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Analysis of leaf and stripe rust severities reveals pathotype
changes and multiple minor QTLs associated with resistance
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Abstract Leaf rust and stripe rust are important diseases
of wheat world-wide and deployment of cultivars with
genetic resistance is an effective and environmentally
sound control method. The use of minor, additive genes
conferring adult plant resistance (APR) has been shown to
provide resistance that is durable. The wheat cultivar
‘Pastor’ originated from the CIMMYT breeding program
that focuses on minor gene-based APR to both diseases by
selecting and advancing generations alternately under leaf
rust and stripe rust pressures. As a consequence, Pastor has
good resistance to both rusts and was used as the resistant
parent to develop a mapping population by crossing with
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the susceptible ‘Avocet’. All 148 Fs recombinant inbred
lines were evaluated under artificially inoculated epidemic
environments for leaf rust (3 environments) and stripe rust
(4 environments, 2 of which represent two evaluation dates
in final year due to the late build-up of a new race virulent
to Yr31) in Mexico. Map construction and QTL analysis
were completed with 223 polymorphic markers on 84
randomly selected lines in the population. Pastor contrib-
uted Yr31, a moderately effective race-specific gene for
stripe rust resistance, which was overcome during this
study, and this was clearly shown in the statistical analysis.
Linked or pleiotropic chromosomal regions contributing to
resistance against both pathogens included Lr46/Yr29 on
1BL, the Yr31 region on 2BS, and additional minor genes
on 5A, 6B and 7BL. Other minor genes for leaf rust
resistance were located on 1B, 2A and 2D and for stripe
rust on 1AL, 1B, 3A, 3B, 4D, 6A, 7AS and 7AL. The 1AL,
1BS and 7AL QTLs are in regions that were not identified
previously as having QTLs for stripe rust resistance. The
development of uniform and severe epidemics facilitated
excellent phenotyping, and when combined with multi-
environment analysis, resulted in the relatively large
number of QTLs identified in this study.

Introduction

Rust (Puccinia spp.) diseases are major constraints to
wheat performance and productivity worldwide. They not
only reduce photosynthetic area to limit photosynthesis, but
also sequester assimilates for spore production, ultimately
limiting growth and yield. Under extreme epidemic con-
ditions, crops can be completely destroyed by any of the
three wheat rust pathogens (Roelfs et al. 1992). These
diseases can sometimes be economically controlled by the
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use of foliar fungicides under high input agricultural pro-
duction systems. However, fungicides may not be used for
a number of reasons including financial constraints,
chemical availability and inclement weather conditions.
Accordingly, genetic control of rust diseases in the devel-
opment of resistant cultivars is an attractive approach and
can also have significant environmental benefits. Many
wheat-breeding programs place considerable efforts and
resources in breeding and screening for rust resistance in
the development of improved cultivars.

In genetic control, the wheat plant recognises the fungal
pathogen and initiates cellular responses that slow down
or stop fungal development. Flor (1956) first used this
interaction in the “flax—flax rust” pathogen interaction to
describe the gene-for-gene hypothesis of resistance in the
host and avirulence in the pathogen. Mechanisms which stop
fungal development usually involve plant programmed cell
death, where the host ablates its own cells as they become
infected (Heath 2000). This hypersensitive response proves
a very powerful mechanism through which fungal infections
can be partially or completely stopped, and is observed as a
reduction in infection type (Stakman et al. 1962). Lower
infection types severely inhibit sporulation and place high
selection pressures on the fungal pathogens to overcome
resistance, leading to race-specificity. As a breeding strat-
egy, incorporating such race-specific genetic resistance is
commonly a short-term option.

Slow rusting describes resistance mechanisms that,
under most circumstances, do not completely halt fungal
infections, but slow the infection process, reduce the
number and size of the lesions, consequently reducing the
disease rate and final disease severity in the field. A
number of these slow-rusting genes need to be pyramided
together to achieve effective genetic control since a single
gene usually does not have enough effect to significantly
limit disease progress. For slow-rusting genes to be most
effective, they also need to be durable. To date, there are
only four well characterised, non-hypersensitive slow-
rusting genes Lr34/Yrl8, Lr46/Yr29, Lr67/Yr46 and Sr2/
Yr30 that are effective in the field. Interestingly, these loci
are pleiotropic in nature, in that they are effective against
multiple pathogens and also confer phenotypic markers
associated with non-rust related cell death. The first three
mentioned above have a necrotic effect on the leaf tips
commonly known as leaf tip necrosis (LTN), and the S72
locus confers pseudo-black chaff (PBC), a darkening of the
glumes and internodes.

Numerous QTL studies have identified genomic regions
with large effects on rust diseases, many of them co-
locating with the aforementioned genes. However, these
studies have also highlighted other regions that have small
but significant effects in reducing disease severity. These
slow-rusting genes have additive effects and Singh et al.
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(2000a) showed that by combining 4-5 such genes, near
immunity can be achieved against leaf rust and stripe rust.
In this study, we investigated genetic control of resis-
tance to both leaf rust and stripe rust in a population of
recombinant inbred lines (RILs) developed from the cross
of ‘Avocet’ (susceptible) with ‘Pastor’ (resistant). Pastor
also carries a partially effective race-specific resistance
gene Yr31 for stripe rust (Singh et al. 2003) that was
effective against prevalent pathotypes in Mexico until
2008. However, a race change in 2009 defeated this gene
and changes in QTL patterns are found in the analyses.

