
Introduction

The production of wheat is affected by different

abiotic and biotic factors. The biotic factors,

mostly fungal pathogens causing leaf diseases, ac-

count for major yield losses in wheat. One of such

pathogens, which has become increasingly impor-

tant since the 1970s, is the fungus Pyrenophora

tritici-repentis (Died.) Drechs., anamorph

Drechslera tritici-repentis (Died.) Shoem) (DTR),

which causes tan spot of wheat (Hosford 1982;

Wolf and Hoffmann 1993). Currently, at least

eight races of P. tritici-repentis have been identi-

fied based on the type of toxin they produce and

their ability to induce necrosis and/or chlorosis on

a set of wheat differential cultivars (Strelkov and

Lamari 2003). Ptr ToxA, produced by race 1, is

the best characterized host-selective proteina-

ceous toxin that causes necrotic symptoms in sus-

ceptible wheat cultivars. Ptr ToxB, isolated from

race 5 (Orolaza et al. 1995; Friesen and Faris

2004), and Ptr ToxC, isolated from race 1, cause

chlorosis symptoms. Isolates of race 3 that puta-

tively produce only Ptr ToxC, are virtually

non-existent in hexaploid wheats and very rare

(< 1%) in durum wheats (Friesen et al. 2002).

Tan spot of wheat has been spreading world-

wide at an increasing rate, and can cause a yield

loss of up to 50% in susceptible wheat cultivars

(Rees et al. 1988; Wolf and Hoffmann 1993; Riede

et al.1996). The adoption of new farm manage-

ment practices such as minimum or zero tillage,

the retention of stubble due to the ban on burning,

and intensive wheat after wheat cultivation sys-

tems, have contributed to the fast spread of the

pathogen Pyrenophora tritici-repentis (Tekauz

et al. 2004). The development and use of resistant

cultivars are regarded as the most cost effective,
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socially feasible and ecologically safe means of

controlling tan spot. Because of the co-evolution

of the host and pathogen, however, the deploy-

ment of individual resistance genes leads to the

emergence of new virulent pathogen mutants.

Hence, identification of new resistance sources

and pyramiding of more resistance genes in a

cultivar are needed for an effective and better ge-

netic control. However, selection of genotypes

with such gene combinations via classical genetics

and breeding methods is highly time-consuming

and difficult due to the lack of pathogen isolates

with specific virulence genes. Monosomic analy-

sis has been most commonly used to locate genes

for various traits on chromosomes, and simplifies

the mapping of genes using molecular markers on

the identified chromosome rather than screening

markers across the wheat genome. It works best

when resistance is governed by only one or two

genes, and the inheritance of the resistance gene/s

is known (Knott, 1989). Using this method, many

resistance genes have been identified and local-

ized for various wheat diseases such as rusts

(McIntosh et al.1995; Marais et al. 2005), pow-

dery mildew (Zeller et al. 2002; Singrün et al.

2004), septoria (Simon et al. 2001) and

helminthosporium leaf blight (Ragiba et al. 2004).

The development of molecular markers that are

closely associated with resistance genes enable

them to be pyramided effectively and successfully

via marker assisted selection (Gupta et al. 1999;

Huang et al. 2000). To date, however, unlike pow-

dery mildew and rust resistance genes of wheat,

very few tan spot resistance genes have been iden-

tified and mapped (Faris et al. 1996, 1997; Friesen

and Faris 2004; Cheong et al. 2004; Faris and

Friesen 2005; Singh et al. 2006, Tadesse et al.

2007; Chu et al. 2008).This study was undertaken

to determine the inheritance and chromosomal and

molecular location of a tan spot resistance gene in

the winter wheat cultivar Red Chief, which is de-

rived from Early Red Clawson/Red Arcadian.

