
Introduction

Fusarium head blight (FHB), also called scab, is

caused mainly by Fusarium graminearum

Schwabe [teleomorph Gibberella Zeae Schw.

(Peth)]. It is a devastating wheat disease world-

wide (Bai and Shaner 1994, 2004). Chemical con-

trol and agronomic measures are neither available

nor feasible. Developing and applying FHB resis-

tant varieties is the most effective and economical

strategy to control the disease. Understanding the

genetic mechanism of the resistance to FHB will

facilitate the development of resistant genotypes.

Sumai 3 and its derivatives have been success-

fully used as the source for the resistance to FHB

worldwide. The classic genetic analyses indicated

that two or three major gene plus several minor

genes were associated with the type II resistance

(resistance to spread of blight symptoms within a

spike) in Sumai 3 (Bai et al.1989; Van Ginkel et al.

1996). Additive gene effects play a major role, but

non-additive gene effects might also be significant

in most cases (Bai et al. 2000). The resistance

genes were located on Chromosome 2B, 3B, 6B

and 7A in Sumai 3 by evaluating the resistance to

FHB in Chinese Spring-Sumai 3 chromosome

substitution lines (Yao et al. 1997; Zhou et al.

2002b).

Molecular markers have been used to map

quantitative trait loci (QTLs) for type II resistance

in Sumai 3 and its derivatives. A major QTL on

chromosome 3BS, explaining up to 60% of the re-

sistance to FHB, has been identified and validated

in different backgrounds (Bai et al. 1999; Waldron

et al. 1999; Anderson et al. 2001; Zhou et al.

2002a; Buerstmayr et al. 2002; Zhou et al. 2003;
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Somers et al. 2003). However, different mapping

population, environments, methods of inoculation

and evaluation for the resistance to FHB might

lead to the discrepancy in localization and effec-

tiveness of the QTL. A precise map location of the

QTL is critical for further map based cloning and

should be beneficial to reduce linkage drag associ-

ated with MAS (marker assisted selection)

(Cuthbert et al. 2007). Molecular markers includ-

ing STS, SSR, AFLP (amplified fragment length

polymorphism) and TRAP (target region ampli-

fied polymorphism) have been used for saturation

mapping for the major QTL associated with the re-

sistance to FHB in wheat (Liu and Anderson 2003;

Patricia et al. 2007; Chen et al. 2007). Among

them, SSR appears to have more desirable proper-

ties and be widely applied in QTL mapping and

MAS (Hayden et al. 2004), due to its high poly-

morphism, co-dominance, simplicity and ex-

change of SSR assays between laboratories.

Sequence-tagged microsatellite (STM) is a kind of

SSR and has been developed rapidly and economi-

cally by STM profiling (Hayden et al. 2006),

which may be more helpful to saturate the QTL in-

terval. Recently, over 500 000 wheat expressed se-

quence tag (EST) entries have been provided to

the public domain by the International Triticeae

Initiative Expressed Sequence Tag Cooperative

(ITEC). More than 16 000 ESTs loci were as-

signed to the chromosomal locations in wheat by

using deletion lines analysis (Qi et al. 2004).

These ESTs became important resources for mo-

lecular marker development.

The objective of this research was to increase

the marker density in the chromosome region of

3BS QTL using newly developed STS and STM

markers and confirm the location of the major

QTL for FHB resistance.

Materials and methods

Plant materials

A population of 127 recombinant inbred lines (RILs)

was developed by single seed descent from the cross

of CS-SM3-3B/Annong8455. CS-SM3-3B was de-

veloped by backcrossing chromosome 3B

monosomic line of Chinese Spring (recurrent parent

as female) to FHB resistance cultivar Sumai 3 four

times. After each backcross, progenies with

2n = 41 chromosomes and morphologically simi-

lar to Chinese Spring were selfed to generate male

parent for the next backcross. In BC4F1, the

monosomic plants were selected and selfed.