Materials and methods

Development and evaluation of Avocet x Pastor Fs
RILs

The population consisted of 148 Fs RILs from a
cross between Avocet (reselection ‘Avocet S’ that lacks
resistance gene YrA) and Pastor (GID3587478, pedigree:
Hork/Yamhill//Kalyansona/Bluebird/3/Seri M82/4/Aurora//
Kalyansona/Bluebird/3/Woodpecker). Avocet is suscepti-
ble to current pathotypes of both leaf rust and stripe rust,
whereas Pastor was immune in the field to stripe rust until
2008, due to the combination of the resistance gene Yr31
and other slow-rusting genes. It also carried an adequate
level of slow-rusting genes to leaf rust. The seed for all
trials were sourced from a single, large scale multiplication
with each line being derived from a single Fs plant. The
parents and RILs were evaluated under artificially inocu-
lated field trials at CIMMYT research stations near Ciudad
Obregon, Sonora State, for leaf rust, and near Toluca,
Mexico State, for stripe rust for multiple seasons. Each line
was sown as 1-m long plots on 75-cm wide raised beds in
paired rows with 20 cm between the rows and a 50 cm
pathway. Susceptible spreader rows of cv. Morocco were
planted as hills on one side of the plots and inoculated
approximately 4 and 8 weeks after sowing (stripe rust and
leaf rust, respectively). Rust urediniospores were sus-
pended in light weight mineral oil, Soltrol 170 (Chevron
Phillips Chemical Company, The Woodlands, TX, USA)
and sprayed onto Morocco. P. triticina races MBIJ/SP
(avirulence/virulence formula: Lr2a,2b,2c,3 ka,9,16,19,
21,24,25,26,28,29,30,32,33/1,3,3bg,10,11,12,13,14a,14b,
15,17,18,20,22b,23,27 + 31) and MCIJ/SP (as above but
with virulence for Lr26) (Singh 1991) are virulent on race-
specific resistance genes present in both parents and were
used in field trials in Cd. Obregon. The Yr3I-avirulent
P. striiformis isolate Mex96.11 (Singh et al. 2000b) was
used in field trials at Toluca during 2000 and 2002.
A mixture of Mex96.11 and the Yr3/-virulent isolate
Mex08.13 (avir/vir formula not fully characterized) was
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used at Toluca during 2009. The final disease severity for
each plot was evaluated for three cropping seasons (2000,
2002 and 2004 for leaf rust and 2000, 2002 and 2009 for
stripe rust) according to the modified Cobb Scale (Peterson
et al. 1948). Infection type was also scored for stripe rust in
2000. Disease severity was evaluated when the flag leaf of
Avocet showed between 80 and 100% leaf rust severities
and between 70 and 90% stripe rust severities to capture
maximum variation. In 2009, stripe rust was scored twice at
a 6-day interval and are referred as environments 2009a and
2009b. LTN was scored as present, absent or segregating in
the Obregon field site in 2004.

Greenhouse screening

The parents and the RIL population were screened in the
greenhouse against two pathotypes of leaf rust (NCJ/BN
and MCJ/QM). These pathotypes were avirulent to the
race-specific resistance genes Lr3, Lri3 (NCJ/BN) and
Lr23 (MCJ/QM) that were postulated to segregate in this
population. Avocet carries Lrl3 and Pastor is postulated to
carry Lr3 and Lr23. Genes Lri3, Lr23 and Yr31 are known
to be located in chromosome arm 2BS (Roelfs et al. 1992;
Singh et al. 2003). Stripe rust isolate Mex96.11, which is
avirulent to Yr3/, was used to phenotype this population
for seedling reaction conferred by Yr31. Six to eight seeds
were sown in clumps in trays and grown in a glasshouse for
10 days. They were then sprayed with urediniospores
suspended in Soltrol 170 oil using an atomizer and placed
in a dew chamber for 16 h at 20°C or 40 h at 12°C for leaf
rust and stripe rust, respectively. Plants were then placed in
a greenhouse with night/day temperatures set at 14/24°C
for leaf rust and 12/18°C for stripe rust. Reaction to leaf
rust was scored 10-day post-inoculation on the 0—4 scale
according to Roelfs et al. (1992). Reactions to stripe rust
were scored 20-day post-inoculation on the 0-9 scale of
McNeal et al. (1971). The seedling phenotyping experi-
ments were repeated twice and the genotypes of RILs for
various resistance genes were postulated based on infection
types observed on the seedlings.