Materials and methods

Plant material

The disomic cultivar Chinese Spring (2n = 6x =

42) and its 21 monosomic lines (2n = 6x = 41)

were obtained from the late Dr. E.R. Sears, Uni-

versity of Missouri, USA. Cultivars Red Chief and

Salamouni were kindly provided by Dr. L. Lamari,

University of Manitoba, Canada. F1 and F2 lines

were developed by crossing cv. Red Chief with the

disomic Chinese Spring and corresponding

monosomic lines. A total of 34 wheat genotypes

(28 resistant, and 6 susceptible), obtained from the

Department of Plant Breeding, Technical Univer-

sity of Munich, Germany, were used for marker

validation.

Inoculum production

A total of nine isolates were used to determine the

response of eight standard cultivars, including Red

Chief and Chinese Spring (Table 1).

Three isolates (ASC1a, ASC1b and 86-1241a)

were kindly provided by Dr. L. Lamari, University

of Manitoba, Canada. Isolates Cz1-2 and Dw-16

were obtained from Dr. J. Palicova, Czech Repub-

lic and Dr. S. Ali, North Dakota State University,

USA, respectively. DTR1/2000 and DTR 12/2000

were obtained from Dr. B. Rodemann, Braun-

schweig, Germany, while the other two isolates,

NunBr-1 and Rog5/04, were obtained from in-

fected leaf samples during the course of this study
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Table 1. Response of differential wheat cultivars to differential Ptr isolates

Wheat cultivar Isolate

DW-16
(5) 1

ASC

1a (1)

ASC

1b (1)

86-124a

(2)

Cz1-2

( x)
NuBr-1(x)

Rog
5/04 (x)

DTR
1-2000 (x)

DTR
12-2000

(x)

6B365 2S R S R MR R R R R

Chinese Spring S S S R R R MS MS MS

Glenlea S S S MS MS R MS S S

Kanzler S S S R MS MS S S S

Katepwa S S S MS MS MS MS S S

Red Chief R R R R R R R R R

Salamouni MR R MR R R R R MS MS

XX41 R R R R R R R R R

1 x = unknown race.
2 S = susceptible (4-5 in 1 – 5 scale), MS = moderately susceptible (3), R= resistant (1), MR = moderately resistant (2).



following the method described by Lamari and

Bernier (1989). The infected leaf samples were

collected in Nürnberg and Roggenstein, Southern

Germany, respectively. Single spore cultures were

produced for each of the isolates, which were then

stored at 4oC for inoculum production.

Evaluation of germplasm for tan spot resistance

Differential genotypes and other cultivars, F1and

F2 monosomic and disomic crosses were planted

at a rate of about 10 seeds per row in two rows per

pot using pots of 13 cm in diameter containing

peat moss. The pots were arranged in a box

(40 pots/box) and placed on a bench in the green-

house at temperatures of 20–23oC with a 16 h

photoperiod. Water was supplied by capillary ac-

tion via holes in the base of the pots. After 2

weeks, the second leaf from each plant was cut and

the first leaf of each line was inoculated. Ptr iso-

late ASC1a (race 1) was used to screen cultivars,

F1 and F2 monosomic and disomic crosses. After

inoculation, plants were placed in a 2 m � 1.5 m �
1 m portable plastic tent inside the greenhouse.

The tent was further covered by a black plastic

sheet to ensure complete darkness. A relative hu-

midity of 100% was maintained using a humidi-

fier. After a 24 h leaf-wetness period in the dark as

indicated above, the plants were transferred into a

growth chamber at a temperature of 22oC and

photoperiod of 12 h/day for approx. seven days.

The plants were evaluated for their resistance to

tan spot seven days after inoculation following the

1–5 rating scale developed by Lamari and Bernier

(1989).

Monosomic analysis

The resistant cultivar Red Chief was crossed with

the 21 monosomic lines of cv. Chinese Spring

(CS), which is susceptible to the Ptr race 1 isolate

ASC1a. A hybrid of disomic Chinese Spring with

Red Chief was also generated as a control to study

segregation and inheritance of the resistance. Mi-

totic chromosome counts were made on squashes

of root-tip cells pre-treated with mono-

bromonapthalene and stained by the Feulgen

method. For each combination, 30 seeds

(10seeds/pot) of the F2 hybrids were planted per

inoculation. The 17-day old seedlings were inocu-

lated at the whole plant level with isolate ASC1a.

