, not

all PH QTL appear to be negatively associated with FHB

resistance. Whilst QTL for FHB and PH were coincident

on 5A in a Renan/Recital population, the PH QTL on 4A

was not associated with differences in resistance to FHB

(Gervais et al. 2003). Similarly, although some PH QTL

overlapped with those for FHB in an Arina/Forno popu-

lation, the main PH QTL were not coincident with FHB

QTL (Paillard et al. 2004). Likewise, Schmolke and col-

leagues (2005) determined that whilst one of the QTL in

their Dream/Lynx population was coincident for FHB and

PH, other FHB and PH QTL were independent in this

cross. They concluded that the coincidence of FHB and PH

QTL has a genetic basis, linkage or pleiotropy, rather than

being due to escape.

A previous report comparing the semi-dwarf (Rht-D1b)

and tall (Rht-D1a) lines revealed that Rht-D1b lines appear

to be more susceptible to initial infection (Type 1 resis-

tance) but are unaffected in resistance to spread of the

fungus in the head (Srinivasachary et al. 2008). In the

present study, with two independent sets of lines that are

near-isogenic for the Rht-B1 and Rht-D1 loci, data clearly

showed that the semi-dwarfing Rht-B1b and Rht-D1b

alleles differ in their effect on FHB (Table 4). Under field

conditions, with moderate disease pressure, Rht-D1b is

associated with a very significant increase in disease levels

whereas Rht-B1b has only a very limited effect on FHB.

Under severe disease pressure, such as that present in the

polytunnel trials carried out under conditions of high

temperature and humidity, both Rht-B1b and Rht-D1b are

associated with greater susceptibility to FHB than tall (rht)

lines. This latter finding is in agreement with Hilton et al.

(1999) who found no evidence for differences in the effect

of the Rht-B1b and Rht-D1b alleles. However, significantly

and unexpectedly, following point inoculation, symptoms

in Rht-B1b lines were significantly less than those of either

the Rht-D1b or the tall (rht) lines. Our observations suggest

that this effect, although statistically significant, is rela-

tively modest compared to the Type 2 resistance conferred

by the Fhb1 gene of Sumai 3. Overall, the results from the

near-isogenic lines indicate that both Rht-B1b and Rht-D1b

exhibit reduced resistance to initial infection (Type 1) but

that, whereas Rht-B1b has greater resistance to spread

(Type 2) than the tall (rht) lines, the resistance of Rht-D1b

is similar to (or may be even slightly less) than that of tall

(rht) lines. The consequence of this difference is that in

field conditions under moderate disease pressure where few

spikelets on each head become infected, the enhanced Type

2 resistance associated with Rht-B1b may lead to an overall

reduction in FHB symptoms in plots despite the greater

susceptibility to infection of both Rht-B1b and Rht-D1b

relative to the tall (rht) lines.

Previous studies have identified an association between

the Rht-D1b allele and increased susceptibility to FHB of

other semi-dwarf varieties including Riband, in a Riband/

Arina population (Draeger et al. 2007) and Rialto in a

Rialto/Spark population (Srinivasachary et al. 2008). In

both reports, the association between Rht-D1b and greater

susceptibility to FHB was shown not to be due to differ-

ences in height per se but these authors were not able to

determine whether the effect was due to pleiotropy or

linkage. Rht-B1 and Rht-D1 are homoeoloci on chromo-

somes 4B and 4D, respectively. It is possible that the Rht-

B1b and Rht-D1b alleles at these homoeoloci function

differentially in respect to FHB resistance. However, it is

also possible that the differences in response are due to

linkage to nearby genes that differ in their impact on FHB

resistance rather than to differential pleiotropic effects of

these alleles. In support of this view was our finding that,

although FHB resistance was associated with the Rht-D1

locus, interval mapping and MQM analysis consistently

place the QTL peak at DArT marker wPt-0710 that mapped

a short distance away (Fig. 1). However, further work is

required to fine map this area and resolve this question.
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The majority of UK winter wheat varieties are highly

susceptible to FHB and almost all these carry the semi-

dwarfing Rht-D1b allele. Neither Soissons nor Spark carry

Rht-D1b: Soissons possesses Rht-B1b and Spark has a tall

(rht) genotype with its reduced height being due to non-Rht

genes. It appears that the difference in FHB resistance

between these two varieties and the others on UK National

List of 2003 may, in large part, be simply a reflection of the

presence or absence of Rht-D1b. Under conditions of

moderate disease pressure, use of the Rht-B1b semi-

dwarfing allele may provide the desired crop height with-

out compromising resistance to FHB to the same extent as

lines carrying Rht-D1b.
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