Molecular analysis

DNA was extracted from parents and each RIL from
greenhouse grown material. About 10 seeds of each RIL
were sown and plants grown in 10-cm pots for 5 weeks and
the leaf material pooled. A CTAB (alkyltrimethyl-ammo-
nium bromide) based extraction procedure (Hoisington
et al. 1994) was used for DNA extraction. Mapping was
conducted on 84 randomly sampled lines and the parents
by genotyping with DArT (Diversity Array Technologies)
markers by Triticarte Pty Ltd (Canberra, Australia) where
197 polymorphic markers were used. Further simple

sequence repeat (SSR), markers (21) located on group 1
chromosomes were run on the complete population
according to Hayden et al. (2008), as was the csLV46
marker (unpublished, E.S. Lagudah personal communica-
tion) for the Lr46/Yr29 locus and the GLUDI protein
marker. Seedling reactions for identifying the genes Lr3,
Lr13 and Yr31 on the entire population were also used in
generating the genetic map. In all, there were 223 infor-
mative polymorphic markers.

Statistical and genetic analyses

The phenotypic data were analysed statistically after first
checking residuals for normality across environments.
Residual plots revealed a random distribution for the per-
centage scores so data were left untransformed. Combined
analyses of variance over environments were then per-
formed for both rusts using the SAS mixed linear models
procedure MIXED (Littell et al. 1996). Narrow-sense
heritability (h?) were calculated and expressed on a line-
mean and single environment basis.

Predictions of the minimum numbers of genes contrib-
uting to resistance were estimated through x> analysis for
each environment and for the average of environments for
each pathogen. For leaf rust, lines were scored for disease
severity relative to severity in the parents (i.e. homozygous
parental type resistant, HPTR, homozygous parental type
susceptible, HPTS) or an intermediate level of resistance
(Other). Two classes were used for stripe rust (HPTS and
Other). y* analyses of observed against expected frequen-
cies for disease severity classes were calculated with the
“ChiTest” function in Microsoft Office 12 Excel.

Genetic linkage groups were determined with Map
Manager QTX Version 2.0 (Manly et al. 2001) using
linkage criteria set at P = 0.001 and the Kosambi mapping
function. Marker orders within linkage groups were then
confirmed using the program “Record” (van Os et al.
2005). The QTL analysis was undertaken for each envi-
ronment (year) separately and then across environments
(years) using mixed linear composite interval mapping in
QTLNetwork 2.0 (Yang et al. 2005). Multiple interval
mapping (MIM) and phenotypic explained variance (PEV)
were conducted using “MultiQTL” software for analysis of
multi-environment data. This was undertaken using for-
ward-backward stepwise, multiple linear regression with a
probability into and out of the model of 0.05 and window
size set at 10 cM. Significance thresholds for QTL detec-
tion were calculated for each dataset using 1,000 permu-
tations (Churchill and Doerge 1994) and a genome-wide
error rate (o) of 0.10 (suggestive) and 0.05 (significant).
The resulting genetic model incorporated significant main
additive and additive x additive epistatic genetic effects
and their interactions with environment.
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Results

Disease development, resistance expression
and estimating number of resistance genes

The field studies achieved high levels of infections for both
leaf rust and stripe rust. This is shown in Table 1 where
leaf rust and stripe rust severities for the susceptible parent
were >80 and >90%, respectively. The data across years
was also highly repeatable as evidenced by the high line-
mean heritabilities (Table 1) and with Pearson correlation
coefficients generally exceeding 0.8 for rust severity across
seasons (Table 2). However, correlation coefficients were
lower when the Yr3I-virulent P. striiformis pathotype was
used in 2009b.

The resistance in Pastor was stable across environments
and although the line-mean heritabilities were high, some
lines grouping in the tails of the distribution did not show the
same stability. Therefore, the y* analysis was conducted on
all single environments and on the average score for each
line, with the later indicating that at least four genes con-
ferred adult plant resistance to leaf rust (Table 3). In the first
three stripe rust environments, segregation of the moderately
effective race-specific resistance gene Yr3/ skewed disease
severity scores in the progeny, as there were more HPTR
than would have been expected. This was not the case in the
2009b score when Yr31 had been overcome. To take account
of this, % analysis for predicted gene number was completed
on two groups (HPTS and all other lines) and this showed
that the observed segregation ratios were not significantly
different from what would be expected if a minimum of five
genes conferred resistance (Table 4). Interestingly, the
2009b scoring also showed no statistical difference from the
expected ratios for the presence of at least four genes.

Mapping and QTL analysis

The 223 markers formed 31 linkage groups (Supplemen-
tary Fig. 1) containing at least one representative on each
chromosome, with the exception of 5D and 6D. There were
multiple linkage groups on some chromosomes and a few
chromosomes had limited coverage. Total physical dis-
tance of the map was 2,096 cM with an average marker
distance of 9.4 cM.

Total PEV in each environment is given in Table 5.
The PEV for leaf rust severity varied between 77 and
86%, while for stripe rust severity, it varied between 81
and 93%. The multi-environment analysis revealed
numerous QTLs involved in reducing leaf rust and stripe
rust severities (Table 6). In the case of leaf rust severity,
the locus containing the slow-rusting gene Lr46/Yr29 had
a very large effect, with a cross environment logarithm of
odds (LOD) of 31.2. The seven other detected leaf rust
resistance QTLs had small but significant LOD scores
ranging between 3.8 and 7.6, with three of these inherited
from the susceptible parent. Stripe rust genetic control
was more complex with 13 QTLs identified as having a
significant (P < 0.05) effect across environments. The
most pronounced of these was at the Yr3/ locus with a
LOD of 60. Alleles at the Lr46/Yr29 locus also had large
effects on stripe rust severity (LOD 23), as did a 7B QTL
(LOD 25.8). The other ten QTLs had LOD scores of
between 2.7 and 16.2, with four of these derived from the
susceptible parent Avocet. There was a substantial geno-
type x environment effect at the Yr3/ locus where a
pathotype virulent to this gene was present in the field
during 2009b. This pathotype had the effect of almost
halving the single environment PEV for that locus in
2009b.

