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Abstract During the past decade Fusarium head blight
(FHB) caused by Fusarium graminearum Schwabe has
resulted in severe grain yield and quality losses of wheat
(Triticum aestivum L.) in the Northern Great Plains of
the U.S. Given the complexity of breeding for FHB re-
sistance, molecular markers associated with this trait will
be valuable in accelerating efforts to breed resistant
cultivars. The objective of this study was to identify mo-
lecular markers linked to quantitative trait loci (QTL) for
FHB resistance in wheat using a set of lines obtained by
several cycles of crossing to North Dakota adapted geno-
types, which derived their resistance from cv. Sumai 3.
Microsatellite markers spanning the wheat genome were
used to screen parents and derived lines. Polymorphisms
for parental alleles were compared to disease scores for
Type II resistance. The probability of linkage between
markers and introgressed resistance genes was calculated
using a binomial probability formula based on the as-
sumption that a molecular marker at a specific distance
from the introgressed gene, in a near-isogenic line (NIL),
will carry the donor-parent allele as a function of the dis-
tance between marker and gene and the number of back-
crosses/selfs performed in deriving the NIL. Microsatel-
lite loci Xgwm533 and Xgwm274 were significantly as-
sociated with QTL for FHB resistance.
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Introduction

Genetic studies to identify markers linked to quantitative
trait loci (QTL) require the development of population
structures such as recombinant inbred lines (RIL), near-
isogenic lines (NIL), double haploid lines, or backcross-
derived lines, and the genotyping and phenotyping of nu-
merous individuals. Phenotyping for Fusarium head
blight (FHB) reactions is demanding in time and labor,
and therefore expensive. Kaeppler et al. (1993) proposed
a method for mapping qualitative traits, based on a bino-
mial probability equation, which requires the genotyping
and phenotyping of fewer individuals. The theory of this
method implies that the probability of having a marker
linked to the allele introgressed from the donor parent is
a function of the genetic distance and the number of
crosses or selfs used to derive the lines. According to this
method genetic mapping could potentially be achieved
with a minimum of three genotypes: donor parent, recur-
rent parent, and one NIL. Nevertheless, statistical power
increases when more NIL are mapped. This method can
potentially be employed to identify molecular markers
associated with QTL in breeding lines with known pedi-
grees. The advantages would be: (1) fewer individuals
need to be genotyped for marker loci as compared with
mapping populations, (2) the power of detecting QTL re-
gions associated with a trait is much greater than that
with mapping populations, (3) the material used have
been extensively screened, precluding the need for addi-
tional phenotyping, and (4) the genotypes having the
QTL of interest and linked markers are advanced breed-
ing lines and part of a cultivar development program.
FHB has caused severe yield and quality losses of
wheat during the last decade. Estimation of losses, dur-
ing 1993 to 1997, for North Dakota alone surpassed
three billion dollars (McMullen et al. 1997; Windels
2000). FHB epidemics are unpredictable since they de-
pend on disease-conducive environmental conditions.
Agronomic and chemical controls are generally consid-
ered impractical or ineffective (Bai and Shaner 1994).
Hence, incorporation of genetic resistance, which is the
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most efficacious and economical strategy, is the top pri-
ority to reduce losses caused by this disease. However,
breeding for resistant cultivars is difficult given the com-
plexity of FHB resistance, the need to screen at host
plant maturity, and the large environmental effects on
disease expression. Several types of resistance have been
reported (Schroeder and Christensen 1963; Wang and
Miller 1988; Mesterhazy 1995); among these, Type II
(spread within the infected spike) has been primarily
used for screenings under controlled conditions (Stack
1989; Bai and Shaner 1994). Sumai 3, a Chinese geno-
type known as having Type II resistance (Wang and
Miller 1988; Bai and Shaner 1994; Yang 1994), has been
the main source of resistance to FHB for U.S. wheat
breeding programs. However, Sumai 3 itself is unadapt-
ed to the U.S. Northern Great Plains, and it is susceptible
to other diseases. Genetic studies indicate that FHB
resistance is quantitatively inherited (Bai et al. 1989;
Snidjers 1990; Van Ginkel et al. 1996). Two to three
genes controlling FHB resistance in Sumai 3 have been
reported (Van Ginkel et al. 1996; Yao et al. 1997), and
one to four QTL that explain up to 63% of the variation
in FHB resistance have been identified in four popula-
tions, each having Sumai 3 or a derivative as one parent
(Anderson et al. 2001; Kolb et al. 2001; Buerstmayr
et al. 2002). Differences among researchers reporting the
number of genes conditioning resistance in Sumai 3 may
be due to some heterogeneity in this genotype or the
background into which it was crossed (Waldron et al.
1999). The identification of molecular markers linked to
QTL coding for resistance will be useful in the case of a
complex disease such as FHB where, besides the time-
consuming and expensive screening, there are always
susceptible genotypes underscored (escapes). Molecular
markers can help identify plants carrying one or more
QTL simultaneously, helping to mitigate the cumber-
some disease screening presently necessary in early gen-
erations.

