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Abstract Leafrust(LR) and yellow rust (YR), caused
by Puccinia triticina and Puccinia striiformis f. sp.
tritici, respectively, are important diseases of wheat.
Quaiu 3, a common wheat line developed at the
International Maize and Wheat Improvement Center
(CIMMYT), is immune to YR in Mexico despite
seedling susceptibility to predominant races. Quaiu 3
also shows immunity to LR in field trials and is known to
possess the race-specific gene Lr42. A mapping popu-
lation of 182 recombinant inbred lines (RILs) was
developed by crossing Quaiu 3 with susceptible Avocet-
YrA and phenotyped with LR and YR in field trials for
2 years in Mexico. Quantitative trait loci (QTL) asso-
ciated with YR and LR resistance in the RILs were
identified using Diversity Arrays Technology and
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simple sequence repeat markers. A large-effect QTL
on the long arm of chromosome 2D explained 49-54 %
of the phenotypic variation in Quaiu 3 and was
designated as Yr54. Two additional loci on 1BL and
3BS explained 817 % of the phenotypic variation for
YR and coincided with previously characterized adult
plant resistance (APR) genes Lr46/Yr29 and Sr2/Yr30,
respectively. QTL on 1DS and 1BL corresponding to
Lr42 and Lr46/Yr29, respectively, contributed 60-71 %
of the variation for LR resistance. A locus on 3D
associated with APR to both diseases explained up to
7 % of the phenotypic variance. Additional Avocet-
YrA-derived minor QTL were also detected for YR on
chromosomes 1A, 3D, 4A, and 6A. Yr54 is a newly
characterized APR gene which can be combined with
other genes by using closely linked molecular markers.

Keywords RILs - Markers - QTL - APR -
Yellow rust

Introduction

Leaf or brown rust (LR), caused by Puccinia triticina
is one of the most common and widely distributed
wheat diseases. In recent decades it has caused
significant losses in yield and quality and has produced
epidemics in several regions globally (Dubin and
Brennan 2009; Kolmer et al. 2009). Similarly, stripe or
yellow rust (YR), caused by Puccinia striiformis f. sp.
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tritici, has reportedly caused significant yield losses in
more than 60 countries (Stubbs 1985; Chen 2005).
Recently, YR has become a serious threat to wheat,
causing 50-100 % yield losses due to the breakdown
of existing resistance genes and gradual adaptation of
new strains in warmer regions, particularly the Central
and West Asia and North Africa (CWANA) region
(ICARDA 2011). The breakdown of the widely used
race-specific genes (R-genes) Yr/7 (Bayles et al. 2000;
Wan et al. 2004; Chen 2007), Yr27 (Singh et al. 2004;
Wan et al. 2004), Yr31 (Singh et al. 2011; Rosewarne
et al. 2012), and Lr24 (Park et al. 2002) has created a
serious challenge for wheat scientists and growers
worldwide. Introducing genetic resistance into culti-
vars is the most economic and environmentally safe
measure of rust disease management in wheat. To
date, more than 71 LR and 53 YR resistance genes
have been identified and catalogued in different
Triticum and related species or genera (Mclntosh
et al. 2012; Singh et al. 2013; Xu et al. 2013). Most of
the formally designated genes confer race-specific
resistance, which often loses effectiveness within a
few years of deployment because cultivars with single
R-genes facilitate selection for virulent races (Bolton
et al. 2008). Though most R-genes display high levels
of resistance against the pathogen, and selection is
therefore a relatively easy task, the longevity of those
genes is only 3—5 years in a new cultivar (Singh 2012).
Many prominent APR genes, such as Lr34/Yrl8/
Sr57/Pm38 (Dyck1987; MclIntosh 1992; Singh 1992;
Spielmeyer et al. 2005; Lillemo et al. 2008; Krattinger
et al. 2009), Lr46/Yr29/Sr58/Pm39 (Singh et al.1998;
William et al. 2003; Lillemo et al. 2008), Lr67/Yr46/
Sr55/Pm46 (Herrera-Foessel et al. 2011; Hiebert et al.
2011), Yr36 (Fu et al. 2009), Sr2/Yr30 (Singh et al.
2000; Suenaga et al. 2003), and Lr68 (Herrera-Foessel
et al. 2012), have been well characterized. Similarly,
during the last 15 years, several molecular mapping
studies have reported dozens of quantitative trait loci
(QTL) distributed throughout all 21 chromosomes for
YR resistance, and at least in 20 chromosomes for LR
resistance in hexaploid wheat germplasm (Naz et al.
2008; Basnet 2012; Singh 2012). Nonetheless, the
identification of new sources of durable resistance and
their molecular characterization is a continual process
in ensuring genetic diversity in breeding programs that
aim to develop advanced lines or cultivars with high
and stable yield potential, besides having durable rust
resistance and other desirable characteristics.
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Quaiu 3, a high-yielding spring wheat line devel-
oped by the International Maize and Wheat Improve-
ment Center (CIMMYT), displays a high level of
resistance against LR and YR under field conditions.
Recently, two sister lines of Quaiu 3 were released as
the cultivars Koshan 09 (Afghanistan) and Gambo
(Ethiopia) (CIMMYT Wheat Atlas: http://wheatatlas.
cimmyt.org/country/varieties/AFG/0). Quaiu 3 does
not seem to carry any effective seedling resistance
genes for YR resistance, as it displays high infection
type (IT) ratings in seedling screenings (IT 68 on the
0-9 scale, depending on Mexican P. striiformis races
and the greenhouse environment). However, it carries
a moderately effective race-specific LR resistance
gene (Lr42), initially transferred from Aegilops tau-
schii to the winter wheat line KS91WGRC11 (Basnet
et al. 2013). In a previous study, Basnet et al. (2013)
also estimated a minimum of three genes conferring
resistance to both LR and YR in Quaiu 3. In addition to
Lr42, they also suggested that Quiau 3 carries two
APR genes, Yr29 and Yr30, based on closely linked
molecular markers. However, these known genes
alone were not able to display near immune resistance
to both LR and YR as in resistant parent Quaiu 3.
Therefore, in this study we performed whole-genome
scanning of molecular markers to map the resistance
loci and investigate their individual as well as com-
bined effects in Avocet-YrA/Quaiu 3 recombinant
inbred lines (RILSs).

The objectives of our study were to: (1) map
genomic regions associated with APR to both LR and
YR in the Avocet-YrA/Quaiu 3 RIL population using
molecular markers, and (2) elucidate the usefulness of
characterized genes in conferring APR and enhancing
genetic diversity for durable rust resistance in wheat.