Disomic plants with 2n = 42 chromosomes from

the selfed progenies were selected and advanced to

develop the substitution line CS-SM3-3B (Yao

et al. 1997). Except for Chromosome 3B, coming

from Sumai 3, the other chromosomes of

CS-SM3-3B were the same as in Chinese Spring

(Zhou et al. 2002b). The susceptible parent,

Annong8455 (NPFP73-5723/Annong1), is a sus-

ceptible wheat cultivar released from Anhui Agri-

cultural University.

FHB resistance evaluation

F6 and F7 generation of the 127 RILs and thrie par-

ents were evaluated for type II resistance in a

greenhouse at Jiangsu Academy of Agricultural

Sciences in 2005 and 2006. The experiment was

arranged as a complete randomized-block design

with three replications. Each replicate (pot) con-

sisted of five plants.

F. graminearum isolate F15 was used as

inoculum. In two year experiment, 10 �L of

inoculum containing 500 spores were injected into

a central floret of a spike at anthesis. The inocu-

lated spikes were covered with plastic bags for

3 days to maintain high humidity. Then the plants

were misted for 2 min in every 4 hours. Scabbed

spikelets and the total number of spiklets in each

inoculated spike were scored at 21 days after inoc-

ulation. Disease severity was calculated as the per-

centage of diseased spikelets in inoculated spike.

SSR analysis

Genomic DNA was extracted from the seedling

leaves by using CTAB method (Saghai-Maroof

et al. 1984). Its concentration was quantified on a

Biophotometer (Eppendorf AG). DNAs of

8 most resistant and 8 most susceptible RILs were

pooled in equal quantities to construct the resistant

(R) bulk and the susceptible (S) bulk, respectively.

SSR primes were firstly screened for polymor-

phism among bulks and parents. The polymorphic

SSRs were then applied to the population. PCR

amplification was performed according to the

method provided by Röder et al. (1998) with the

exception that the reaction volume was reduced to

10 �L and the SSR primers were labeled with

hexachloro-6-carboxylfluorescein. The PCR

products were mixed with an equal volume of gel

loading buffer (98% formamide, 10 mM EDTA,

0.25% xylene cyanol as tracking dye), heated at

95°C for 3 min, chilled on ice and separated on a

5% sequencing gel Gel by using Scan 2000 DNA

fragment analyzer (Corbett Research).
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Sequence tagged microsatellite (STM) analysis

The STM analysis was conducted as described by

Hayden et al. (2006). PCR was amplified in 10 �L

reaction mixtures containing 0.2 mM dNTP,

1 × PCR buffer (Qiagen), 1.5 mM MgCl2, 0.2 mM

each STM (forward) and appropriate SSR anchor-

ing (reverse) primer, 50 ng genomic DNA and

0.25 U of Taq polymerase (Qiagen). Each SSR an-

choring primer was labeled at its 5’-end with

hexachloro-6-carboxyfluorescein. PCR was per-

formed for 47 cycles with the touchdown profile:

60 s of denaturing at 92°C, 60 s of annealing at

62°C, with a decrease of 1°C in each subsequent

cycle and 60 s of extension at 72°C in first eight

cycles. Then, PCR went through an additional 39

cycles of 60 s at 92°C, 60 s at 55°C, and 60 s at

72°C. The electrophoresis of the PCR product was

the same as SSR analysis.

Sequence tagged site (STS) analysis

EST sequences assigned into the bin region of

3BS-8 0.78-1.00 were retrieved from the Website

(http://wheat.pw.usda.gov/cgi-bin/westsql/bin-ca

ndidates.cgi?bin=3BS-0.78-1.00). Other EST se-

quences were downloaded from GenBank accord-

ing to the accession number provided by Liu and

Anderson (2003) and Liu et al. (2006). STS prim-

ers were designed by Perlprimer program

(http://perlprimer.sourceforge.net/) based on EST

sequence. A touchdown program was used for

PCR amplification, in which the reaction incu-

bated at 94°C for 5 min, then continued for eight

cycles of 30 s of denature at 92°C and 60 s of an-

nealing at 62°C, with a decrease of 1°C in each

subsequent cycle and 60 s of extension at 72°C. In

other 37 cycles, the annealing temperature was

changed to 55°C. The final extension was at 72°C

for 10 min. The amplified products were separated

on 12% polyacrylamide gels and visualized by sil-

ver staining.