Once linkage is established between a marker and a
QTL, this QTL can be introgressed into germplasm us-
ing marker-assisted introgression and selection. A strate-
gy, proposed by Tanksley and Nelson (1996), integrates
QTL mapping and analysis with cultivar development
while taking advantage of the genetic variation present
in unadapted germplasm. Furthermore, QTL for resis-
tance from different sources can be traced and incorpo-
rated in a single genotype. Yoshimura et al. (1995)
proved the feasibility of accumulating resistance factors
using molecular markers by pyramiding five bacterial
blight resistance genes in a rice (Oryza sativa L.) geno-
type.

Molecular markers associated with FHB resistance
have previously been reported (Anderson et al. 1998a, b,
2001; Bai et al. 1999; Waldron et al. 1999; Buerstmayr et
al. 2002). Two QTL were found, on the basis of restric-
tion fragment length polymorphism (RFLP) analysis of
RILs derived from the cross Sumai 3/Stoa. The major
QTL on chromosome 3BS (QFhs.ndsu-3B), derived from
Sumai 3, explained 15.4% of the variation (Waldron et
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Fig. 1 Lineage of North Dakota hard red spring wheat lines

al. 1999). A multiple regression model consisting of
three QTL explained 29.5% of the variation. Bai et al.
(1999), using A (amplified)-FLP markers, tentatively
mapped a major FHB resistance QTL later localized on
3BS using a set of RILs derived from Ning 7840 (Kolb
et al. 2001). Ning 7840 is a FHB-resistant Chinese culti-
var derived from Sumai 3.

The objective of the investigation reported here was
to expand on the theory of Kaeppler et al. (1993) — pro-
posed for mapping qualitative traits — to identify micro-
satellite markers associated with QTL determining resis-
tance to FHB. Resistance was inherited from Sumai 3
and present in related North Dakota adapted hard red
spring wheat (HRSW) breeding lines.

Materials and methods

Thirty-six HRSW advanced lines, obtained by several cycles of
crossing to North Dakota adapted genotypes and deriving their
FHB resistance from Sumai 3, were used (Figs. 1, 2). Lines had
previously been evaluated over five seasons of greenhouse and
field testing for Type II resistance by single-floret inoculation us-
ing methods described by Stack (1989) and Stack et al. (2002).
FHB disease severity was scored using a 0 to 100% scale (Stack
and McMullen 1995). The advanced lines showed a wide range of
variability for FHB resistance.

To accelerate the identification of markers linked to QTL for
resistance, we initially screened parental genotypes and two
bulked DNA samples representing resistant and susceptible lines.
One bulk consisted of pooled DNA from seven lines consistently
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Fig. 2 DNA bands from amplification of North Dakota hard red
spring wheat lines with SSR primer Gwm533

exhibiting resistance to FHB, and the other consisted of seven sus-
ceptible lines. Primers that showed polymorphism between Sumai
3 and other parents, as well as between the two bulks, were used
to screen all lines.

Parents and bulks were screened for polymorphisms with 152
microsatellites markers (Roder et al. 1998). For primer selection,
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priority was given to those located in chromosomes where puta-
tive QTL for resistance had previously been reported (Table 1).
Polymerase chain reaction products were separated by electropho-
resis on 6% denaturing polyacrylamide sequencing gels. Visual-
ization of bands was achieved by the DNA silver staining system
(Promega, Madison, Wis.) according to the protocols by Bassam
etal. (1991).