Materials and methods
Plant materials

The mapping population consisted of 182 randomly
advanced F4-derived F5 RILs from a cross between
Avocet-YrA and Quaiu 3 (hereafter Avocet and Quaiu,
respectively). Quaiu (GID: 3822578, Pedigree: Babax/
Lr42//Babax*2/3/Vivitsi) is a CIMMYT line devel-
oped in 2006. Based on international data, Quaiu has
shown high levels of APR to LR and YR and a
moderate level of APR to stem rust (SR), caused by
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Puccinia graminis f. sp. tritici, under field conditions.
The parents Babax and Vivitsi are also CIMMYT
spring wheat lines developed in 1992 and 2000,
respectively, whereas the Lr42 source parent
KS91WGRCI11 (Century*3/Ae. tauschii accession
TA2450) is a winter wheat line developed by
UDSA-ARS and Kansas State University (Cox et al.
1994). The LR and YR susceptible parent Avocet is an
Australian selection that was also used as a recurrent
parent in developing a series of near-isogenic lines
with YR genes (Wellings et al. 2004). The RIL
population was developed using the single-spike
descent method (Basnet et al. 2013).

Evaluation of resistance to LR and YR

The Avocet/Quaiu RIL population and parents were
evaluated for responses to LR at CIMMYT’s Norman
E. Borlaug Experimental Station (CENEB), near
Ciudad Obregon, Mexico, for two crop seasons
(20082009 and 2009-2010; abbreviated as LLR09
and LR10, respectively). The same population and
parents were also evaluated for YR responses at the
CIMMYT Research Station near Toluca, Mexico,
during the 2009 and 2010 crop seasons (YR09 and
YR10 experiments).

Populations and parents were hand-sown in 1-m-
long paired rows (approx. 60—80 plants per line) on top
of 80-cm-wide raised beds. The susceptible variety
Morocco was grown around the experimental field as
spreader rows. To create homogeneous disease epi-
demics within each experimental unit, Morocco was
also grown as a hill at one side of each plot in the
middle of the 0.5-m-wide pathways. Artificial inocu-
lations on spreader rows and hills were carried out
twice (60 and 62 days after sowing in LR09, and 62
and 69 days after sowing in LR10) using hand-
sprayers carrying an equal amount of urediniospores
of two prevalent Mexican P. triticina races, MBJ/SP
and MCJ/SP, suspended in Soltrol Oil (Phillips 66 Co.,
Bartlesville, OK, USA). Disease severity (DS) on
parents and RILs was scored based on the modified
Cobb Scale, where the percentage rusted tissues
(0-100 %) was visually estimated according to Peter-
son et al. (1948). In LR09, DS was only measured
once, when the susceptible check reached 100 % of
severity, whereas in LR10, evaluation of DS was
repeated 1 week after the first reading. For the
repeated measurement, the area under disease progress

curve (AUDPC) was calculated using the method
suggested by Bjarko and Line (1988).

The planting scheme and plot sizes for YR pheno-
typing at Toluca were similar to those described for the
CENEB experiments. Spreaders consisted of a mix-
ture of six susceptible wheat lines possessing the
defeated R-gene Yr27 and derived from the cross
Avocet/Attila. The varying maturities of these lines
ensured a continuous production of inoculum during
the critical crop-growing period. An artificial epi-
demic was initiated by inoculating the 4-week-old
spreaders three times, at 3- to 4-day intervals, with
Mexican P. striiformis f. sp. tritici isolates MEX96.11
and MEXO08.13. The first estimation of YR DS was
conducted when the flag leaves of most susceptible
RILs displayed 100 % DS, followed by two additional
scorings at weekly intervals. The multiple DS data
were converted into AUDPC scores for each line
(Bjarko and Line 1988).

Molecular marker analysis and genetic linkage
map construction

DNA from the parents Avocet and Quaiu was used to
screen for 450 simple sequence repeat (SSR) markers
(Roder et al. 1998; Pestsova et al. 2000; Sourdille et al.
2001; Song et al. 2002; Somers et al. 2004) to
determine polymorphism. Information about the for-
ward and reverse primer sequences and appropriate
annealing temperatures for each marker were obtained
from the GrainGenes database (http://wheat.pw.usda.
gov/GG2/index.shtml). The polymorphic SSR mark-
ers were then used to genotype the entire mapping
population of 182 RILs. After PCR, high-resolution
allele separation was performed using an Applied
Biosystems (Foster City, CA, USA) 3130xl genetic
analyzer, followed by allele size determination with
GeneMapper v3.7 software (Applied Biosystems). In
addition to SSR marker genotyping, 30 pul of DNA
samples (concentration 50 ng/pl) of parents and RILs
were also sent to Triticarte Pty. Ltd., Yarrallumla,
Australia for Diversity Arrays Technology (DArT)
genotyping. An assay with Wheat Pstl (Tagl) v2.3 was
used to screen for 2,500 DArT markers in the parents
and RILs (Jaccoud et al. 2001; Akbari et al. 2006). The
alleles of polymorphic DArT loci were represented as
1 or 0, i.e. presence or absence of the marker sequence
in a line, and designated as wPt followed by the clone
number in the genomic representation.
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After combining both marker types, a genetic map
was constructed using QTL ICiMapping software (Li
et al. 2008). A minimum logarithm of odds (LOD)
score of 4.5 and maximum recombination frequency
of 0.40 was set to make the linkage groups, while the
Kosambi mapping function (Kosambi 1944) was used
to convert the recombination frequency into map
distances. To finalize the linkage map, marker order-
ing and rippling were performed using RECORD and
COUNT algorithms, respectively.

QTL analysis of YR and LR responses

QTL analysis of DS and AUDPC for both YR and LR
were performed using QTL ICiMapping (Li et al.
2008) and WinQTLCart v2.5 (Wang et al. 2011)
mapping softwares. An inclusive composite interval
mapping (ICIM) program with stepwise regression
probability of 0.001 was employed in QTL ICiMap-
ping, whereas composite interval mapping (CIM) with
backward and forward regression was used in Win-
QTLCart. In both cases, the LOD threshold was
calculated by 1,000 permutation tests. Moreover, QTL
were reanalyzed by manually setting a LOD threshold
of 2.5 in CIM to allow the detection of additional
minor QTL. To further elucidate the effect of smaller
QTL, analyses were performed in subtracted datasets
after removing the RILs with large-effect QTL for YR
or LR. Phenotypic distributions of YR and LR DS
were also compared between two groups of RILs that
were classified based on the presence or absence of a
particular QTL. Finally, all the RILs were grouped
into different QTL genotypic classes using flanking
markers, and their mean performances and variances
were analyzed using one-way ANOVA and pair-wise
t tests.