Table 1 Summary of the disease severity (% average leaf area covered by rust) for the Avocet x Pastor RIL population recorded in 2000
(environment 1), 2002 (environment 2), 2004 (environment 3 for leaf rust) and 2009a and 2009b (environment 3 and 4 for stripe rust recorded

6 days apart)

Leaf rust Stripe rust

2000 2002 2004 2000 2002 2009a 2009b
Avocet 90 100 80 90 90 90 100
Pastor 1 1 1 1 1 5 15
Population mean 39.1 41.5 26.7 19.7 13.5 30.1 52.5
Range low 1 1 1 1 1 5 5
Range high 100 100 90 100 100 100 100
Gécnolypc 739 £ 94%* 402 £ 52%*
Oenotype x environment 190 & 16+ 134 & 10+
him 92 + g 93 £ g+

** The variance component and heritability estimates are significantly different from zero at P = 0.01. Standard errors indicated on these

components (+£)
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LTN was also measured in one environment and had an
extremely high PEV (99.5%) which was solely due to the
Lr46/Yr29 locus (LOD 28).

Table 2 Comparison of leaf rust and stripe rust severity data for
different environments (as described in Table 1) using the Pearson
correlation coefficient (r)

Environments compared r for leaf r for stripe
rust rust
Environment 1 and 2 0.83 0.89
Environment 1 and 3 0.74 0.85
Environment 1 and 4 Not applicable 0.58
Environment 2 and 3 0.89 0.89
Environment 2 and 4 Not applicable 0.51
Environment 3 and 4 Not applicable 0.70

Discussion
Number of resistance genes and their expression

The production of consistent severe disease epidemics
resulted in high heritability across environments for both
leaf rust and stripe rust (Table 1). In turn, high Pearson
correlation coefficients (Table 2) reflected the strong
among-line association for disease reaction to both rusts.
Together, high repeatability arising from the multi-envi-
ronment assessments increased power for detecting minor
QTLs that might contribute to disease severity in the tested
population.

The »* analysis for leaf rust severity (Table 3) indicated
that the observed ratios best conformed to the hypothesis
that at least four genes were involved in the disease reac-
tion. However, this type of analysis assumes that all genes
involved have equal contributions to the disease reaction.

Table 3 Estimation of the number of additive, slow-rusting genes conferring resistance to leaf rust by grouping Avocet x Pastor RILs in
‘homozygous parental type resistant’ (HPTR), ‘homozygous parental type susceptible’ (HPTS) and ‘other’ (includes all RILs with intermediate

severities)

RILs (No.) P values

HPTR HPTS Other 2000 2002 2004 Average
Observed no. of lines 2000 23 21 103
Observed no. of lines 2002 23 35 89
Observed no. of lines 2004 7 11 129
Observed average all years 6 8 134
Expected proportions, 2 genes 0.19 0.19 0.62 0.13 0.26 8.E—10* TE—12%
Expected proportions, 3 genes 0.084 0.084 0.832 1E—4* 1E—13* 0.24 0.05
Expected proportions, 4 genes 0.036 0.036 0.928 1E—-25%* 3E—-53% 0.03* 0.47

* Significantly different from expected ratio; P values were calculated from y* statistic

Table 4 Estimation of the number of additive, slow-rusting genes conferring resistance to stripe rust by grouping Avocet x Pastor RILs in
‘homozygous parental type susceptible’ (HPTS) and ‘other’ (includes all intermediate and ‘homozygous parental type resistant” phenotypes)

RILs (No.) P values

HPTS' Other' 2000 2002 2009a 2009b Average
Observed no. of lines 2000 2 145
Observed no. of lines 2002 4 143
Observed no. of lines 2009a 5 143
Observed no. of lines 2009b 6 142
Observed average all years 1 147
Expected proportion, 2 genes 0.19 0.81 SE—8* 4E-T7* 1E—-6* 4E—6* 1E—-8*
Expected proportion, 3 genes 0.084 0.916 2E-3* 0.01%* 0.03* 0.057 TE—4*
Expected proportion, 4 genes 0.036 0.963 0.14 0.57 0.86 0.77 0.06
Expected proportion, 5 genes 0.016 0.984 0.81 0.27 0.08 0.02* 0.37

 Only two categories used in analysis due to the presence of Yr3]

* Significantly different from expected ratio; P values were calculated from y* statistic
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Table 5 ‘Phenotypic explained variance’ (PEV) for Avocet x Pastor
RILs evaluated for leaf rust severities in three environments (2000,
2002 and 2004) for stripe rust severities in four environments (2000,

2002, 2009a and 2009b); seedling reaction to stripe rust in greenhouse
following the 0-9 Scale (McNeal et al. 1971); and leaf tip necrosis
(present or absent in leaf rust environment 3)

