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Abstract Wheat—tan spot interactions are known to
have an inverse gene-for-gene relationship where
pathogen-produced necrotrophic effectors are recog-
nized by host sensitivity genes to cause susceptibility.
However, broad-spectrum race-nonspecific resistance
quantitative trait loci (QTL) that do not conform to the
inverse gene-for-gene model have also been identified
in this system. Here, we evaluated a population of
wheat recombinant inbred lines derived from Salamo-
uni (resistant) and Katepwa (susceptible) for reaction
to two isolates of race 1 (Pti2 and Asc1) and one isolate
of race 2 (86—124), which all produce the necrotrophic
effector Ptr ToxA, and the isolate AR LonB2, which
does not produce Ptr ToxA and does not conform to
the current race classification system. As expected, the
Tsnl locus was significantly associated with disease
caused by all three ToxA-producing isolates and was
not associated with tan spot caused by AR LonB2.
However, the amount of variation explained by T'snl
varied considerably, with values of 5, 22, and 30 % for
Ascl, Pti2, and 86-124, respectively, suggesting
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possible variability in ToxA gene regulation among
these isolates. A locus on chromosome arm 7DS was
specifically associated with isolate AR LonB2 but
explained only 8 % of the variation. Additional QTL
on 5DL and 7BS were race-nonspecific and associated
with tan spot caused by multiple isolates. These results
provide further evidence that race-nonspecific resis-
tance QTL play important roles in governing reaction
to tan spot, and they suggest that the wheat—tan spot
pathosystem is more complicated than previously
thought. The elimination of necrotrophic effector
sensitivity genes and the addition of race-nonspecific
resistance loci are needed to develop wheat cultivars
with high levels of tan spot resistance.
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Introduction

Tan spot is a foliar disease of wheat caused by the
necrotrophic fungus Pyrenophora tritici-repentis
(Died.) Drechs. [anamorph Drechslera tritici-repentis
(Died.) Shoem.]. The pathogen infects both durum
(Triticum turgidum) and bread wheat (T. aestivum)
and occurs nearly everywhere these crops are grown.
Conservation tillage practices have led to an increased
incidence of tan spot due to the ability of the fungus to
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overwinter in stubble residue (Rees 1982). When
conditions are favorable, tan spot has the potential to
cause yield losses approaching 50 % (Hosford 1982;
Rees and Platz 1983; Mehta and Gaudencio 1991).
Typical symptoms of susceptible reactions include
large, sometimes coalescing necrotic lesions sur-
rounded by moderate to extensive chlorosis, whereas
resistant reactions are limited to circular lesions
usually dark in color that remain very small.

Isolates of P. tritici-repentis are currently classified
into eight races based on their ability to produce one or
more of three characterized necrotrophic effectors
(host-selective toxins) (Lamari et al. 2003). The
P. tritici-repentis effectors identified to date consist
of Ptr ToxA, which causes necrosis, and Ptr ToxB and
Ptr ToxC, which both induce chlorosis (Ciuffetti et al.
2010 for review). Race 1 isolates produce Ptr ToxA
and Ptr ToxC, race 2 isolates produce Ptr ToxA, race 3
isolates produce Ptr ToxC, race 4 isolates are aviru-
lent, and race 5 isolates produce Ptr ToxB. Races 6, 7,
and 8 combine the effectors of races 3 and 5, 2 and 5,
and 2, 3, and 5, respectively (Lamari et al. 2003). A set
of four hexaploid wheat lines including Glenlea
(necrosis caused by race 2), 6B365 (chlorosis caused
by race 3), 6B662 (chlorosis caused by race 5), and
Salamouni (resistant to all races) has been used to
differentiate the races (Lamari et al. 1998).

Single genes control host sensitivity to each of the
three effectors. The Tsnl gene on the long arm of
wheat chromosome 5B confers sensitivity to Ptr ToxA
(Faris et al. 1996; Anderson et al. 1999). Extensive
genomic analysis of Tsnl (Haen et al. 2004; Lu and
Faris 2006; Lu et al. 2006) led to the isolation of the
gene, which was found to have similarity to the
protein kinase and nucleotide binding site—leucine-
rich repeat (NBS-LRR) classes of plant resistance
genes (Faris et al. 2010). Sensitivity to Ptr ToxC and
Ptr ToxB is governed by the Tscl gene on chromo-
some arm 1AS (Effertz et al. 2002) and the Tsc2 gene
on chromosome arm 2BS (Friesen and Faris 2004;
Abeysekara et al. 2010), respectively, neither of
which has been cloned.