Results
Disease evaluation

Substantial and uniform YR development occurred
during both years of the Toluca trials. At the time of
first evaluations in YR09 and YR10, the susceptible
parent Avocet displayed 90 and 70 % severity,
respectively, at flowering. Average YR severities of
RILs ranged from 41.3 to 62.3 % in the two exper-
iments across multiple evaluations. The distribution of
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RILs for YR DS and AUDPC was continuous but not
normal across experiments. Similarly, excellent LR
development was observed during both years at
CENEB, where the susceptible parent displayed
100 % DS in both experiments during the early grain
filling stage. The resistant parent Quaiu remained
immune for both LR and YR in all experiments.
Average LR severities of the RILs ranged from 22.1 to
33.8 % across the two experiments and at different
stages of evaluation. As the population average DS for
LR is significantly lower than the mid-parental value,
the distribution of RILs was skewed towards resis-
tance. Pearson’s correlation coefficients (r) for YR DS
and AUDPC between the YR09 and YR10 experi-
ments were highly significant (0.91-0.98, P < 0.001).
Similarly, a high correlation between the LR09 and
LR10 experiments was also observed for LR DS and
AUDPC (0.86-0.96, P < 0.001). The correlation
coefficients between YR and LR ranged from 0.21 to
0.32 (P < 0.01) across experiments. Likewise, high
correlation (0.98-0.99, P < 0.001) was observed
between DS recorded in different dates and corre-
sponding AUDPC values for both YR and LR. The DS
obtained from the first evaluation date, and AUDPC
obtained from repeated measurements of each exper-
iment, were used in subsequent genetic analyses. The
DS at the first date of evaluation was probably the most
representative phenotypic dataset, as it was recorded at
maximum DS of the susceptible check (Peterson et al.
1948; Ren et al. 2012b).

Genetic linkage mapping and QTL analyses

Of 650 DArT and 130 SSR polymorphic markers, a
total of 461 markers (359 DArT and 102 SSR) were
placed in the final linkage map. Markers with a high
level of redundancy, segregation distortion, and miss-
ing values were deleted. A total of 22 linkage groups
were developed, representing all 21 chromosomes of
hexaploid wheat. Only chromosome 5D had two
linkage groups. The total genetic distance covered by
all linkage groups was 2,654 cM, with an average
distance of 5.8 cM between markers. The marker
coverages of the A, B, and D genomes were 35, 43, and
22 %, respectively. Chromosomes 4D and 6D had the
smallest linkage groups, with just three and six
markers, respectively.

QTL analyses were performed using the final
linkage map of Avocet/Quaiu for the DS and AUDPC
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values obtained from the LR and YR experiments.
Apart from slim differences in the estimates of QTL
effects, the mapping results given by both mapping
softwares (QTL ICiMapping and WinQTLCart) were
very similar. For consistency, only the results obtained
from CIM in WinQTLCart are presented throughout
this study. The LOD threshold values, which ranged
from 2.9 to 3.8 based on 1,000 permutation tests for
different traits, were auto-affixed during QTL analy-
ses. In this study, QTL that were consistently detected
above the LOD threshold across experiments are
referred as major QTL, whereas those detected at sub-
optimal LOD thresholds inconsistently across exper-
iments are referred to minor QTL. As the DS and
AUDPC data were highly correlated and the QTL
results obtained with both of these datasets were
similar, only the results obtained with DS datasets are
presented in this study.

YR resistance QTL

Based on CIM, four major Quaiu-derived QTL were
identified with DS in YR09 and YRI10 and with
average DS across experiments (YRAV; Table 1).
The most significant QTL, QYr.tam-2D, was consis-
tently identified in all experiments. Flanked by
markers wpt-667162 and wpt-667054 on chromosome
2DL, QYr.tam-2D explained roughly 49-54 % of
phenotypic variation (R?) across experiments (Fig. 1).
Similarly, QYr.tam-3B was flanked by markers
Xgwm533 and wpt-7984 on chromosome 3BS (Online
Resource 1) and explained 3—10 % of the phenotypic
variation. A third QTL, QYr.tam-1B, explaining
6-7 % of the phenotypic variation was located on
IBL flanked by the markers wpr-668027 and
csLV46G22 (Online Resource 1). The fourth QTL,
QYr.tam-3D, located on chromosome 3D, explained

Table 1 Characteristics of quantitative trait loci (QTL), along with left and right flanking markers, detected with composite interval
mapping with yellow rust severity in Avocet/Quaiu RIL population in Toluca 2009 and 2010 experiments

Trait® QTL Chr Position®  L-marker R-marker LOD®  R* (%) R*(%)°  Parent’
YR09-DS QYr.tam-2D 2DL 130.5 wPt-667162 wPt-667054 39.2 48.9 - Quaiu
QYr.tam-1B 1BL 152.6 wPt-668027 ¢SLV46G22 6.6 6.2 21.7 Quaiu
QYr.tam-3B 3BS 13.0 Xgwm533 wPt-7984 11.5 9.6 20.4 Quaiu
QYr.tam-3D 3DS 22.1 wPt-672034 Xbarcl25 35 5.4 8.9 Quaiu
QYr.tam-6B 6BL 123.3 wpt-0171 wpt-4164 3.0 - 5.7 Quaiu
YR10-DS QYr.tam-2D 2DL 130.5 wPt-667162 wPt-667054 41.0 53.9 - Quaiu
QYr.tam-1B 1BL 152.6 wPt-668027 cSLV46G22 6.2 5.1 234 Quaiu
QYr.tam-3B 3BS 12.0 Xgwm533 wPt-7984 34 2.6 - Quaiu
QYr.tam-3D 3DS 22.0 wPt-672034 Xbarcl25 5.1 3.6 124 Quaiu
QYr.tam-1A 1AS 5.81 wPt-2150 wPt-671596 32 2.0 - Avocet
QYr.tam-3D.1 3DL 55.5 Xcfd223 Xwmc552 2.8 1.8 - Avocet
QYr.tam-4A 4AL 3.0 Wpt-6404 Wpt-665730 2.8 1.8 - Avocet
QYr.tam-6A 6AL 53.7 wpt-730636 wpt-730770 3.1 - 6.9 Avocet
QYr.tam-6B 6BL 123.3 wpt-0171 wpt-4164 34 - 7.6 Quaiu
YRAV-DS QYr.tam-2D 2DL 130.5 wPt-667162 wPt-667054 43.8 53.5 - Quaiu
QYr.tam-1B 1BL 152.6 wPt-668027 ¢SLV46G22 7.6 6.5 27.1 Quaiu
QYr.tam-3B 3BS 13.0 Xgwm533 wPt-7984 7.1 5.6 13.4 Quaiu
QYr.tam-3D 3DS 22.0 wPt-672034 Xbarcl25 53 5.2 11.53 Quaiu
QYr.tam-6A 6AL 53.7 wpt-730636 wpt-730770 2.6 - 5.3 Avocet