Environment 1

Environment 2

Environment 3 Environment 4

Leaf rust severity 0.77
Stripe rust severity 0.91
Stripe rust seedling reaction 0.79

Leaf tip necrosis -

0.86 0.81
0.90 0.93 0.81

0.99 -

Table 6 QTLs identified in the Avocet x Pastor Fs RIL population by estimating the multi-environment ‘Logarithm of odds’ (LOD) and the

‘Phenotypic explained variance’ (PEV) for each environment

Resistance Chromosome Flanking markers LOD PEV LOD PEV
source LR

2000 2002 2004 2000 2002 2009a 2009b

LR LR YR YR YR YR
Pastor 1AL wPT-6005-wPT-4709 - - - - 49 4.1 - 3.6 -
Pastor 1BSa wPT-5580-wPT-3179 44 4.1 6.7 6.1 - - - - -
Pastor 1BSb wPT-8168-wPT-6240 - - - - 6.6 5.1 5.0 - -
Pastor IBL Lrd46/Yr29-Xgwm818 31.2 17.5 254 16.7 23 15.1 16.4 16.3 22.1
Avocet 2A wPT-4419-wPT-8226 3.8 - -7.2 -5.8 - - - - -
Pastor 2BS Yr3l 6.3 52 9.6 54 60.0 17.9 13.8 15.2 8.2
Avocet 2D wPT-8319-wPT-3728 4.8 —-3.8 -9.8 -74 - - - - -
Avocet 3A wPT-6422-wPT-7890 - - - 11.0 - 24 - -3.2
Pastor 3B wPT-2458-wPT-0036 - - - 16.2 4.6 5.8 3.8 -
Pastor 4DS wPT-4572-wPT-6880 - - - 11.8 49 - 2.8 -
Pastor S5AL wPT-0837-wPT-5231 - - - 132 39 6.6 - -
Avocet SAL wPT-0373-wPT-0837 5.5 —7.4 —6.8 5.2 - - - - -
Avocet 6AS wPT-2573-wPT-0959 - - - 7.4 - 2.3 -2.0 -7.1
Pastor 6BL wPT-6329-wPT-5176 53 10.8 54 5.6 - 39 2.3 4.4
Avocet 7AS wPT-4172-wPT-8149 - - - 59 -0.3 —0.8 -32 -33
Avocet 7AL wPT-2260-wPT-2501 - - - 9.1 -32 - —34 —6.3
Pastor 7BL wPT-4342-wPT-8921 7.6 7.4 3.8 - - - - -
Pastor 7BL wPT-3190-wPT-1475 - - - 25.8 6.3 7.8 5.4 42

— indicates scores were not significant, negative PEV values indicate resistance is derived from Avocet

We identified Lr46/Yr29 as having a large effect across all
environments along with a number of minor QTLs con-
tributing to resistance. Clearly not all loci contributed to
disease severity at the same level, partially explaining the
discrepancy between the expected gene numbers from the
%> analysis and that observed in the QTL study. Further-
more, when one or two of these minor QTLs are present in
a line without other supporting resistance loci, they do not
have an observable phenotypic effect under severe epi-
demic conditions. Such lines appear as HPTS and result in
an underestimation of gene number in the %> analysis. The
PEV was high for all three leaf rust environments, indi-
cating that most of the QTLs that contributed to reduction
in disease severity were captured.

The y* analysis for stripe rust was complicated by the
large phenotypic effect of Yr31. When only two classes of
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disease severity were analysed, a minimum of five genes
conferred resistance (Table 4). This fitted well with the
fourth environment (2009b) data where the effect of Yr31
was greatly reduced and %> analysis showed a minimum of
four were involved. The PEV (Table 5) was very high in
the first three environments for stripe rust severity but
dropped marginally in the 2009b environment, most likely
due to the increased abundance of the Yr3/ virulent path-
otype in the field when data were recorded 6 days later. It
is expected that an effective race-specific resistance gene
would significantly contribute to a high PEV, and that this
contribution would drop as the gene was overcome.

In this study, we have identified a surprisingly high
number of QTL and believe this is partly a function of the
use of multi-environment data analysed with the program
QTL Network 2.0. This methodology has great sensitivity
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and has previously been shown to identify high numbers of
minor QTLs for drought resistance in tetraploid wheat
(Peleg et al. 2009). Rosewarne et al. (2008) compared
single and multi-environment analyses in a bulked segre-
gant analysis study using the same program and found one
leaf and two to three stripe rust loci in a single environment
analysis. Yet the multi-environment analysis of the same
dataset identified three leaf rust loci and six stripe rust loci.
Many of the loci identified in the current study have small
but consistent effects and are likely to be important in
developing durably resistant varieties.

The remainder of the discussion will focus on summa-
rising genetic effects in each chromosomal group.

Group 1 QTLs

There was a small QTL for stripe rust severity on chro-
mosome 1AL (LOD of 4.9) but it was only significant in
years 2000 and 2009a. This was an interesting locus,
despite its small effect, as it is the only gene reported for
stripe rust severity on this chromosome. It is possible that
this locus has been under reported due to its small effect,
with excellent phenotyping and multi-environment analysis
being required to show its significance.