Although single genes have been shown to govern
sensitivity to each of the three effectors, and all three
effector—host gene interactions have been shown to
play significant roles in disease development (Effertz
et al. 2002; Cheong et al. 2004; Friesen and Faris 2004;
Chu et al. 2008; Singh et al. 2008a, b, 2010; Sun et al.
2010), insensitivity to the effectors alone will not
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necessarily lead to complete disease resistance
because, in many cases, other genetic factors in
addition to the effector sensitivities are involved
depending on the host genetic background (Faris
et al. 1997, 1999; Friesen et al. 2003; Chu et al. 2008;
Singh et al. 2008a, b; Li et al. 2011). In addition, more
recent studies have led to the identification of single
major genes on chromosomes 3A and 3D governing
reaction to tan spot caused by race 1 isolates (Singh
et al. 2006, 2008a, b; Tadesse et al. 2006b, 2008), and
on chromosome 3B controlling reaction to races 3 and
5 (Tadesse et al. 2006a, 2010). Although effectors
associated with the host genes on group 3 chromo-
somes have not yet been identified, in each case
resistance was reported to be recessive, suggesting that
host gene—effector interactions are likely responsible
for governing susceptibility in these cases as well.

Other recent studies have reported the identification
of race-nonspecific resistance quantitative trait loci
(QTL) on several different chromosomes in popula-
tions where known effector sensitivity genes segre-
gated but had no significant association with tan spot
reaction (Faris and Friesen 2005; Chu et al. 2008,
2010). Together, these results strongly suggest the
P. tritici-repentis race classification system is not
sufficient to account for the complexity of the P. tritici-
repentis—wheat interaction.

The objectives of this research were to analyze a
population of recombinant inbred lines (RILs) derived
from the wheat lines Salamouni and Katepwa for QTL
associated with tan spot resistance caused by two
different race 1 isolates, a race 2 isolate, and an isolate
collected from Arkansas that does not fit the current
race classification system because it caused necrosis
on the Ptr ToxA differential cultivar Glenlea, but did
not produce Ptr ToxA (Ali et al. 2010).

Materials and methods
Plant materials

A population derived from the hexaploid wheat
landrace Salamouni and the Canadian bread wheat
variety Katepwa, consisting of 121 RILs, was evalu-
ated for reaction to tan spot. The population will
hereafter be referred to as the SK population. Details
regarding the development of the SK population were
provided in Abeysekara et al. (2010).
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Conidial inoculations and disease evaluation

The SK population and parents were screened with
conidia produced by the race 1 isolates Ascl and Pti-
2, the race 2 isolate 86—124, and an isolate collected
from Arkansas, USA, and designated AR LonB2 (Ali
etal. 2010). Isolate AR LonB2 was shown by Ali et al.
(2010) not to fit the current race classification system
because it lacked the ToxA gene but still induced
necrosis on the ToxA differential line Glenlea.
Isolates were grown on plates containing V8-potato
dextrose agar (Difco PDA; Becton, Dickinson and
Company, Sparks, MD, USA) in the dark for
5-7 days. Inoculum was prepared as described by
Lamari and Bernier (1989) and Ali et al. (2010). For
each isolate, the parents and 121 SK RILs were
planted in a completely randomized design consisting
of three replications. Each replication consisted of one
cone (Stuewe and Sons, Inc., Corvallis, OR, USA) per
RIL and three plants per cone. Therefore, each
experimental unit consisted of three plants, and a
total of nine plants per line were evaluated for each
isolate. Plants were grown in racks of 98 with the
outside border of each rack planted with the suscep-
tible variety Grandin to reduce any potential edge
effects. Inoculum was adjusted to a concentration of
3,000 spores/ml and sprayed onto the plants at the
2- to 3-leaf stage until runoff as described in
Abeysekara et al. (2010). After inoculation, plants
were placed in a mist chamber with 100 % relative
humidity at 21 °C for 24 h and then moved to growth
chambers at the same temperature under a 12-h
photoperiod for 6 days. Plants were then rated using a
1-5 lesion-type scale (Lamari and Bernier 1989)
where 1 is the most resistant and 5 is the most
susceptible.