* Individual (YR09, YR10) and average (YRAV) yellow rust severity for 2009 and 2010 experiments

¢ Logarithm of odds (LOD) score of QTL peak

d

Map position of QTL in cM from the top of short arm

Percent of total phenotypic variation explained by the QTL

© Percent of total phenotypic variation explained by the QTL in subtracted dataset for QYr.tam-2D

T Source parent contributing resistance allele of QTL
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Fig. 1 LOD profile of QTL QYr.tam-2D on chromosomes 2DL
identified with disease severity in Toluca 2009 and 2010
experiments. The x and y axes correspond with LOD score and
partial linkage map (distance measured in centimorgans) of the
chromosome. The shaded chromosome segment represents the
2-LOD confidence interval of the QTL. The approximate
location of the centromere is indicated with a solid arrowhead

4-5 % of the total phenotypic variation and was
flanked by markers wpt-672034 and Xbarc125 (Online
Resource 1). The variation explained by the three
smaller QTL substantially increased when analyses
were performed in subtracted datasets, i.e. after
excluding the RILs with QYr.tam-2D. In those anal-
yses, QYr.tam-1B, QYr.tam-3B, and QYr.tam-3D
explained up to 31, 20, and 11 % of the total
phenotypic variation, respectively. Interestingly, two
minor YR QTL, QYr.tam-6A and QYr.tam-6B, were
also detected in subtracted datasets. QYr.tam-6A
(R* = 5-7 %), detected in YR10 and YRAV DS,
was derived from Avocet, whereas QYr.tam-6B
(R* = 6-9 %), detected with YR09 and YR10 DS,
was derived from Quaiu. Some Avocet-derived small-
effect YR QTL were also detected at sub-optimal LOD
thresholds (LOD = 2.8-3.2) with DS in YR10. These
minor QTL (QYr.tam-1A, QYr.tam-3D.1, and QYr.-
tam-4A) were located on chromosomes 1A, 3D, and
4A, respectively, and explained up to 2 % of the
phenotypic variation.

LR resistance QTL
Two major QTL were identified for LR resistance,

indicated by DS in LR09, LR10 and their average
(LRAV) (Table 2). The first QTL, QLr.tam-1B

Table 2 Characteristics QTL, along with left and right flanking markers, detected by composite interval mapping of leaf rust
severity from the Avocet/Quaiu population in Ciudad Obregon 2009 and 2010 experiments

Trait® QTL Chr Position®  L-marker R-marker LOD*  R*(%)* R*(%)°  Parent’
LR09-DS OLr.tam-1D  1DS 7.4 WwP-666067  wPt-667180  23.6 35.2 - Quaiu
QOLrtam-IB 1BL  152.6 wPt-668027  ¢SLV46G22  17.0 24.8 40.8 Quaiu
QLr.tam-3D 3DS 24.0 wPt-672034 Xbarcl25 2.4 - - Quaiu
LR10-DS QOLr.tam-1D  1DS 7.4 wPt-666067  wPt-667180  15.7 24.5 - Quaiu
QLrtam-IB  1BL  152.6 wPt-668027  ¢SLV46G22  14.1 22.7 55.4 Quaiu
QLr.tam-3D  3DS 24.0 wPt-672034  XbarcI25 45 7.1 95 Quaiu
LRAV-DS  OLrtam-ID  1DS 7.4 WwP-666067  wPt-667180 224 322 - Quaiu
QLrtam-IB I1BL  152.6 wP-668027  cSLV46G22 175 25.6 50.8 Quaiu
QOLr.tam-3D  3DS 24.0 wPt-672034  XbarcI25 47 4.0 11.1 Quaiu

* Individual (LR09, LR10) and average (LRAV) leaf rust severity for 2009 and 2010 experiments

® Map position of QTL in ¢cM from the top of short arm

¢ Logarithm of odds (LOD) score of QTL peak

4 Percent of total phenotypic variation explained by the QTL

¢ Percent of total phenotypic variation explained by the QTL in subtracted dataset for QLr.tam-1D

Source parent contributing resistance allele of QTL
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(R* = 23-26 %), was flanked by markers wpt-668027
and ¢sLV46G22 (Online Resource 1). The second
QTL, QLr.tam-1D, at <l cM from the marker
Xwmc432, was flanked by wpt-666067 and wpt-
667180 (Online Resource 1). This QTL explained up
to 35 % of the phenotypic variation across experi-
ments. A third QTL, QLr.tam-3D, with smaller
effects, was identified on chromosome 3D, as mea-
sured by DS in LR10 and LRAV. For DS LR09 data,
the LOD peak for QLr.tam-3D (LOD = 2.4) remained
slightly below the significance threshold. This QTL,
flanked by the markers wpr-672034 and Xbarci25,
explained 4-7 % of the phenotypic variation (Table 2,
Online Resource 1). After subtracting the RILs with
QLr.tam-1D, QTL analysis considerably improved the
variation attributed to QLr.tam-1B (41-55 %) and
QLr.tam-3D (9-11 %).

Co-localization of QTL for dual APR

An overlap in the positions of QYr.tam-I1BL and
QLr.tam-1BL was observed (Online Resource 1). A
similar overlap was observed on chromosome 3D
between the QTL QYr.tam-3D and QLr.tam-3D
(Online Resource 1). These co-localized disease
resistance loci most probably represent pleiotropy or
close linkage.

Effect of QTL on YR and LR severities

The distribution patterns of average LR and YR
severities were observed among RILs in the presence
(+QTL RILs) and absence (—QTL RILs) of different
QTL, represented by parental alleles of closely linked
markers. A discrete differentiation between +QYr.
tam-2D and —QYr.tam-2D RILs was observed for
average YR severity (Online Resource 2). However, a
distorted segregation of Quaiu and Avocet marker
alleles (Xz P < 0.01) was evident within 1.2 ¢cM of the
QYr.tam-2D locus. RILs with QYr.tam-2D displayed
an average DS range of 0-40 %, in contrast to
20-100 % for RILs lacking QYr.tam-2D. This obser-
vation indicated that QYr.tam-2D alone confers YR
resistance up to a DS of 40 %. Similarly, the responses
of RILs lacking QYr.tam-2D but displaying a contin-
uous and approximately normal distribution for DS
indicated the presence of multiple minor QTL, which
when combined increased resistance to DS 20 %.