Linkage and QTL analysis

The disease severity data over two years was ana-

lyzed with analysis of variance (ANOVA) by us-

ing SAS software (SAS Institute 1989).

Broad-sense heritability was calculated as de-

scribed by Shen et al. (2003).

The linkage map of Chromosome 3B was con-

structed by using JoinMap 3.0 (Van Ooijen and

Voorrips 2001) with the Kosambi (1944) mapping

function. A logarithm of odds (LOD) threshold of

3.0 was set for grouping. The markers associated

with scab resistance were detected with simple re-

gression analysis by using SAS software. The

QTL analysis was carried out by Interval Mapping

and Multiple QTL Models (MQM) Mapping using

MapQTL 4.0 (Van Ooijen et al. 2002). The thresh-

old of the LOD score for suggesting the signifi-

cance of a QTL was determined according to a

permutation test with 1000 runs. The LOD peaks

of the significant QTL were considered as the

QTL locations on the linkage map.

Results

Fusarium head blight resistance

Mean disease severity between parents differed

markedly in both years of 2005 and 2006. The re-

sistant parent CS-SM3-3B had an average of 7.0%

disease severity at 21st day after inoculation,

whereas the susceptible parent Annong8455 had

79.1%. The mean disease severity of RILs dis-

played a continuous distribution and ranged from

5.2% to 88.5% in 2005 and from 4.9% to 89.5% in

2006. Analysis of variance (ANOVA) showed that

the genotypic variation was significant for mean

disease severity over two years (Table 1). The ef-

fects of year and RILs × year interaction were also

significant. The broad sense heritability for FHB

disease severity estimated was about 0.87 over

two years. The correlation coefficient for mean

disease severity of the RILs between 2005 and

2006 was significant (r = 0.75, P < 0.001).

Molecular markers and linkage map

A number of molecular marker loci have been

mapped on chromosome 3B. In this study,

177 SSR and 27 STM primer sets which have been

mapped on Chromosome 3A, 3B and 3D were se-

lected to screen for polymorphism among

two bulks and the parents. Only 27 SSR and 13

STM pairs of primers detected polymorphisms, re-

vealing 42 and 25 polymorphic loci, respectively.
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Table 1. Analysis of variance of 127 RILs for mean

disease severity (percentage of diseased spikelets per

spike) over two year experiment

Source of variation df Mean square

RILs
year
RILs×year
Error

126
1

126
508

2219.6***
9564.8***
323.3***
74.9

*** Significant at P < 0.0001



125 STS primer pairs from 185 EST sequences

were designed by Perlprimer program, 78 STS of

them amplified clearly band patterns, while 17

pairs being polymorphic between two parents.

A linkage map covering a genetic distance of

112.4 cM with 36 molecular markers (including

18 SSR, 7 STM and 11 STS markers) in chromo-

some 3B was constructed. 12 markers were in-

serted in the interval from Xbarc075-2 to

Xgwm493. The average interval distance between

markers was 1.5 cM. The STS markers mapped on

chromosome 3B in this study and their EST

GenBank accession numbers were listed in Table

2.

Major QTL mapping

Single-marker regression analysis revealed that

15 markers were associated with FHB resistance

in 2005 and 2006 and the means over two years.

All 15 markers showed high R2 values, raging

from 12.8 to 48.8% (Table 3). Xsts9-1 was the

marker with the highest R2, explaining 33.7% and

48.8% of the total phenotype variation in 2005 and

2006, respectively.