The probability (P) of having a donor parent allele for resis-
tance linked to a given marker was calculated by the following
equation (Kaeppler et al. 1993);

P =R!/DP! NoDP! ((0_5)b+1)DP (1 _ (0.5)b+1)HODP

where:

R = number of resistant lines,

DP = number of resistant lines with donor parent allele (from
Sumai 3),

NoDP = number of resistant lines without donor parent allele,

b = number of backcrosses (even though they are not true-

backcrosses, they were considered as backcrosses to a non-
donor parent for the loci of interest).

Type I error rate was calculated according to the equation (Weir
1990);

Oy = 1 — 10l(og(1=0e))/n]

where:

o,,, = individual test error rate,
o, = experiment error rate,

n = number of markers used.

Results and discussion

Analysis of 36 parental and derived HRSW genotypes
(Fig. 1) with 152 microsatellites primer pairs (Table 1)
revealed two loci significantly associated with QTL
for FHB resistance. These loci were Xgwm533 and
Xgwm274.

Probability for locus Xgwm533-3B

Using the data from over five seasons of greenhouse and
field testing, 19 advanced lines were phenotypically
scored as FHB resistant (Fig. 2). Screening with micro-
satellite locus Xgwm533, located on chromosomes 3B
(Roder et al. 1998), established 15 of the 19 FHB resis-
tant lines as having a band at about 140 bp derived from
the Sumai 3 parent (Fig. 2). According to the binomial

Table 1 Summary of microsat-

ellite loci used for genotyping Chromosome  Microsatellite locus(Xgwm)
and their chromosome location
according to Réder et al. 1B 11, 18, 33, 124, 131, 140, 153, 259, 264, 273, 274, 403, 413, 498, 550, 582
(1998) 2B 47,55, 120, 148, 191, 210, 257, 319, 374, 388, 429, 501, 526, 630
3B 72,717,108, 112, 114, 131, 181, 247, 264, 274, 284, 285, 299, 340, 376, 389, 493,
533, 547, 566
4B 6,66, 107, 113, 149, 165, 251, 368, 495, 513, 538
5B 66, 67, 68, 159, 191, 213, 234, 335, 371, 408, 443, 499, 540, 544, 554, 604, 639
6B 70, 88, 132, 133, 191, 193, 219, 361, 508, 518, 613, 626, 644
7B 16, 43, 46, 68, 112, 146, 274, 297, 302, 333, 344, 400, 537, 569, 573, 577, 611, 644
2A 10, 47, 122, 296, 311, 425, 448, 497, 515, 636
3A 2,5, 30, 32, 155, 162, 369, 391, 480, 574, 666
4A 4,160, 165, 397, 601, 610

5A 126, 129, 154, 156, 179, 186, 205, 291, 293, 304, 410, 415, 595, 617, 639, 666
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Table 2 Mean FHB severity for ND advanced lines carrying QTL for resistance and linked to two (Xgwm533 and Xgwm274), one

(Xgwm533), and none of the microsatellite loci

QTL linked to locus Number of lines Mean FHB severity (%) R2x 100 P value
Xgwm533 + Xgwm274 10 7.5 31 <0.001
Xgwm533 15 8.7 30 <0.001
None 8 21.7

probability equation, the probability of this occurring by
chance is:

P =191/15141 ((o.s)b“)ls (1 - (0.5)b+1)4 —2.6%10715

where b is equal to the number of backcrosses (from 0 to
4). For lines with no backcrosses, calculations were based
on the number of selfs (Kaeppler et al. 1993). The size of
chromosome 3B in wheat is estimated to be about 260 cM
(Nelson et al. 1995a, b). Overall, 20 microsatellite mark-
ers were used to screen this chromosome (see Roder et al.
1998 for map location). Therefore, the approximate aver-
age distance between the markers is about 13 cM
(260 cM/20 markers). Thus, the significance level calcu-
lated according to the Weir (1990) formula for a situation
where 20 markers are approximately spaced 13 cM is:

P(<0.05)=0.0026; P(< 0.01) = 0.0005.

Then, the probability that the association between mark-
er and resistance-donor parent allele has occurred by
chance is 2.6 x 10-15, a highly unlikely situation. Locus
Xgwm533 is linked to the FHB resistance QTL derived
from Sumai 3 and is carried along in many of the ad-
vanced HRSW breeding lines. This locus can effectively
be used to select future HRSW lines derived from any of
these advanced materials or any lines carrying the FHB
resistance QTL coming from Sumai 3.