After excluding the RILs possessing QYr.tam-2D,
distributions of DS with and without QYr.tam-1IB,
QYr.tam-3B, and QYr.tam-3D were also compared.
For all three QTL, the distribution of RILs lacking the
respective QTL was shifted towards susceptibility,
compared to the RILs possessing the QTL (data not
shown). However, a few lines had high DS
(90-100 %), despite carrying at least one of the three
QTL based on linked markers.

For LR, the +QLr.tam-1D RILs were distributed
towards resistance, with average DS ranging from O to
40 %, whereas the —QLr.tam-1D RILs displayed
10-100 % DS. A similar result was presented by
classifying the Avocet/Quaiu RILs into +Lr42 and
—Lr42 groups by Basnet et al. (2013). Similarly, in
QLr.tam-1D subtracted datasets, +QLr.tam-1B and
—QLr.tam-1B RILs displayed distinct distribution
patterns, with DS ranging from 0 to 60 and 20 to
100 %, respectively (data not shown). However,
distributions of +QLr.tam-3D and —QLr.tam-3D
RILs distinctively overlapped, with DS ranging from
10 to 100 % in both categories (data not shown).

The RILs were divided into 16 and 8 genotypes
based on the presence of four YR and three LR QTL,
respectively. Resistance QTL in the RILs was defined
by the presence of parental alleles of the closest
marker loci for each QTL. The predicted means and
associated standard errors of each genotype were
calculated using the GLM procedure of SAS 9.2 (SAS
Institute Inc., Cary, NC, USA) on DS datasets (YR/
LR09, YR/LR10, and YR/LRAYV) (Tables 3, 4).

With all YR DS datasets, significant differences
were found between QTL genotypes (F prob. <0.001)
based on one-way ANOVA. Following the ANOVA,
pair-wise mean comparisons between all 16 QTL
genotypes were carried out using least significant
difference (LLSD) statistics (Table 3). Among all QTL
and datasets, QYr.tam-2D was the most effective in
reducing DS (up to 50 %) compared to the no-QTL
group. This QTL was observed to be as effective as the
other three QTL combined. Similarly, QYr.tam-3B
also significantly reduced DS in YRO09 (up to 23 %)
and YRAYV (up to 17 %) datasets, compared to the no-
QTL group. However, QYr.tam-3D and QYr.tam-1B
were not significant in reducing DS in any of the three
datasets. The effectiveness of QYr.tam-1B in reducing
DS was significantly enhanced when combined with
QYr.tam-3B or QYr.tam-3D. QYr.tam-2D expressed
high resistance against YR when it was combined with
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Table 3 Mean yellow rust disease severity (DS) of different QTL genotypes and their mean comparison based on least square
difference (LSD) statistics for Toluca 2009, 2010 and average datasets

S.no.  QTL genotype (n)*

YRO09 (LSDy o5 = 15.8)°

YR10 (LSDy o5 = 16.8)° YR-AV (LSDy o5 = 15)°

%DS + SE t group %DS + SE t group %DS + SE t group
1 None (19) 82 +3 A 80 + 4 A 81 +£3 A
2 1B (12) 71+ 4 AB 73+£5 AB 72+ 4 AB
3 3D (9) 67 £5 AB 66 £ 5 AB 66 £ 5 AB
4 3B + 3D (13) 62 +4 B 71 £ 4 AB 66 + 4 AB
5 3B (9) 59+£5 BC 69 £5 AB 64 £ 5 BC
6 1B + 3B (12) 44 £ 4 CD 58+£5 BC 51+ 4 CD
7 1B + 3D (7) 386 D 41 £ 6 CD 40 £5 DE
8 2D (2) 35+ 10 D 30 + 11 DE 33 +£ 10 E
9 1B + 3B + 3D (13) 31 +4 D 38+4 DE 35+ 4 E
10 2D + 1B + 3D (6) 12+6 E 14 +6 F 13+6 F
11 2D + 1B + 3B (5) 10+ 7 E 11+7 F I11£6 F
12 2D + 1B (6) 9+6 E 17+ 6 F 13£6 F
13 2D + 3D (5) 87 E 17+ 7 F 13+6 F
14 2D +3B 4) 4+7 E 18 + 8 F 11£7 F
15 2D + 1B + 3B + 3D (6) 3+6 E 616 F 4+6 F
16 2D + 3B + 3D (8) 2+5 E 5+6 F 345 F

% QTL genotypes 1B, 2D, 3B, and 3D represents the RILs carrying QTL QYr.tam-1B, QYr.tam-2D, QYr.tam-3B, and QYr.tam-3D,
respectively. None RILs carrying none of the above QTL, (n) Number of lines in each QTL genotype category

® Mean yellow rust disease severity (DS) for each QTL genotype obtained from Toluca 2009 and 2010 experiments, and averaged
datasets. The QTL genotypes represented by the same letter(s) in 7 group are not significantly different at P = 0.05

Table 4 Mean leaf rust disease severities (DS) of different QTL genotypes and their mean comparisons based on least square
difference (LSD) statistics for Ciudad Obregon 2009, 2010 and average datasets

S. no. QTL genotype (n)* LR09 (LSDg s = 12.2)° LRI10 (LSDg s = 9.9)° LR-AV (LSDy s = 9.9)°
DS £ SE t group DS + SE t group DS £ SE t group

1 None (12) 85 A 93 +4 A 89+ 4 A

2 3D (19) 75 £ 4 A 49+ 3 B 62+3 B

3 1B (23) 35+4 B 14+£3 C 25+3 C

4 1D (21) 34 +£4 B 17£3 CD 25+£3 CD

5 1B + 3D (20) 21 £ 4 C 6+£3 DE 14+3 DE

6 1D + 3D (15) 13£5 CD 7+4 DE 10+ 4 EF

7 1D + 1B (13) 6£5 D 3+£4 E 4+4 EF

8 1D + 1B + 3D (14) 1£5 D 0+4 E 1+4 F

? QTL genotypes 1B, 1D, and 3D represent the RILs carrying QTL QLr.tam-1B, QLr.tam-1D, and QLr.tam-3D, respectively. None
RILs carrying none of the above QTL, (1) number of lines in each QTL genotype category

® Mean leaf rust disease severity (DS) for each QTL genotype obtained from Ciudad Obregon 2009 and 2010 experiments, and
averaged datasets. The QTL genotypes represented by the same letter(s) in ¢ group are not significantly different at P = 0.05

one of the three QTL individually (~ 15 % DS) or all

together (~5 % DS).