To determine if RILs were of the TsniITsnl or
tsnltsnl genotype, they were infiltrated with Ptr ToxA
and scored as sensitive or insensitive based on the
development of necrosis (Abeysekara et al. 2010). By
definition, Ptr ToxA-sensitive RILs are TsnlTsnl
genotype and Ptr ToxA-insensitive RILs are tsniltsnl
genotype.

Statistical and QTL analysis
Error variances among replicates for each isolate were

evaluated for homogeneity using Bartlett’s Chi-
squared test conducted with the PROC GLM

command in SAS (SAS Institute 2008). Data from
the replicates of each isolate that lacked significant
heterogeneity for error variances were used to calcu-
late reaction type means which were then used for
QTL analysis. Fisher’s protected least significant
difference (LSD) was calculated to identify significant
differences among reaction-type means for each
isolate at the 0.05 level of probability.

Linkage analysis and map construction for all 21
chromosomes in the SK population was described in
Abeysekara et al. (2012). Here, a subset of 323
markers, used for map construction and giving the
most complete coverage and spanning all 21 chromo-
somes, was used. The marker set consisted of 319
DNA markers and four morphological markers
(Abeysekara et al. 2012) including T'snl, Tsc2, Snn3
and Snn4, which confer sensitivity to the necrotrophic
effector ToxA (produced by both P. tritici-repentis
and the necrotrophic pathogen Stagonospora nodo-
rum), Ptr ToxB (produced by P. tritici-repentis), and
the S. nodorum effectors SnTox3 and SnTox4,
respectively. The phenotypic data for each of the
three replicates of each P. tritici-repentis was aver-
aged for each of the RILs, and the mean lesion-type
data was used for QTL analysis. The software programs
QGene (Joehanes and Nelson 2008) and MapManager
QTX (Manly et al. 2001) were used to conduct
composite interval mapping (CIM) to identify markers
and marker intervals significantly associated with tan
spot resistance. A critical LOD threshold of about 3.15
was determined based on 1,000 permutations for each
trait. Single factor regression was performed using
markers associated with QTL based on CIM analysis to
identify the markers most significantly (P < 0.01)
associated with the QTL, which were then assembled
into multiple regression models to determine the total
amount of variation explained by the markers using the
software program DataDesk (Data Description Inc.,
v4.1).

Results

Reaction of the SK population to Pyrenophora
tritici-repentis inoculations

Salamouni was resistant to all four isolates with
average disease reactions ranging from 1.25 for Ascl
to 1.83 for AR LonB2, whereas Katepwa was moder-
ately susceptible to all four isolates with average
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Table 1 Average reaction types of Salamouni, Katepwa, the SK population, and RILs with the two different allelic states of Tsn/ to

tan spot caused by isolates Ascl, Pti2, 86—124, and AR LonB2

Isolate Salamouni Katepwa SK population, SK population 7TsniTsnl (ToxA- tsnltsnl (ToxA- Average lesion-
average range, sensitive) lines insensitive) lines  type difference®

Ascl (race 1) 1.25 3.13 2.09 1.00-3.50 221 1.99 0.22%

Pti2 (race 1) 1.50 3.50 2.64 1.33-4.17 2.95 2.36 0.59*

86-124 (race 2) 1.50 3.67 2.63 1.33-4.00 3.02 2.28 0.74%*

AR LonB2° 1.83 3.25 2.56 1.33-4.00 2.54 2.57 —0.03

* An asterisk indicates that average lesion-type differences between the TsnITsnl and fsniltsnl genotypic classes were significantly

different at the P < 0.05 level of probability
® AR LonB2 does not possess the ToxA gene (Ali et al. 2010)

reactions ranging from 3.13 for Ascl to 3.67 for
86—124 (Table 1; Fig. 1). Average disease reaction
types for the SK population were the least for isolate
Ascl, with an average of 2.09 compared to isolates Pti-
2, 86-124, and AR LonB2, which gave similar
reaction-type averages of 2.64, 2.63, and 2.56, respec-
tively. Some transgressive segregation was observed in
the population with reaction types ranging from 1.0 to
4.17 for the four isolates overall (Table 1; Fig. 1).