There were a number of reported QTLs on 1B, the most
significant of which was the Lr46/Yr29 locus (Singh et al.
1998). This locus provided relatively high levels of pro-
tection against both leaf rust and stripe rust in all environ-
ments (Table 6), and accounted for LTN in the population.
Similar phenotypic characteristics were also conferred
by the cloned resistance gene Lr34/Yrl8 (Krattinger et al.
2009). They used mutation studies to show that a single
gene has effects against leaf rust and stripe rust, as well as
coding for LTN. It seems likely that the Lr46/Yr29 locus
contains a single gene. However, cloning and mutation
studies are required to confirm this.

There were two other QTLs on 1B. The first QTL gave a
LOD of 4.4 against leaf rust severity, and the second was
for stripe rust severity and gave a LOD of 6.6. These loci
correspond to a region that had previously been identified
as containing a QTL for leaf rust severity in the winter
wheat “Forno” (Messmer et al. 2000; Schnurbusch et al.
2004). Lin and Chen (2009) also identified a 1B QTL that
contributed a small degree of resistance to stripe rust but
they could not conclude whether this locus was Lr46/Yr29.

There are clearly multiple QTLs contributing to leaf rust
and stripe rust resistance on chromosome 1B. To further
clarify the relative locations of all published 1B QTLs
(Suenaga et al. 2003; Lillemo et al. 2008; Schnurbusch
et al. 2004; Messmer et al. 2000; Melichar et al. 2008; Lin
and Chen 2009; Rosewarne et al. 2006; William et al.
2006; and this study), map positions of QTL-flanking
markers were investigated on consensus maps (Fig. 1)

sourced from the CMAP website (http://ccg.murdoch.edu.
au/cmap/ccg-live/). As Pastor contained DArT markers not
present in many of the maps, SSR markers closely linked to
the DArT markers in other maps were used as reference
points. Three consensus maps shown in Fig. 1 contained
the majority of the markers. There are two clear clusters of
markers. The first cluster is situated on chromosome 1BS
and contains the flanking markers for leaf rust QTL from
the winter wheat “Forno” and SSR markers linked to the
DArT markers on QTL 1BSa and 1BSb (Table 6) in Pastor.
The second cluster contains all markers that have previ-
ously been associated with the Lr46/Yr29 locus. This
consistent and clear differentiation indicates that there are
at least two important loci on chromosome 1B for both
diseases and that Pastor has important alleles in both of
these regions. It seems likely that the HTAP gene described
in Express (Lin and Chen 2009) is in a different position
than the above-mentioned regions.

Group 2 QTLs

The most significant QTL in the group 2 chromosomes was
associated with the moderately effective race-specific
stripe rust resistance gene Yr3/ on 2BS. This had very high
PEV scores, as Yr31 was an effective resistance gene
against stripe rust for most of this study and gave a seedling
infection type (IT) (effective in all growth stages) ranging
between 3 and 6 depending on the genetic background of
RILs. Lines carrying this gene had rust scores of 0—40 in
the years 2000, 2002 and 2009a. The observed variation
depended on whether the individual lines had other genes
complementing Yr3/. When Yr3I became ineffective (in
the 2009b assessment), the final disease severity for the
Yr31 containing RILs increased by 30% on average,
whereas disease severity increased only 14% for lines not
carrying this gene. The PEV for the Yr3/ locus in 2009b
was reduced by approximately 50% when compared to the
other three environments indicating that this locus still had
a minor effect despite the gene being overcome. This locus
highlights the issue of working with mixed pathogen
populations that can make effects of race-specific resis-
tance genes appear like minor QTL.

The Yr31 defined interval also had a small but signifi-
cant effect on leaf rust severity (Table 6). It is known that
in Pastor and Avocet, this region contains the resistance
genes Lr23 and Lrl3, respectively. Glasshouse-based
seedling tests were used to map these genes and in our
study they mapped on two sides of Yr3I. The field patho-
types used are completely virulent to both of these leaf rust
resistance genes in seedling tests and in the adult plant
stage. The minor leaf rust QTL observed in this region is
therefore likely to be due to another resistance locus close
to the aforementioned genes.
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Fig. 1 Relative positions on consensus maps of flanking markers
associated with leaf rust and stripe rust severity QTLs on chromo-
some 1B. Maps shown are a Consensus map August 11 2003,
b Consensus Map July 2010 and ¢ Somers Consensus Map (Somers
et al. 2004). All positions are in cM and were taken from
http://ccg.murdoch.edu.au/cmap/ccg-live/. Markers are shown to the
left and QTL source, disease and reference are shown to the right.

Two other leaf rust resistance QTLs, contributed by the
susceptible parent Avocet, were identified in the group two
chromosomes. The 2A and 2D QTLs had LOD scores of
3.8 and 4.8, respectively. Leaf rust resistance QTLs on
2AL have previously been identified by Schnurbusch et al.
(2004) and on 2D by Xu et al. (2005). It is currently
unknown if these are in the same region as the Pastor QTL.