Similarly, when present individually, QLr.tam-1D
and QLr.tam-1B effectively reduced LR DS (up to 65
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and 70 %, respectively) in all three datasets, compared
to the no-QTL group (Table 4). QLr.tam-3D signifi-
cantly reduced DS only in LR10 (up to 40 %) and
LRAV (up to 25 %) datasets. The effect of each LR
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QTL was more pronounced when in combination with
others. RILs with all the three QTL combined
displayed near immune response to LR.

Discussion

This study investigated the genetic control of APR to
LR and YR in the CIMMYT spring wheat line Quaiu,
using 2-year phenotypic data and molecular markers.
QYr.tam-2D, which accounted for up to 54 % of
variation in the RILs and played a major role in YR
immunity to Quaiu, was designated as Yr54. QYr.tam-
3B, with a relatively smaller effect, was mapped to the
same position as the previously designated APR gene
Yr30 (Singh et al. 2000; Suenaga et al. 2003).
Similarly, QYr.tam-IB and QLr.tam-1B were co-
located on the long arm of chromosome 1B, and most
likely represent the well-characterized dual APR gene
Lr46/Yr29 (Singh et al. 1998; William et al. 2003).
Additionally, two new QTL, QYr.tam-3D and
QLr.tam-3D, shared a common region on chromo-
some 3D, conferring YR and LR resistance and
contributing to about 10 % of the phenotypic varia-
tion. QLr.tam-1DS represents the moderately effective
R-gene Lr42, inherited in Quaiu from its Triticum
tauschii progenitor (Sun et al. 2010; Basnet et al.
2013). This study further illustrates the complex
architecture of APR gene expression when present
alone or in combination with others, including a
moderately effective R-gene.

Yr54, mapped on chromosome 2DL, was flanked by
DAIT markers wpt-667162 and wpt-667054 at a
distance of <0.5 cM. Similarly, SSR marker
Xgwm301, located on the distal end of 2DL in the
wheat consensus map (Somers et al. 2004), was
mapped 0.5 cM proximal to Yr54. Through cytoge-
netic analysis, the APR gene Yr/6 was mapped near
the centromere of chromosome 2D in Capelle—
Desprez (Worland and Law 1986; Worland et al.
1988; Hart et al. 1993). Recently, Agenbag et al.
(2012) mapped QYr.ufs-2D (Yrl6) on chromosome
2DS in Capelle-Desprez. This QTL, defined by
flanking markers Xgwmli02 and wpt-664520,
accounted for 10 % of the phenotypic variance.
Several other studies have reported YR resistance
near or within the same region as QYr.ufs-2D (Bariana
et al. 2001; Mallard et al. 2005; Navabi et al. 2005;
Melichar et al. 2008; Lu et al. 2009; Powell 2010).

Small-effect YR QTL was also reported on 2DL by
Suenaga et al. (2003) and Ren et al. (2012a) in
cultivars Fukuho-komugi and Naxos, respectively.
However, these QTL are unlikely to be similar to Yr54
because they were mapped approximately 20 ¢cM from
Yr54 and explained less variation (R2 < 10 %), but,
consistent with Yr54, Jagger et al. (2011) reported a
QTL, QPst.jic-2D, derived from the German bread
wheat cultivar Alcedo on chromosome 2DL. This
QTL, defined by markers Xgwm320 and Xgwm301,
explained 34-53 % of total YR variation measured by
percentage infection and IT. The large proportion of
variation explained by QPst.jic-2D and one of its
interval defining markers was similar to that for Yr54,
which explained 49-54 % of variation for DS and
AUDPC. As there is no significant ancestral relation-
ship between Quaiu and Alcedo (coefficient of
% = 0.008), the allelic resemblance between Yr54
and QPst.jic-2D can only be speculated upon.

The YR QTL QYr.tam-3B was consistently
detected with DS and AUDPC in both YR09 and
YR10. This QTL was defined by markers Xgwm533
(2 cM), wpt-7984 (0.1 cM), and wpt-8446 (0.7 cM) on
chromosome 3BS. The YR slow rusting gene Yr30,
which is linked or pleiotropic to the SR slow rusting
gene Sr2 and pseudo black chaff (PBC) phenotype,
was reported on 3BS in several QTL mapping studies
(Singh et al. 2000; Spielmeyer et al. 2003; Suenaga
et al. 2003; Hayden et al. 2004; William et al. 2006;
Khlestkina et al. 2007; Dedryver et al. 2009; Yu et al.
2010; Rosewarne et al. 2012). In those studies, 3BS
loci (expected to be Sr2/Yr30) explained a wide range
of variation (3.3-50 % for YR DS) and were mapped
close to one or a few markers including Xgwm389
2.7-5 cM), Xgwm533 (1.6-7 cM), Xgwm493
(2.5-6.6 cM), Xfbal90 (1-2 cM), wpt-8446 (3 cM),
and wpt-7984 (8.6 cM). All of those markers have
been placed close to each other on 3BS across several
wheat genetic maps. In our study, QYr.tam-3B
explained 3—-10 and 12-20 % of phenotypic variation
in entire and Yr54-subtracted datasets, respectively. In
addition, Quaiu displays a PBC phenotype, which has
a strong association with Sr2 (Hare and Mclntosh
1979). Based on this evidence, and the frequent
occurrence of Sr2 and Yr30 in CIMMYT wheat
germplasm, it is most likely that we mapped Y730 as
QYr.tam-3B in Quaiu. However, Lowe et al. (2011)
and Bansal et al. (2010) reported other resistance loci,
QYr.ucw-3BS and YrRub, which are closely linked
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with markers Xgwm533.1 and Xcfb3530, respectively,
at the distal end of 3BS, and are reportedly different
from Yr30. Further investigations with a larger pop-
ulation size and more molecular markers, which are
beyond the scope of this study, are required to confirm
the exact relationship between QYr.tam-3B, QYr.ucw-
3BS, and YrRub.