Ptr ToxA is produced by race 1 and race 2 isolates,
but not by the AR LonB?2 isolate. Further analysis of
average lesion types indicated that ToxA-sensitive
RILs had average reaction types of 2.21, 2.95, and 3.02
for isolates Ascl, Pti-2, and 86-124, respectively,
whereas ToxA-insensitive genotypes had average
reaction types of 1.99, 2.36, and 2.28 for the three
isolates (Table 1; Fig. 1). In each of these cases, the
ToxA average reaction types among the ToxA sensi-
tive lines were significantly higher than among the
ToxA insensitive lines, indicating that a compatible
Tsn1-ToxA interaction contributed significantly to the
development of tan spot caused by the three ToxA-
producing isolates. However, the average disease
reaction types for ToxA-sensitive and ToxA-insensi-
tive RILs in response to AR LonB2 also did not differ,
which was as expected due to the fact that AR LonB2
does not possess the ToxA gene (Ali et al. 2010).

Identification of QTL associated with tan spot
resistance in the SK population

A total of four QTL associated with resistance to the
four isolates were identified by CIM in the SK
population, and resistance effects at all four loci were
contributed by the resistant parent Salamouni. The four
QTL were located on chromosome arms 5BL, 5DL,
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7BS, and 7DS, and designated QTs.fcu-5B, QTs.fcu-
5D, QTs.fcu-7B, and QTs.fcu-7D, respectively.

Not all QTL were significantly associated with
resistance to all four isolates. QTs.fcu-5B and QTs.fcu-
7B were significantly associated with resistance to
Pti-2 and explained 25 and 8 % of the variation,
respectively (Table 2; Fig. 2). The effects of QTs.fcu-
5B were due to the Tsn/-ToxA interaction indicated
by the defined peak of QTs.fcu-5B at the Tsnl locus
(Fig. 2). The marker Xbarc126.1 was the most signif-
icant marker associated with QTs.fcu-7B. In single
factor regression, Tsnl and Xbarcl26.1 explained 22
and 7 % of the variation, respectively, and together
they explained a total of 31 % (Table 3).

For the other race 1 isolate, Ascl, only QTs.fcu-5D
was significant in CIM explaining 13 % of the variation
(Table 2; Fig. 2). Although Ascl israce 1 and known to
produce Ptr ToxA, QTs.fcu-5B was not significant in
CIM (Fig. 2). However, the Tsnl locus was significant
in single factor regression and explained 5 % of the
variation (Table 3). Xwmc215 was the most significant
marker associated with QTs.fcu-5D, and it explained
13 % of the variation in single factor regression.
Together, Tsnl and Xwmc215 explained 19 % of the
variation for resistance to Ascl. QTs.fcu-7B, which was
significantly associated with the other race 1 isolate Pti-
2, was not significantly associated with resistance to
Ascl (Fig. 2).

The QTL QTs.fcu-5B and QTs.fcu-7B, which were
associated with resistance to the race 1 isolate Pti-2,
were also significantly associated with resistance to
the race 2 isolate 86—124 in CIM explaining 32 and
5 % of the variation, respectively (Table 2; Fig. 2).
However, the chromosome 7B markers including
Xbarcl26.1 were not significant in single factor
regression, and the QTs.fcu-5D marker Xwmc215
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Table 2 QTL associated with seedling resistance to tan spot caused by Pyrenophora tritici-repentis isolates Pti-2, Ascl, 86—124, and
AR LonB?2 detected by composite interval mapping, showing chromosome arm locations, associated markers, LOD, R, and additive
effects

QTL Chrom.* Marker or Pti-2 (race 1) Ascl (race 1) 86-124 (race 2) AR LonB2
marker interval