Group 3 QTLs

The QTLs on 3A and 3B gave moderate LOD scores against
stripe rust severity. The 3A was derived from Avocet and
was inconsistent as it was only significant in two environ-
ments. The 3B QTL was derived from Pastor and was more
consistent. The DArT markers defining the 3B QTL were
wPT-2458 and wPT-0036. Current consensus maps of the
DArT markers could not directly associate either marker
with known SSR markers. However, this chromosome does
contain the slow-rusting gene Yr30 that is linked, or pleio-
tropic, to the slow-rusting stem rust resistance gene Sr2 and
PBC phenotype. Because Pastor displays PBC, it is possible
that we have identified Y730. There are a number of previous
studies identifying QTLs on both 3BS and 3BL. QTLs on
3BS have been identified by Singh et al. (2000b), Suenaga
et al. (2003) and Khlestkina et al. (2007) and on 3BL by Lin
and Chen (2009). It seems highly likely that the 3BS QTL of
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Khlestkina et al. (2007) and Singh et al. (2000b) are at the
same locus as they are flanked by a common SSR marker
locus (Xgwm533.2). Furthermore, all of the other markers
defining these QTLs have close linkage with each other
across many genetic maps. For example, in the ITMI map-
ping population, the marker locus Xfbal90 in Singh et al.
(2000b) maps closely to marker loci (Xgwm389 and
Xgwm533) defining the (Suenaga et al. 2003) QTL, as well
as the marker loci (Xgwm493 and Xgwm533) of the
Khlestkina et al. (2007) QTL. The markers defining the 3BL
locus of Lin and Chen (2009) are not associated in any maps
with the 3BS markers. At this stage, we are unable to
determine if our QTL is in a similar location as those
described above.

Group 4 QTL

There was only one QTL in the group 4 chromosomes and it
was located on chromosome 4DS. The resistance allele was
derived from Pastor and affected stripe rust severity (LOD
11.8). The QTL peak was situated on the DArT marker
wPT-6880, and although this marker has been mapped in
very few populations, the linked marker of wPT-4572
(27 cM) had been loosely associated with Rht-D1b (Rht2) in
the Ajana x 2074 population (http://ccg.murdoch.edu.au/
cmap), suggesting a QTL location near the centromere of
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chromosome 4D. Three studies have found genes for leaf
and/or stripe rust resistance in this region. Singh et al.
(2000b) identified an Aegilops tauschii Coss. derived
race-specific gene Yr28 near the centromere of 4DS,
Suenaga et al. (2003) identified a leaf rust QTL and
Herrera-Foessel et al. (2011) identified the dual resistance
locus of Lr67/Yr46 near the centromere of 4DL. The
current data does not allow the Pastor QTL to be differ-
entiated from these loci on the basis of chromosomal
location, however, it is clearly not the (Suenaga et al.
2003) QTL as that was for leaf rust. Also the Pastor
population did not have dual QTL for both leaf and stripe
rust at this locus so it is unlikely to be Lr67/Yr46 that has
relatively large effects on both leaf rust and yellow rust
resistance and is linked to strong LTN (Herrera-Foessel
et al. 2011). Finally, the Pastor locus is unlikely to be
Yr28 as this is derived from Ae. tauschii and confers race-
specific resistance effective in seedlings.

Group 5 QTLs

Chromosome 5A had a QTL for leaf rust severity (LOD
5.5) derived from Avocet and one for stripe rust severity
(LOD 13.2) from Pastor. They were on the same linkage
group with the QTL peaks mapping 88.6 cM apart. The
Avocet allele had a LOD peak near wPT-0837 and was
flanked (within 30 cM) by wPT-5231. The latter marker
has been reported to be tightly linked (2 cM) with VimAl
on 5AL in the Berkut/Krichauff population (Huynh et al.
2008). Maturity can have minor effects on rust scoring and
it cannot be ruled out that the QTL we identified for leaf
rust severity may be a result of altered maturity.

Group 6 QTLs

Chromosome 6AS contained a QTL affecting stripe rust
severity, while 6BL contained a QTL affecting severity
against both pathogens. The resistance allele for the QTL
on 6AS was derived from Avocet and had been previously
described (William et al. 2006; Lillemo et al. 2008). It is
most likely located on the Thinopyrum elongatum trans-
location that carries the stem rust resistance gene Sr26.

The 6BL resistance allele was derived from Pastor and
had LOD scores that were relatively low (5.3 and 5.6 for
leaf rust and stripe rust, respectively). William et al. (2006)
identified a QTL in Pavon that was effective against both
leaf rust and stripe rust on 6BL and further investigation of
the location of the DArT markers in Pastor suggest they
were also on 6BL. One of the interval defining markers,
wPT-6329, has been mapped in a Kukri x Janz population
on 6BL along with a number of closely linked DArT
markers and Xgwm219 (http://ccg.murdoch.edu.au/cmap/
ccg-live/cgi-bin/cmap).