The YR and LR resistance QTL, QYr.tam-1B and
QLr.tam-1B, were detected on chromosome 1BL, in
the region where the known APR gene Lr46/Yr29 is
located (Singh et al. 1998; William et al. 2003). Both
of these QTL were mapped 1 and 9 cM proximal to
markers csLV46G22 and Xgwml40, respectively. In
previous studies, Lr46/Yr29 was mapped within a
maximum distance of 14 cM from the closely linked
SSR markers Xgwm259, Xwmc044, and XgwmlI40 in
different bread wheat germplasm (Suenaga et al. 2003;
Rosewarne et al. 2006; William et al. 2006; Lillemo
et al. 2008; Melichar et al. 2008; Ren et al. 2012b).
Moreover, strong associations of LR and YR
responses with marker csLV46G22, a tightly linked
Lr46/Yr29 marker developed and kindly provided by
E. Lagudah, CSIRO, Australia, apparently support the
presence of Lr46/Yr29 in Quaiu. The marker
csLV46G22 was also used by Lillemo et al. (2011) to
assess the effects of Lr46 with various additive YR
resistance genes in Avocet/Saar and Avocet/Parula
populations. Lillemo et al. (2011) suggested that the
expression of Lr46/Yr29 is profoundly influenced by
the genetic background of the host genotypes and their
growing environments. Studies have shown different
levels of phenotypic variance attributed to Lr46/Yr29
in different mapping populations (15-53 % for YR
and 17-85 % for LR; William et al. 2003; Rosewarne
et al. 2006, 2012; Lillemo et al. 2008). However, Lr46/
Yr29 did not significantly reduce YR severity in
cultivars Oligoculm (Suenaga et al. 2003) and Bai-
nong 64 (Ren et al. 2012b). In this study, the maximum
variation explained by QYr.tam-1B and QLr.tam-1B
was 7 and 25 % in entire population datasets and 27
and 55 % after subtracting the large-effect QTL
QYr.tam-2D and QLr.tam-1D, respectively.

Both QYr.tam-3D and QLr.tam-3D were defined by
the proximally located markers wpt-672034 and
Xbarc125 on chromosome 3DS based on integrated
genetic and physical wheat maps (http://wheat.pw.
usda.gov/ggpages/SSRclub/GeneticPhysical). Similar
to QYr.tam-3D, Dedryver et al. (2009) have reported a
small QTL, QYr.inra-3DS, flanked by markers
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Xbarc125 and Xgwm456 on 3DS, responsible for slow
rusting resistance to YR. QYr.inra-3DS, derived from
cultivar Recital, explained up to 12 % of the pheno-
typic variation for YR under field conditions. Simi-
larly, Singh et al. (2000) and Boukhatem et al. (2002)
reported YR resistance QTL linked to markers XksuA6
and Xbcd1532 that explained 12—14 % of the variation
in the cultivar Opata 85/Synthetic population. In the
wheat integrated map, marker Xbcd1532 is located
13-16 cM distal to SSR marker Xbarc125. Although it
is possible that the 3DS QTL in Quaiu, Recital, and
Opata might have common allelic origins, further
investigation is required for confirmation. However,
there is no report of a LR QTL in the region of
QLr.tam-3D in Quaiu.

Recently, Sun et al. (2010) mapped Lr42 on the
short arm of chromosome 1D, close to markers
Xwmc432 (0.8 cM) and Xcfdl5 (1.6 cM) in line
KS93U50, a selection from KS91WGRCI11. Based
on LR seedling tests, Basnet et al. (2013) found that
Quaiu inherited Lr42 that segregated in Avocet/Quaiu
RILs in close proximity to the SSR marker Xwmc432.
In our study, Lr42 was represented as QLr.tam-1D,
which significantly reduced LR severity in the field
and was mapped between DArT markers wpt-666067
(2 cM) and wpt-667180 (0.6 cM), and close to SSR
marker Xwmc432 (1 cM). Other LR genes on chro-
mosome 1DS, Lr21 (Huang et al. 2003) and Lr60
(Hiebert et al. 2008), are located approximately 23 and
16 cM, respectively, distal to QLr.tam-1D based on
the consensus map of Somers et al. (2004). As
virulence to Lr42 is not yet reported, use of this
R-gene in conjunction with other LR APR might be
useful in achieving a higher level of protection in the
field.

The susceptible parent Avocet was found to con-
tribute YR resistance that was detected inconsistently
across experiments in sub-optimal LOD thresholds.
Most of these minor QTL were detected in YRI0,
where Avocet displayed lower DS (70 %), compared
to 100 % for the most susceptible RILs. It is likely that
in the presence of other larger QTL, the Avocet QTL
contributes only a small effect and can easily be
missed, especially when disease pressure is very high.
Previous studies showed that QTL that contribute
<10 % to phenotypic variance are more prone to
environmental influence or disease pressure, and
hence their detection becomes more difficult across
years and environments (Boukhatem et al. 2002).
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QYr.tam-1A was detected with DS and AUDPC in
YR10 on chromosome 1AS. Based on common DArT
markers, the location of QYr.tam-1A corresponds with
a YR QTL, within the LDb1 region of 1AS, in the
association study by Crossa et al. (2007). However,
other 1A QTL reported by Ramburan et al. (2004),
Bariana et al. (2010), and Prins et al. (2011) appear to
be different from QYr.tam-1A, based on relative
marker positions. QYr.tam-4A was detected in YR10
and mapped on 4AL, similar to that of the previously
reported Avocet QTL, QYr.sgi-4A.2 (Ramburan et al.
2004; Prins et al. 2011). Similar QTL on 4AL have
also been reported in other wheat germplasm by
Crossa et al. (2007) and Vazquez et al. (2012).
QYr.tam-6A, another Avocet-derived QTL on chro-
mosome 6AL, was also previously reported (Singh
et al. 2001; Singh et al. 2005; Lillemo et al. 2006;
William et al. 2006; Prins et al. 2011). Prins et al.
(2011) also mapped LR and SR resistance (most likely
the Agropyrum elongatum-derived SR gene Sr26)
within the same region as the YR QTL QOYr.ufs-6A.
Consistent with this finding, Singh et al. (2005)
observed that the A. elongatum segment carrying
Sr26 also reduced LR and YR severities in Avocet/
Pavon and Avocet/Tonichi 81 populations. However,
QYr.ufs-6A did not show any effect on LR resistance in
our study. Another Avocet-derived small QTL,
QYr.tam-3D.1, was evident in YR10 at a LOD peak
of 2.8-3.0. It was placed between markers Xwmc552
and Xcfd223 on chromosome 3DL. This QTL might be
a new one, as no previous reports on YR QTL similar
to QYr.tam-3D.1 are available to date. It was interest-
ing to see that several minor QTL were harbored by the
susceptible parent Avocet, an Australian reselection
lacking the R-gene YrA. Ramburan et al. (2004)
argued that the APR to YR might have been retained
during the selection of susceptible Avocet under
conditions where reduced susceptibility could not be
detected.