LOD R*> Add® LOD R*> Add. LOD R*> Add. LOD R*> Add

QTs.fcu- 5BL Tsnl 100 025 -030 -° - - 145 032 —-040 - - -
5B

QTs.feu- 5SDL Xwmc215- - - - 468 0.13 -0.19 - - - - - -
5D Xcfd183

QTs.fcu- 7BS Xgwm537— 471 0.08 -0.18 - - - 3.15 005 -0.16 391 0.06 -0.16
7B Xbarcl26.1

QTs.fcu-  7DS Xcfd21- - - - - - - - - - 454 0.07 -0.16
7D Xgwmd4.2

% Chrom.: the chromosome arm harboring the QTL
 Add.: the additive effects of the QTL. A negative value indicates resistance effects derived from Salamouni

¢ A dash indicates that the marker was not significantly associated with resistance

was significant, explaining 5 % of the variation and 7 % of the variation, respectively (Table 2;
(Table 3). Together, Tsnl and Xwmc215 explained Fig. 2). Xgwm44.2 was the most significant marker
40 % of the variation for resistance to 86—124 in the associated with QTs.fcu-7D and explained 8 % of the
multiple regression model. variation in single factor regression (Table 3). Mark-

For the isolate AR LonB2, which does not produce ers associated with QTs.fcu-7B were not significant in
Ptr ToxA and does not belong to the current race single factor regression, but Xwmc215, which was
classifications, the QTL QTs.fcu-7B and QTs.fcu-7D associated with QTs.fcu-5D, was significant and
were significantly associated in CIM and explained 6 explained 11 % of the variation. Together, Xgwm44.2
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<« Fig. 2 Composite interval regression maps of QTL associated

with tan spot caused by isolates Ascl (race 1), Pti2 (racel), 86124
(race 2), and AR LonB2. In each case, resistance effects were
contributed by Salamouni. The markers and their positions are
indicated along the right side of the illustrated linkage maps and
distances in centiMorgans (cM) are shown along the left. Composite
interval regression lines are aligned with their corresponding
linkage groups. The critical LOD threshold is indicated by the dotted
lines. The line colors for each isolate are indicated in the legend

and Xwmc215 explained 18 % of the variation for
resistance to AR LonB2 (Table 3).

Discussion

The hexaploid landrace Salamouni has been consid-
ered a durable tan spot resistance source and used in
the differential set as the line that is universally
resistant to all races (Lamari et al. 1998). Katepwa was
known to be susceptible to race 1- and race 2-induced
necrosis and chlorosis induced by race 5. Abeysekara
et al. (2010) showed that in this population suscepti-
bility to chlorosis caused by race 5 was due to the
Tsc2—Ptr ToxB interaction, which accounted for 54 %
of the variation in disease caused by the race 5 isolate
DWS5. The current research was conducted to evaluate
the role of the Tsn/-Ptr ToxA interaction in the SK
population and to identify additional factors (QTL)
contributing to resistance or susceptibility caused by
races 1 and 2, and the recently described isolate from
Arkansas (Ali et al. 2010).

Of the four QTL identified, QTs.fcu-5B associated
with Pti-2 and 86-124 had by far the largest effects
(Fig. 2), which were due to the Tsn/-Ptr ToxA inter-
action. Therefore, QTs.fcu-5B is considered a suscep-
tibility QTL due to Ptr ToxA sensitivity contributed by
Katepwa. QTs.fcu-5B was not significant for isolate