Group 7 QTLs

Two QTLs for stripe rust severity were identified on dif-
ferent linkage groups and were located on chromosome
arms 7AS and 7AL with both originating from Avocet.
Both Zwart et al. (2010) and Dedryver et al. (2009) have
identified QTLs for stripe rust severity on 7AS. The former
had linked marker loci that indicate it is near the centro-
mere (Xwmc283, Xbarcl08) while the later appears to be
more centrally located on 7AS (Xfbal27). A consensus
map “7A Consensus June 2011” (http://ccg.murdoch.edu.
au/cmap/ccg-live/) indicates the Avocet 7AS marker loci
are at the terminus of 7AS. It seems likely that it is a new
QTL but finer mapping would be required to differentiate it
from that of Dedryver et al. (2009). The 7AL QTL from
Avocet was defined by the marker locus wPT-2260. Two
maps (Ajana/ WAWHT2074 and Cadoux/Reeves) descri-
bed by Francki et al. (2009) indicate that wPT-2260 is at
the distal end of 7AL, differentiating this from the cen-
tromeric QTL of Zwart et al. (2010).

A 7BL linkage group had QTLs for both leaf rust and
stripe rust severity and was inherited from Pastor. The
QTLs were 21 cM apart, suggesting they are two closely
linked loci. This close linkage is supported by several
published genetic maps that anchor the two loci with
common markers. For example, one of the DArT markers
(wPT-8921) defining the leaf rust QTL, has been mapped to
within 6 cM of Xgwm577 (Arina x NK93604). Similarly,
one of the stripe rust QTL defining DArT markers, wPT-
3190, has been mapped to within 6 cM of the same SSR
marker in a Cranbrook x Halberd population (Chalmers
et al. 2001). The stripe rust locus was large in its effect on
the disease, while the PEV for the leaf rust locus showed a
minor effect on disease severity (Table 6).

Slow-rusting QTLs have previously been identified on
7BL for stripe rust severity (Suenaga et al. 2003; Lin and
Chen 2007), leaf rust severity (Xu et al. 2005; Schnurbusch
et al. 2004; Nelson et al. 1997) and both diseases (Rose-
warne et al. 2008). The map positions of flanking markers
in these studies are summarised in Fig. 2. Map data from
two consensus maps and the ITMI Opata x synthetic
population obtained from the CMAP website (http://ccg.
murdoch.edu.au/cmap/ccg-live/) contained the majority of
markers. There appears to be two clusters of markers in
different genomic regions. On 7BS, there are the ‘Oligo-
culm’ stripe rust QTL (Suenaga et al. 2003) and one of the
‘Forno’ leaf rust markers (Messmer et al. 2000). The sec-
ond cluster contains the linked leaf rust and stripe rust
QTLs of Attila (Rosewarne et al. 2008) and Pastor (this
study), as well as the leaf rust QTL of Xu et al. (2005).
Interestingly there is another ‘Forno’ marker (Schnurbusch
et al. 2004) between these clusters, as well as the HTAP of
Alpowa (Lin and Chen 2007).
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Fig. 2 Relative map positions of flanking markers of QTL associated
with leaf rust and stripe rust severity on chromosome 7B. Maps
shown are a Somers Consensus Map (Somers et al. 2004), b Synthetic
x Opata, and ¢ Consensus Map 2010. All positions are in cM and
were taken from http://ccg.murdoch.edu.au/cmap/ccg-live/. Markers
are shown to the left and QTL source, disease and reference are

Both Pastor and Attila (Rosewarne et al. 2008) contain
closely linked leaf rust and stripe rust severity QTLs
(11.8 cM in Attila, 19.2 cM in Pastor) and as shown in
Fig. 2, they are in similar chromosomal locations. Both
Attila and Pastor have a common parent ‘Seri M82’ that
has pedigree Kavkaz/Buho//Kalyansona/Bluebird. Kaly-
ansona/Bluebird is a known slow-rusting parent and it
seems likely that the 7BL QTL may have been inherited
from this source in both varieties through Seri M82. Fur-
thermore, the CIMMYT breeding program selects for leaf
rust and stripe rust resistance in alternate segregating
generations, a process that enhances selection for chro-
mosomal regions with dual-linked resistances.

Conclusion

Our study has identified multiple QTLs associated with
APR to leaf rust and stripe rust. Genetic analysis initially
indicated that there would be at least four and five loci
involved with leaf rust and stripe rust resistance, respec-
tively. However, this is probably an underestimation as
extreme epidemics as used in this study can make differ-
entiation of truly susceptible lines difficult. The uniform
epidemic conditions facilitated the identification of eight
and 13 QTLs that reduced leaf rust and stripe rust severi-
ties, respectively. Many of these QTLs had quite minor
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effects but it is presumed they were identified due to
consistently heavy epidemic conditions optimising power
in the multi-environment analysis. Several chromosomal
regions identified dual resistances that had effects against
both diseases. Lr46/Yr29 was highly significant on both
diseases. The Yr31 region also had extremely high LOD
scores for stripe rust severity, however, there was geno-
type X environment interaction at this locus when a new
virulent pathotype was used in the field study of 2009b and
disease data were recorded when the leaves of the sus-
ceptible parent were almost necrotic. Furthermore, this
locus also identified a QTL for leaf rust severity. The 7BL
locus was particularly interesting as it contained closely
linked loci to both diseases, and is probably identical to
that identified by Rosewarne et al. (2008) in a study with
Attila. Finally, amongst the minor QTLs, three new regions
for stripe rust severity (1A, 2BS and 7AL) were identified.
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