In contrast to other Avocet-derived minor QTL,
QYr.tam-6B was from Quaiu and located on the long
arm only when Yr54-subtracted datasets were used for
analysis. Rosewarne et al. (2012) reported a 6BL QTL
effective against both LR and YR in Pastor. The
interval defining markers of Pastor 6BL (wpt-5176)
and Quaiu QYr.tam-6B (wpt-4164) were placed within
2 cM in the Avocet/Quaiu genetic linkage map.
Similarly, William et al. (2006) reported a QTL on
6BL that was effective against both LR and YR in

Pavon76. In an association analysis, Crossa et al.
(2007) also reported a linkage disequilibrium block at
the distal end of chromosome 6B (LDb6), which
shares some common DArT markers with QYr.tam-
6B, significantly associated with YR resistance.

The disease response of RILs in the presence or
absence of a particular QTL allowed assessment of its
effects in conferring resistance, assuming that remain-
ing QTL was randomly distributed. Among all QTL,
Yr54 revealed a highly skewed distribution of RILs
with maximum DS of 40 %. On the other hand, RILs
with one of the other QTL (QYr.tam-1B, QYr.tam-3B,
or QYr.tam-3D) were distributed across a wide range
of DS (20-100 %), although skewed distributions
were evident. Unexpectedly, a few RILs with these
QTL displayed high DS (90-100 %). It is possible that
either the lines were not discriminated properly
compared to more susceptible ones under high disease
conditions or were misclassified into the +QTL group
by the markers. Similarly, for LR, the distributions of
QLr.tam-1D and QLr.tam-1B RILs were distinctly
skewed towards resistance, displaying a maximum DS
of 40 %. However, the small-effect QTL QLr.tam-3D
was not discriminated substantially among the RILs.
Non-random assortment of undetected small-effect
QTL might have caused the overlapping distribution
between RILs with or without QLr.tam-3D. Similarly,
grouping of RILs in QTL genotypes provided an
assessment, in terms of means and variances, of each
QTL or their combination whilst controlling for others
(Tables 3, 4). When present alone, Yr54 was the only
resistance gene that significantly reduced YR severity,
compared to the no-QTL RILs (Online Resource 2).
However, additive effects were observed, with signif-
icant disease reductions, when two or more QTL were
combined together, except for the combination of
QYr.tam-3B and QYr.tam-3D. It is worth mentioning
that the grouping of RILs into different QTL geno-
types was based on four consistently detected QTL.
For this reason the average DS for the no-QTL group
(81 %) was significantly lower than that of the most
susceptible RILs, which displayed up to 100 % DS.
Compared with 100 % as the control, the average DS
of the three QTL genotypes, QYr.tam-1B (71 %),
QYr.tam-3B (63 %), and QYr.tam-3D (66 %), were
significantly lower. Similarly, QLr.tam-1D and
QLr.tam-1B, when present alone, significantly
reduced LR severity in all experiments. In contrast,
QLr.tam-3D reduced DS significantly only in the
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LR10 and LRAYV datasets. The additive effects among
LR QTL were very pronounced on DS; the combina-
tion of two QTL in the RILs resulted in significantly
lower DS (5-20 %), whereas all three QTL together
led to near immunity.

A significant segregation distortion of markers
around the Yr54 region might have resulted from
unknown segregation distortion loci, which are nor-
mally associated with differential viability of gametes
or zygotes (Lorieux et al. 1995; Xu 2008). Segregation
distortion is a common phenomenon in the wheat
genome, and has been reported to be closely linked with
several genes and translocated segments (Kong et al.
2009; Tsiloetal. 2010; Caietal. 2011). Itis unlikely that
the Yr54 region represents an alien translocation
because significant numbers of true recombinants were
observed between markers in the distorted region.
Studies have suggested that segregation distortion does
not cause significantimpacts on QTL detection and their
effect estimations, and hence can be ignored during
QTL mapping (Xu 2008; Zhang et al. 2010).

In the Avocet/Quaiu RIL population, up to 60 and
70 % of the phenotypic variation was explained by
detected LR and YR QTL, respectively. However, an
enormous proportion of that variation was attributed to
the large-effect loci QLr.tam-1D or Lr42 (25-35 %)
and Y754 (49-61 %). This study further demonstrates
that, in the presence of large QTL, the effects of
smaller ones are overshadowed and can remain
undetected. QTL analysis using subtracted datasets
is a better strategy for improving the detection of
minor QTL. With Yr54-subtracted datasets, two
additional QTL (QYr.tam-6A and QYr.tam-6B) were
detected, along with the increased variation explained
by the previously detected QTL. Similarly, increased
variation of LR QTL was observed in QLr.tam-1D-
subtracted datasets, although no new QTL was
detected. Because 40 and 30 % of the variation of
LR and YR responses, respectively, remained unex-
plained, it can be assumed that additional minor QTL
were not detected in the Avocet/Quaiu population.
Rosewarne et al. (2012) reported 8 and 13 QTL
(maximum variation of 21 %) associated with LR and
YR severity reduction, respectively, in the Avocet/
Pastor population. Among the significant QTL, seven
(four YR and three LR) were derived from the
susceptible parent Avocet. Only one Avocet QTL
from Avocet/Pastor, QYr.tam-6A, was common to the
Avocet/Quaiu population. In previous studies, two loci
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similar to QYr.tam-6A and QYr.tam-6B were reported
to be effective against both YR and LR (William et al.
2006; Rosewarne et al. 2012). Many factors affect
QTL detection, and some that might have had an effect
on the Avocet/Quaiu population include limited
population size, few molecular markers, discrepancies
in QTL effects, epistasis among QTL, overall envi-
ronmental influences, and variation in aggressiveness
or virulence in pathogen races used.

Good agronomic characteristics and high APR to
LR and YR make Quiau and its derivatives important
parents in the bread wheat improvement program at
CIMMYT. Thus we can speculate that Yr54, QLr.tam-
1B/QYr.tam-1B, and QLr.tam-3D/QYr.tam-3D should
have a significant presence in advanced CIMMYT
lines that are being distributed throughout the world.
With the availability of defined molecular markers for
each resistance locus, multiple APR pyramiding from
the single source parent Quaiu should be easier and
more efficient in the future. Two RILs (CIMMYT
GID: 6032209 and 6032334), which possess only
Yr54, are available upon request for research purposes.
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