Ascl in CIM. As a race 1 isolate, Ascl is known to
produce Ptr ToxA, and therefore one would expect the
Tsnl locus to be significantly associated with reaction to
Ascl. However, the Tsnl locus was significant in single
factor regression, and average reaction types between
the TsniTsnl and tsnitsnl genotypic classes were
significantly different. In addition, the CIM regression
curve for chromosome 5B generated using the Asc1 data
also strongly suggested that the Tsn/—Ptr ToxA inter-
action played a role in governing disease caused by
Ascl. Past research has shown that, depending on the
host genetic background, 7snl can play a highly
significant role (Cheong et al. 2004; Singh et al.
2008a, b, 2010), a relatively minor role (Friesen et al.
2003; Chu et al. 2008), or have no significant effects
(Faris and Friesen 2005; Chu et al. 2010). Friesen et al.
(2006) evaluated Ptr ToxA haplotypes of 54 P. tritici-
repentis isolates, including Pti-2 and Asc1, and found no
sequence variation in the ToxA gene. Therefore, allelic
variation in Ptr ToxA is not likely responsible for the
difference in T'snI-Ptr ToxA effects between Pti-2 and
Ascl. It is possible that other host resistance mecha-
nisms, particularly broad spectrum or race-nonspecific
resistance mechanisms, may preclude host—effector
interactions such as Tsn/-Ptr ToxA, as suggested by
Faris and Friesen (2005), or that the effects of a given
host—effector interaction are reduced or masked due to
epistatic effects with other host—effector interactions
(Friesen et al. 2008). It is also possible that different
isolates may express the same effectors at different
levels, which was shown by Faris et al. (2011) to be the
case with two S. nodorum ToxA-producing isolates.
Faris et al. (2011) showed that the isolate that expressed
ToxA athigher levels caused more T'sn/-specific disease
than the isolate with lower ToxA expression. This could
be the case with Ascl and Pti-2.

Table 3 Single factor and multiple regression of markers associated with the development of tan spot caused by four isolates of
Pyrenophora tritici-repentis in the population of RILs derived from Salamouni and Katepwa

Marker Chromosome arm R? value

Pti-2 (race 1) Ascl (race 1) 86-124 (race 2) AR LonB2
Tsnl 5BL 0.22%%* 0.05* 0.30%** NS
Xwmc215 5DL NS 0.13%* 0.05* 0.11%*
Xbarcl26.1 7BS 0.07* NS NS NS
Xgwm44.2 7DS NS NS NS 0.08%**
Multiple regression® 0.3 %% 0.19%* 0.40%** 0.18%*:*

Significance levels: *** P < 0.0001, ** P < 0.001, * P < 0.01, NS non-significant

# Multiple regression models included only the significant markers for each isolate
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In CIM analysis, QTs.fcu-5D was significantly
associated with tan spot caused by Ascl only, and
QTs.fcu-7B was significant for Pti-2, 86-124, and AR
LonB2, but not significant for Ascl. However, the
regression curves generated in CIM analysis suggest
that both QTL may be associated with response to all
four isolates tested (Fig. 2), and therefore suggest that
QTs.fcu-5D and QTs.fcu-7B may be race-nonspecific
resistance QTL. QTs.fcu-7D was specific to AR
LonB2 and only a slight indication of an association
between this QTL and response to 86-124 was
indicated by the chromosome 7D regression curves,
whereas clearly no association between the 7D locus
and either race 1 isolate existed.

No major tan spot resistance genes or effector
sensitivity loci have been reported on chromosomes
5D, 7B, or 7D. Chu et al. (2010) reported a QTL with
minor effects for resistance to Pti-2 and 86-124 in
tetraploid wheat on chromosome 7B, but that QTL was
on the long arm of 7B, whereas QTs.fcu-7B reported in
this work was on the short arm. Therefore, these likely
represent different QTL on chromosome 7B. Faris and
Friesen (2005) reported a tan spot resistance QTL with
minor effects for resistance to a race 3 isolate on
chromosome arm 7DS. The marker most closely asso-
ciated with that QTL was XbarcI26, the same marker
associated with QTs.fcu-7D in this research, which is a
strong indication that the same QTL, or alleles of the
same QTL, were identified. This would suggest that, like
QTs.fcu-5D and QTs.fcu-7B, QTs.fcu-7D is not race-
specific.

By definition, P. ftritici-repentis race 1 isolates
produce effectors Ptr ToxA and Ptr ToxC, which are
recognized by the sensitivity genes T'sn/ and Tscl on
chromosome arms 5BL and 1AS and cause necrosis
and chlorosis, respectively (Lamari et al. 1989), 2003;
Faris et al. 1996; Ciuffetti and Tuori 1999; Effertz
et al. 2002). As discussed above, the Tsnl locus was
associated with governing reaction to both isolates, but
no QTL or marker on 1AS was found to be associated
with either isolate indicating that sensitivity to Ptr
ToxC does not segregate in this population, which
agrees with previous research indicating that both
Salamouni and Katepwa are insensitive to Ptr ToxC
(Lamari et al. 1995). QTs.fcu-5D and QTs.fcu-7B
appeared to have minor effects for both isolates, and
multiple regression models for Pti-2 and Asc1 explained
31 and 19 % of the variation, respectively. While
environmental and experimental inconsistencies may
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account for some of the variation, it is likely that other
genetic factors went undetected, possibly due to the
small population size or inadequate coverage of the
genome with markers (Abeysekara et al. 2012). There-
fore, it is possible that Pti-2 and/or Ascl may harbor
unique virulence factors.