A minimum of three inoculations was performed

depending on the number of seeds available for

each population. Evaluation was carried out for

seven days after inoculation, following the 1–5

rating scale. Chi squared (�2) analysis was carried

out for the F2 segregation ratios of 1:3 for R/S (re-

sistant/susceptible) crosses following the method

of Snedecor and Cochran (1989), which is stated

as: �2 =
i

k

�

�
1

= (Oi –Ei)
2/Ei, where Oi and Ei are the

observed and expected frequencies of resistant and

susceptible plants, respectively, and k is the num-

ber of classes which contributions are summed to

calculate �2.

Microsatellite analysis

Genomic DNA was extracted from the second leaf

of two-week old seedlings following the

Mini-CTAB method (Doyle and Doyle, 1987). A

total of 140 plants, each plant being a different

sample, were used for DNA extraction in the

CS/Red Chief F2 population. Similarly, DNA was

extracted from 34 wheat cultivars (28 resistant,

and 6 susceptible) for marker validation. A total of

7 SSR markers from wheat chromosome 3A were

screened for polymorphism (Table 2) following

the procedure of Huang et al. (2000).

PCR reactions were performed in a PE 9600

thermal cycler in a total volume of 20 µl contain-

ing 2 µl of 10x PCR buffer (50 mmol of KCl, 10

mmol of Tris-HCl, 1.5 mmol of MgCl2, pH 8.3),

2.5 mM of each dNTPs, 2.5 mM of each labelled

and unlabelled primer, 1 U Taq DNA polymerase

(Qiagen) and 100 ng template DNA. The PCR was

programmed at an initial denaturation step of 3

min at 95°C followed by 35 cycles of 1 min dena-

turation at 95°C, annealing at 50, 55 or 60°C (de-

pending on the primer) for 1 min, initial extension

at 72°C for 1 min and final extension at 72°C for

15 min. The PCR product was checked along with

the HindIII molecular weight standard and a

non-template control by running on 1.5% agrose

gel containing 5µg µL–1 of ethidium bromide for
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Table 2. Description of SSR markers tested

Locus Annealing
temperature

(°C)

SSR motif Chromo-
some arm

Xgwm2 50 (CA)18 3AC

Xgwm5 50
(TC)23(T)4(GT)12

(GA)10
3AS

Xgwm30 60 (AT)19(GT)15 3AC

Xgwm155 60 (CT)19 3AL

Xgwm218 60 - 3AS

Xgwm369 60 (CT)11(T)2(CT)21 3AS

Xgwm480 60 (CT)16(CA)13 3AL

WMC379 60 (CT)15(GT)5 3AC



approx. 30 min at 5v cm–1. Depending on the in-

tensity of the bands, PCR products were diluted

with double distilled water at 1:3 or 1: 4 ratios. The

samples were mixed with 0.15 µL of the

GenScan-500 TAMRA internal size standard (PE

Biosystems) and 0.85 µL formamide dye (98%

formamide, 0.01 % dextran blue), denatured at

95°C for 2 min and chilled on ice.

Samples were loaded on 5% denaturing

polyacrylamide gel (Long Ranger TM, FMC

Bioproducts) in 1x TBE buffer (89 mM Tris, 89

mM boric acid, 2 mM EDTA, pH 8.3). Electro-

phoresis was carried out in an ABI PrismTM 377

DNA sequencer (Applied Biosystems) at 1200V

for 1.5 h. The ABI collection software version 1.1

was used for raw data collection. Microsatellite

fragments were analysed using the GENSCANTM

analysis software version 2.1.

Linkage analysis

Linkage between SSR markers and the tsn4 locus

was established with MAPMAKER/EXP, version

3.0b, using a LOD value of 3.0 and a maximum

distance of 50 cM. (Lander et al. 1987). The

Kosambi function was applied to convert recom-

bination fractions into map distances (Kosambi

1944), and linkage maps were drawn using the

Mapchart software (Voorrips 2002).