Probability for locus Xgwm274—3B

Of the 19 advanced lines scored resistant, 10 showed a
band at about 160 bp derived from Sumai 3. This marker
(Xgwm274) has been placed on chromosomes 7B and 1B
(Roder et al. 1998). However, our marker analysis using
wheat aneuploid and substitution lines places the 160-bp
band to chromosome 3B. According to the binomial
probability equation, the probability of ten lines having
this locus by chance is:

P =191/1019! ((0.5)”“) v (1 - (0,5)b+1)9 =5%x1077.

As per calculations for Xgwm533-3B, the significance
level for a situation where 20 markers are spaced ap-
proximately 13 cM apart is:

P(<0.05) =0.0026; P(<0.01)=0.0005.

Then, the probability that the association between mark-
er and resistance-donor parent allele has occurred by

chance is 5 x 10-7. The Xgwm274-3B is either linked to a
minor QTL on the same chromosome or likely located
farther from the QTL on 3BS than Xgwm533-3B, result-
ing in more recombinants (i.e. 15/19 vs. 10/19 resistant
lines having the Sumai 3 allele).

Table 2 shows the mean FHB severity of North Dakota
advanced lines carrying markers linked to loci Xgwm533
and Xgwm274. Another indication that Xgwm533 is
closer to the QTL on 3BS than XgwmZ274 is that it ex-
plains the majority of the reduction in mean FHB severi-
ty (%). Only two lines carried Xgwm274 alone; for that
reason the statistical analysis for that single locus was
not carried out. Nevertheless, Xgwm274 is either linked
to a minor QTL as compared to Xgwm533 or is farther
away from the locus.

A QTL region for FHB resistance on chromosome 3B
was first reported by Waldron et al. (1999). This QTL
designated as QFhs.ndsu-3B, explained 15.4% of the
variation for resistance in a Sumai 3/Stoa recombinant
inbred population. An AFLP marker explaining 17.6%
of the variation was reported by Anderson et al. (1999)
for the same region and population. The microsatellite
locus Xgwm533 also was mapped by Anderson et al.
(1999) on the 3B region, but using a different popula-
tion, one derived from the cross ND2603/Butte 86. The
advanced line ND2603 is derived from Sumai 3; there-
fore, we can infer that the QTL conferring resistance has
been inherited from Sumai 3. The locus Xgwm533 has
been reported by Anderson et al. (1999) as the one which
explains the highest proportion of variation (24.6%) in
these populations. More recently, Anderson et al. (2001)
reported this QTL on 3BS as explaining 41.6% and
24.8% of the FHB variation in the populations derived
from Sumai 3/Stoa and ND2603/Butte 86, respectively.
Another study utilizing a large double haploid popula-
tion and deriving its resistance from Sumai 3 indicated
that this region explained up to 60% of variation for
Type II resistance (Buerstmayr et al. 2002). A major
QTL for FHB resistance, which explained 53% of the
variation and originally mapped on chromosome 7B (Bai
et al. 1999), has been re-assigned to chromosome 3B
(Kolb et al. 2001). AFLP markers were used to identify
this major QTL in a population derived from Ning
7840/Clark. Ning 7840 is a Chinese cultivar also derived
from Sumai 3.

The results reported here are in agreement with previ-
ous studies reporting that Xgwm533 is linked to QTL for
FHB resistance. The method used in our study offers an
efficient approach to identifying QTL by taking advantage
of the available germplasm. In this study, advanced lines



obtained for breeding purposes were used to avoid the ex-
pensive and time-consuming task of developing specific
populations designed for mapping. Additionally, the statis-
tical power of detecting major QTL regions using the pro-
cedure described here is much greater and requires sam-
pling fewer lines than using RILs or double haploid popu-
lations. Finally, the fact that the QTL regions are identi-
fied in adapted lines means these lines can serve as valu-
able sources of resistance parents in breeding programs.
Plans are to continue the evaluation of microsatellite
markers and to use allele-specific markers for Xgwm533
and Xgwm274 to assist selection in newer hexaploid
breeding lines. These markers are also being employed in
the selection of Sumai 3-derived durum breeding lines.
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