Interval Mapping confirmed that the prominent

QTL was located in the interval flanked by

Xsts31-2 and Xbarc102 with high LOD score in

2005 and 2006 (8.3 and 13.9, respectively). The

percentage of phenotypic variation that can be ex-

plained by the QTL ranged from 33.5% to 49.5%

in individual experiment (Table 4 and Figure 1).

Using the Automatic Cofactor Selection function

of MapQTL, the markers Xgwm533 and Xsts9-1

were selected as cofactors for MQM mapping

analysis. The result revealed that the peaks of the

LOD profiles obtained with Interval Mapping and

with MQM Mapping were in the same regions, but

the LOD profiles obtained with MQM Mapping

showed sharper peaks than that obtained with In-

terval Mapping (Figure 2). The major QTL was

positioned in the interval between Xgwm533 and

Xsts9-1. The percentage of phenotypic variation

that can be explained by the QTL was 45.6% over

two years. Xgwm533 was the marker most closely

linked to the major QTL. The average disease se-

verity of the individuals with Sumai 3 allele of the

Xgwm533 locus was 10.8%, ranging from 5.1 to

28.1%, whereas the average disease severity of the

individuals with Annong8455 allele of the

Xgwm533 locus was 38.2%, ranging from 9.6 to

86.8%.

Discussion

Due to the quantitative inheritance and difficulties

in screening for the resistance to FHB, molecular

markers associated with such genes were inten-

sively studied during last decade. A major QTL on

chromosome 3BS in Sumai 3 and its derivatives

was mapped and validated by several research

groups. Liu and Anderson (2003) and Liu et al.

(2006) increased the marker density in this chro-

mosome region by using STS markers developed

from wheat ESTs. Eight STS markers were in-

serted into the interval of Xgwm533 and Xgwm493

and the major QTL was localized in a 1.2 cM

marker interval flanked by STS3B-189 and

STS3B-206. Cuthbert et al. (2006) mapped the re-

sistant gene on chromosome 3BS within 1.27 cM

interval and 6.05 cM interval in two populations

with the markers developed by Liu and Anderson

(2003). Unfortunately, these STS markers have no

polymorphism between CS-SM3-3B and
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Table 2. STS markers developed from wheat ESTs

Marker GenBank accession
number

Chromosome bin

Xsts 9
Xsts 11
Xsts 20
Xsts 31
Xsts 37
Xsts y58
Xsts 65
Xsts 69

BG314067
BE400374
BE499618
BE401794
BG313109
BF292479
BF484268
BE499148

3BS8-0.78-1.00
n.a.
3BS8-0.78-1.00
n.a.
n.a.
3BS8-0.78-1.00
3BS8-0.78-1.00
n.a.

n.a. = not assigned to chromosome bin

Table 3. R2 from simple regression analysis for

15 molecular makers evaluated in 2005 and

2006, respectively

Markers R2×100

2005 2006 Average

Xsts31-2 12.8 18.2 17.8

Xbarc075-2 21.4 20.8 24.2

Xsts20 16.0 27.2 24.9

Xsts69 22.8 35.7 33.8

Xsts65-3 31.9 42.0 42.6

Xsts65-2 33.9 42.9 44.3

Xgwm533 33.1 46.0 45.6

Xsts9-1 33.7 48.8 46.9

Xstm748tcac 27.3 38.7 38.1

Xbarc133 25.4 38.7 36.8

Xcs-ssr7 26.9 33.5 34.9

Xcs-ssr20 31.8 34.1 37.3

Xsts11 19.2 33.2 30.1

Xgwm493 18.6 30.1 27.9

Xbarc102 15.5 20.3 20.4



Annong8455, more markers in this chromosome

region need to be developed. In this study, STS

markers based on the wheat EST sequence as-

signed to the bin region of 3BS-8 0.78-1.00 were

developed and STM markers from Chromosomes

3A, 3B and 3D were used to saturate the linkage

map of chromosome 3B. Twelve markers were in-

serted into the region in which the major QTL is

located. The average interval distance between

markers was 1.5 cM.