Results

Evaluation, inheritance and monosomic analysis

As indicated in Table 1, Red Chief and XX41 were

resistant to all isolates. Chinese Spring was sus-

ceptible to most isolates, but was resistant to iso-

lates 86-124a (race 2), NuBr-1, and Cz1-2. The

resistant cultivar Red Chief was crossed with the

21 monosomic lines of the susceptible cultivar

Chinese Spring. All the monosomic F1 crosses, ex-

cept mono3A/Red Chief, were susceptible

(Table 3). The mono 3A /Red Chief F1 cross seg-

regated into 8 resistant and 3 susceptible plants to

isolate ASC1a, indicating that mono 3A/Red

Chief is the critical cross.

This was further confirmed by testing all the F2

crosses, in which the 20 monosomic F2 crosses and

the disomic F2 population of the CS/Red Chief

cross segregated into resistant and susceptible

plants in a 1:3 ratio, indicating that the gene in Red

Chief conferring resistance to race 1 Ptr isolate

ASC1a was recessive. The mono3A/Red Chief F2
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Table 3. Segregation for seedling reaction to isolate ASC1a (race 1) in F1 and F2 populations from crosses of 21

Chinese Spring monosomics with common wheat cv. Red Chief

Monosomic
chromosome

involved

ASC1a (race 1) �
2(1:3) in F2 P value

Observed segregation in F1 Observed segregation in F2

Resistant Susceptible Resistant Susceptible

1A 0 10 25 70 0.126 0.723

2A 0 9 35 90 0.60 0.438

3A 8 3 98 9 252.9 0.000

4A 0 7 24 60 0.57 0.450

5A 0 8 30 78 0.444 0.505

6A 0 10 32 80 0.76 0.383

7A 0 9 19 50 0.236 0.627

1B 0 7 22 54 0.630 0.427

2B 0 8 30 76 0.616 0.432

3B 0 10 40 95 1.53 0.216

4B 0 11 27 72 0.272 0.601

5B 0 12 19 48 0.402 0.526

6B 0 10 20 72 0.521 0.470

7B 0 8 29 81 0.109 0.741

1D 0 10 35 84 1.234 0.266

2D 0 8 23 62 0.192 0.661

3D 0 9 37 98 0.416 0.518

4D 0 8 42 96 2.17 0.140

5D 0 7 25 68 0.175 0.675

6D 0 9 26 71 0.168 0.682

7D 0 8 28 74 0.326 0.568

Disome 0 20 50 142 0.111 0.739



crosses segregated into 98 resistant and 9 suscepti-

ble plants, deviating significantly (�2 = 252.9,

P = 0.000) from the 1:3 ratio. This indicated

clearly that the resistance gene in cv. Red Chief,

effective against the race 1 Ptr isolate ASC1a, is

located on chromosome 3A.

Linkage analysis and genetic map

A total of 140 CS/Red Chief F2 lines were geno-

typed using seven polymorphic SSR markers on

chromosome 3A. Markers Xgwm218, Xgwm5,

Xgwm2a, Xgwm480 and Xgwm155 were polymor-

phic and linked to Tsr4. Xgwm30 and Xgwm369,

though they were polymorphic, were not linked to

Tsr4. Xgwm218, Xgwm5, Xgwm2, Xgwm480,

Xgwm155 and Xgwm30 amplified fragments with

sizes of 154, 167, 130, 173, 151 and 239 bps in cv.