Zhang et al. (2011) showed that two homeologous
genes on the short arms of chromosomes 5B and 5D
conferred sensitivity to the same necrotrophic effector
produced by S. nodorum. Observation of the locations of
the QTL identified in this research could suggest that the
QTL on the long arms of 5B and 5D are homoeologous.
However, through the cloning and characterization of the
Tsnl gene, Faris et al. (2010) showed that Tsnl was
specific to chromosome 5B, and that homoeoalleles do
not exist on the homoeologous chromosomes 5A and 5D.
Therefore, the gene responsible for the effects of
QTs.fcu-5D is in a similar position relative to Tsnl, but
most likely is not homoeologous with Tsni.

In contrast, the microsatellite marker Xbarcl26
detected loci associated with both of the QTL on the
short arms of chromosomes 7B and 7D. Assuming that
Xbarcl26 detects homoeologous loci on these chro-
mosomes, this would suggest that homoeologous
genes possibly govern the effects of QTs.fcu-7B and
QTs.feu-7D.

In this research, we used the universal tan spot resistant
line Salamouni as one parent of the SK mapping
population. Tadesse et al. (2006b) also investigated the
genetic basis of tan spot resistance conferred by Salamo-
uni. Inoculating with a race 1 isolate (Ascla), they
conducted monosomic analysis using the monosomic
lines of the hexaploid landrace Chinese Spring, which
was susceptible to Ascla. Their analysis revealed that
chromosome 3A was the critical chromosome, and
therefore the authors claimed that Salamouni harbored
a recessive resistance gene on chromosome 3A that
conferred resistance to tan spot caused by Ascla. The
results of our research gave no indication of a resistance
gene/QTL on Salamouni 3A for any of the isolates,
including the race 1 isolates Pti-2 and Ascl. There are two
possible explanations for this. First, it is possible that
Katepwa has the same recessive resistance gene on 3A as
Salamouni, and therefore the population does not segre-
gate for it. However, if this were the case, Katepwa would
likely have higher levels of tan spot resistance than those
observed. Alternatively, it is possible that Salamouni
does not harbor a recessive resistance gene per se, but
rather lacks a dominant gene for susceptibility, which is
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present in Chinese Spring. This is the most likely scenario
given the known structure of the wheat—tan spot system,
which is known to harbor several host—toxin interactions
(Wolpert et al. 2002). This scenario would explain why
we found no QTL associated with resistance derived from
Salamouni on chromosome 3A, and it would suggest that
the isolate Asclaused by Tadesse et al. (2006b) produces
a necrotrophic effector that is recognized by an effector
sensitivity gene present on chromosome 3A of Chinese
Spring. Further experimentation and analysis is needed to
prove or disprove this hypothesis.

Tan spot has become a significant threat to wheat
production worldwide over the past few decades, and
as a necrotrophic pathogen, P. tritici-repentis is
expected to thrive under a changing global climate
(Manning and Tiedemann 1995). Molecular markers
associated with resistance QTL can be used to
expedite the introgression of resistance loci into
adapted germplasm in a most efficient manner. The
genomic analysis and cloning of the Tsn/ gene has led
to the development of highly effective molecular
markers that can be used to select against the T'snl
allele that confers ToxA sensitivity (Lu et al. 2006;
Oliver et al. 2008; Zhang et al. 2009; Faris et al. 2010).
The effects of the QTL identified on 5D, 7B, and 7D
were relatively minor. Therefore, their effects as well
as marker associations should be validated in other
genetic backgrounds and larger populations. However,
the race-nonspecificity of these QTL makes them good
candidates for use in developing wheat cultivars with
broad spectrum and durable tan spot resistance.
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