Fusarium head blight resistance is polygenic

and several QTLs associated with FHB resistance

were identified in Sumai 3. Phenotypic evaluation

for the resistance is also affected by other QTLs,

such as QTLs on Chromosome 6B, 5A, and 2D ex-

cept for the major QTL on Chromosome 3B. In

present study, we selected Chinese Spring-

Sumai 3 Chromosome 3B substitution line as re-

sistant parent to construct the genetic population,

which minimizing the effect of the QTLs located

on other chromosomes in Sumai 3.

Different population might result in discrepant

location for the same QTL. Liu et al. (2006) identi-

fied the major QTL associated with FHB resis-

tance in a 1.2-cM marker interval flanked by

STS3B-189 and STS3B-206 whereas Cuthbert

et al. (2006) mapped the QTL close to XSTS3B-80

and XSTS3B-66. Zhou et al. (2002a) revealed the

major QTL was located within the 8 cM interval

flanked by AFLP markers CTCG.AGC1 and

GCTG.CGAC1. The present QTL mapping result

revealed the peak of LOD value was close to

Xgwm533 and Xsts9-1, which was consistent with

the results of Zhou et al. (2002a).
Beside the major QTL between Xgwm533 and

Xgwm493, another QTL for field resistance was

FHB resistance QTL on 3BS 23

Table 4. Summary of the QTL analysis for mean disease severity (percentage of diseased

spikelets per spike) of 127 RILs in 2005, 2006 and over two years

Map interval 2005 2006 2005/2006

LOD VE LOD VE LOD VE

Interval mapping:
Xbarc075-2 – Xbarc102
Multiple QTL mapping:
Xgwm533 – Xsts9-1

8.3

8.2

33.5

33.1

13.9

12.6

49.5

46.0

13.3

12.4

47.9

45.6

Xsts31-20.0
Xbarc075-25.0
Xsts205.4
Xsts697.6
Xsts9-210.1
Xsts65-312.3
Xsts65-212.6
Xgwm53314.9
Xsts9-115.5
Xstm748tcac16.6
Xbarc13318.5
Xcs-ssr719.9
Xcs-ssr2021.4
Xsts1121.5
Xgwm49324.2
Xsts37-225.9
Xbarc10228.2
Xcfd79-332.4
Xstsy5838.1
Xwmc51-543.8
Xstm12tgag43.9
Xsts37-146.1
Xwmc07856.1
Xbarc68-161.7
Xwmc505-165.8
Xwmc77768.0
Xgwm28569.8
Xwmc366-270.9
Xbarc13973.3
Xstm533acat-385.2
Xstm533acat-190.0
Xbarc164-191.3
Xgwm383-1103.7
Xstm560tctg106.0
Xstm578tctg108.1
Xstm642tgag112.4
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Figure 1. Linkage map and Interval Mapping analysis of markers associated with disease severity based on the means

over two years experimant



detected on Chromosome 3BS of Maringa, the
QTL is proximal to the centromere of Chromo-
some 3B (Somers et al. 2003). Zhou et al. (2004)
also found a QTL in the same position on Chromo-
some 3B in Wangshuibai. In order to clarify if
there are several QTLs on 3B in Sumai3, the
MQM (Multiple-QTL Models, also called
marker-QTL-marker) mapping method for multi-
ple QTL detection developed by Jansen and Stam
(1994) was used to detect the QTL(s) on 3B. The
present MQM mapping analysis showed there was
only one QTL on chromosome 3B in Sumai 3.

Conclusions

Chinese Spring-Sumai 3 chromosome 3B substi-
tution line (CS-SM3-3B) was used as FHB resis-
tant parent to construct the mapping population.
Twelve STM and STS markers were inserted into
the interval between Xbarc075-2 and Xgwm493
region of chromosome 3B in Sumai 3. MQM
Mapping confirmed that only one QTL was de-
tected in the interval flanked by Xgwm533 and
Xsts9-1 of chromosome 3B and the QTL can ex-
plain 45.6% of phenotypic variation.
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