Red Chief and 156, 180, 125, 193, 145 and 209 bps

in cv. Chinese Spring, respectively. The closest

markers to Tsr4 were Xgwm2a and Xgwm5, at map

distances of 14.9 and 18 cM, respectively. These

markers were located on the short arm of chromo-

some 3A, suggesting that Tsr4 is located on the

short arm of chromosome 3A near the centromeric

region (Figure 1). Xgwm2a, which is also located

on chromosome 3D, was identified as the closest

marker (9.5 cM) to the tsr3 genes in synthetic

wheats (Tadesse et al. 2007)

Marker validation

A total of 34 wheat genotypes (28 resistant, and 6

susceptible) were screened using Xgwm2a in order

to check its suitability for marker assisted selec-

tion. As indicated in Table 4, Xgwm2a amplified a

total of seven fragments ranging from 118.6 to 230

bp. The 120 bp allele specific fragment was ob-

served in 11 genotypes, including the three syn-

thetic lines XX41, XX45, and XX110. On the

other hand, the 130 bp allele was amplified only in
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Table 4. Validation of Xgwm2a for MAS

using 34 wheat genotypes

Cultivar Resistance
Band size
(Xgwm2a)

4B1149 R 120

Apollo S 119

Arina R 119

Bandit S 119

CS S 126

Dashen R 130

Dream S 119

Empire R 119

Erik R 120

Glenlea S 119

HAR1775 R 129

HAR2562 R 119

HAR604 R 119

Hercule R 119

Jenga R 119

Karepwa R 119

Lynx S 122

Piko R 118.6

Red Chief R 130

Salamouni R 119

Schwabenkorn R 120

Septre R 120

Solitär R 119

Syn38 R 120

Syn44 R 119

Syn84 R 120

Vilmorin27 R 118.6

W7984 R 120

XX173 S 119

XX183 R 120

XX35 R 120

XX41 R 120

XX45 R 120

XX110 R 120

R = resistant; S = Susceptible

Figure 1. Microsatellite linkage map showing tsn4b gene

on chromosome 3A in CS/Red Chief F2 population. Locus

names and map distances (cM) are indicated on the right

and left sides of the map, respectively.



cv. Red Chief and Dashen. The tsr4 gene was pre-

viously located on chromosome 3A in cv.

Salamouni through monosomic analysis (Tadesse

et al. 2006). Xgwm2a amplified 119 & 130 bp

fragments in cv. Salamouni and Red Chief, re-

spectively, indicating that the resistance gene in

these cultivars may be different alleles of the tsr4

gene.

Discussion

Inheritance and cytogenetic analysis

The inheritance of tan spot was studied using F1

and F2 crosses of resistant and susceptible geno-

types. The absence of segregation into resistant

plants in the F1 disomic crosses of the resistant

cultivar Red Chief with the susceptible cultivar

Chinese Spring, and the segregation of the corre-

sponding F2 crosses at a 1 resistant : 3 susceptible

ratio, indicated that resistance in this cv. Red Chief

is controlled by a single recessive gene, which is

inherited qualitatively. This is in line with previ-

ous reports by various authors (Lamari and

Bernier 1989, Gamba and Lamari 1998, Tadesse

et al. 2007). Quantitative inheritance of tan spot

resistance was reported by Faris et al. (1997),

Effertz et al. (2002), Friesen and Faris (2004) and

recently by Chu et al. (2008). However, compar-

ing the results of these studies with those pre-

sented here is difficult due to variations in the

method of inoculation, rating scales, symptoms

studied, isolates used, and the environmental con-

ditions for disease development.

Knott (1989) indicated that when resistance is

governed by a single hemizygous recessive effec-

tive gene, all 20 non-critical monosomic crosses

are expected to be heterozygous and susceptible,

but the critical cross is expected to segregate into

susceptible disomic and resistant monosomic

plants in the F1 population. On the other hand, in

the F2 population the 20 non-critical crosses will

segregate at a 1 susceptible : 3 resistant ratio,

while the critical cross will deviate significantly

from this ratio. A genetic model for this type of re-

cessive gene was reported by Tadesse et al. (2006)

using a CS mono series/Salamouni population. In

the present study, segregation analysis of the F2

hybrids of the 21 CS monosomic series with the

resistant cultivar Red Chief to Ptr isolate ASC1a

(race 1) indicated that the resistance gene in this

cultivar is located on chromosome 3A.

Molecular mapping

The development of molecular marker technolo-

gies has revolutionized plant breeding by enabling

breeders to exercise indirect marker aided selec-

tion at the seedling stage in early generations. In

the present study, molecular mapping of the tsr4

gene was carried out using SSR markers on chro-

mosome 3A. Linkage analysis of the CS/Red

Chief F2 population revealed that Xgwm2a was the

marker closest to the resistance gene tsr4. This

marker, located on both chromosomes 3A and 3D

(Somers et al. 2004), was previously identified as

the closest marker to the tsr3 genes in synthetic

wheats (Tadesse et al. 2007). The proximity of the

Xgm2a marker to the tsr3 and tsr4 genes suggests

the presence of homoeology of resistance between

the two genes. The order of markers Xgwm218,

Xgwm5, Xgwm2, Xgwm480 and Xgwm155 in the

present genetic map for the CS/Red Chief F2 popu-

lation is different from the consensus map

(Somers et al. 2004), though the chromosome arm,

where they have been located, remains the same.

This is may be due to the low number of markers

used in this study.
Most tan spot resistance genes reported to date

are located in the B genome of hexaploid wheat.
Faris et al. (1996) mapped the resistance locus tsr1
on the long arm of 5B using restriction fragment
length polymorphism (RFLP) markers. The tsr1
gene was recently fine mapped and markers that
are important for cloning of this gene were identi-
fied (Haen et al. 2004). A major QTL designated
as tsc2, which is located on the short arm of chro-
mosome 2B, was reported by Friesen and Faris
(2004). Cheong et al. (2004) also identified a ma-
jor QTL on 5BL, which is actually expected to be
the same as tsr1, in the Australian cultivar Brook-
ton. Singh et al. (2006) identified tsr2 on the long
arm of chromosome 3B in tetraploid wheat using
race 3 Ptr, which actually may be the same gene as
the QTL reported on 3BL by Faris and Friesen
(2005). There are few reports of tan spot resistance
in the A genome of wheat. A major QTL on the
short arm of chromosome 1A (QTsc.ndsu-1A) and
a minor QTL on the long arm of chromosome 4A
were reported in the W-7984/Opata85 population
(Faris et al. 1997). Recently, Chu et al. (2008)
identified novel QTLs located on chromosome
arms 2AS, 4AL, 5AL and 5 BL, which did not cor-
respond to known host selective toxin insensitivity
loci, indicating that the wheat –P. tritici-repentis
pathosystem is much more complex than previ-
ously thought and that selecting for toxin insensi-
tivity will not necessarily lead to tan spot
resistance.
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In addition to the tan spot resistance tsn4 gene

identified in the present study, other genes such as

Stb6 (Eriksen et al. 2003) for septoria resistance,

and a QTL (QFhs.inra-3A) for fusarium resistance

(Gervais et al. 2003) have been reported on wheat

chromosome 3A. The wheat cultivars Arina,

Salamouni, and Red Chief exhibit resistance

against Septoria and Fusarium. The existence of

such a number of different genes for resistance

provides an opportunity to pyramid them in order

to enhance the level and durability of resistance.

The best way to utilize the gene found in the

present study is to transfer it to adapted cultivars

by backcrossing. However, because the gene is re-

cessive, determination of the presence or absence

of these genes in a backcross individual requires a

phenotypic assay of progeny generated either by

selfing or by crossing to the donor parent.

Microsatellite markers are most suitable for

marker assisted selection (Gupta et al.1999;

Huang et al. 2000), especially for pyramiding two

or more resistance genes into a single adaptable

cultivar. The SSR marker Xgwm2a, which

mapped closer to the tsr3 genes on chromosome

3D and the tsr4 gene on chromosome 3A in the

present study, amplifies a 120 bp allele in the tsr3

genes and 130 bp in the tsr4 gene, and can be used

to trace the presence of the target gene in succes-

sive backcross generations and the pyramiding of

these genes into a commonly grown and adaptable

cultivar.
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