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Abstract Americano 44 is a landrace derived wheat
cultivar from Uruguay that has had long lasting
resistance to the leaf rust pathogen Puccinia triticina.
A population of 92 recombinant inbred lines derived
from the cross ‘Thatcher*3/Americano 44d’ was
evaluated for segregation of adult plant leaf rust
resistance in four field plot tests and two greenhouse
tests. A genetic map was constructed with 381
Diversity Array Technology markers, five simple
sequence repeat markers, and seven kompetitive allele
specific PCR markers. Significant effects for reduction
of leaf rust severity were found for quantitative trait
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loci (QTL) on chromosomes 3AS, 3DS and 6DS.
Individually the 3AS and 3DS regions did not decrease
leaf rust severity in any of the tests compared to the
susceptible parent, yet strongly interacted when pre-
sent in the same genotype to decrease leaf rust severity
equal to the resistant parent. Genotypes with only the
6DS region had significantly lower leaf rust severity
compared to the susceptible parent in three of the field
plot tests. The 6DS QTL also interacted with the 3DS
QTL to decrease leaf rust severity. Major QTLs on
chromosome 3AS and 3DS are both located in the
distal region and may be encoded by homoeoalleles.

Keywords Adult plant resistance - Brown rust -
Wheat landrace - Puccinia triticina - Quantitative trait
loci (QTL)

Introduction

Leaf rust of wheat (Triticum aestivum L.) caused by
Puccinia triticina Eriks. is a widely distributed disease
that occurs on an annual basis in many major wheat
growing regions of the world. The leaf rust fungus is
highly variable with 50-70 races described every year
in the U.S. (Kolmer and Hughes 2015). To date over
70 genes for leaf rust resistance in wheat have been
mapped to a chromosome location (Mclntosh et al.
2017). Many of these genes condition highly effective
resistance to specific races of the leaf rust fungus in
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wheat seedlings and in adult plants, but do not provide
resistance to other races. In the Great Plains region of
the U.S., the continual release of cultivars with race
specific leaf rust resistance genes Lr21, Lr24, Lr37 and
Lr39 have placed a constant selection pressure for
virulence in the P. triticina population. As a result of
the broad environmental adaption of P. triticina
(Roelfs et al. 1992) and the presence of many races
with virulence to important leaf rust resistance genes,
stable and long lasting resistance in wheat to leaf rust
has been difficult to achieve.

Other genes, most notably Lr34, Lr46, Lr67 and
Lr68 (Lagudah 2011) are most effective in the adult
plant stage and are effective to all current races of P.
triticina. These genes are optimally expressed in the
adult plant stage and usually condition an intermediate
level of resistance with the production of fewer and
smaller uredinia, compared to susceptible genotypes,
when present in a single gene wheat line. Combina-
tions of these genes, or genes with race specific and
race nonspecific resistance have provided long lasting
resistance to leaf rust in released cultivars (Oelke and
Kolmer 2005).

Cultivar Americano 44d was derived from a
landrace population in Uruguay and released in
1918. This cultivar was noted to have long lasting
resistance to leaf rust (Roelfs 1988). A previous study
(Kolmer et al. 2007) determined that this cultivar had
at least two genes that conditioned adult plant
resistance. Adult plants of backcross lines of
“Thatcher’ (Tc) wheat with leaf rust resistance derived
from Americano 44d had a different leaf rust resis-
tance phenotype compared to Tc lines with Lrl3, an
adult plant gene that conditions race specific resis-
tance, and Tc lines with Lr34. The objective of this
research was to characterize and map the adult plant
resistance derived from Americano 44d in a partial
Thatcher background to enable the direct comparison
of this resistance with other Thatcher lines that are
near-isogenic for adult plant and seedling leaf rust
resistance genes (Mclntosh et al. 2017). Since Amer-
icano 44d is a spring wheat with late maturity, a
backcross line of Thatcher with adult plant leaf rust
resistance derived from Americano 44d was crossed
with Thatcher in order to develop a population of
recombinant inbred lines that were relatively uniform
for maturity and plant height.
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Materials and methods
Population development

Tc*2/Americano 44d F, lines that had leaf rust
severity of 10-20% and response of moderately
resistant to moderately susceptible in field plots
(Kolmer et al. 2007) were advanced to Fg generation
by single seed descent. These lines lacked any
seedling resistance to P. triticina isolates with race
designations BBBDB and SBDGG (Kolmer et al.
2007; Long and Kolmer 1989). The Fg lines were also
tested for resistance as adult plants in greenhouse tests
with an isolate of P. triticina with race designation
THBJG (Supplemental Table 1). Seed from a single
F¢ plant designated as Tc*2/Americano 44d 39A, that
had clearly discernable adult plant resistance in a
greenhouse test, was chosen for crossing with seed
derived from a single plant selection of Tc. Tc*3/
Americano 44d 39A recombinant inbred lines (RIL)
were advanced to the Fg.; to Fg.g generations in a
greenhouse.

Leaf rust assessment

One hundred RILs and the two parental lines were
evaluated for field resistance in St. Paul MN, in 2011,
2012, 2013, and 2014 and in adult plant greenhouse
tests in 2009 and 201 1. In the greenhouse test in 2009,
F¢ RILs were used; in the field tests in 2011, 2012,
2013 and the greenhouse test in 2011, Fg:7 lines were
used; and in the field test in 2014, Fg:g lines were used.
In the field plot tests, 50-60 seed of the parents and
each RIL were planted in 2-m rows without replication
spaced 30 cm apart perpendicular to spreader rows of
the wheat cultivars Tc, ‘Morocco’, ‘Max’, and ‘Little
Club’, that are all susceptible to leaf rust. A mixture of
P. triticina isolates with race designations MLDSD,
TDBGG, MFPSB, THBJG, TNRIJJ, and MCRKG in
2011; MHDSB, MFPSB, MLDSD, TBBGJ, and
TFBGQ in 2012 and 2013; and MHDSB, MFPSB,
MLDSD, TBBGIJ, TFBJQ, TFBGQ, and TBBGS in
2014 (Supplemental Table 1), were inoculated to the
spreader rows approximately 30 days after planting,
when the plants were at jointing stage. Urediniospores
were mixed with Soltrol 170 oil (Chevron Phillips,
The Woodlands, TX) and the suspension was
atomized onto the spreader rows with an ultralow
volume applicator. The parents and RILs were



Euphytica (2018) 214:59

Page 3 of 11 59

evaluated once for leaf rust severity and response
approximately 60 days after planting using the mod-
ified Cobb scale (Peterson et al. 1948). Leaf rust
resistance response was rated R = necrosis surround-
ing small uredinia; MR = necrosis surrounding mod-
erate  size uredinia; MS = distinct chlorosis
surrounding moderate to large uredinia; S = large
uredinia lacking necrosis or chlorosis. The plots were
rated when the susceptible parent Tc had leaf rust
severity of 60-80% with a susceptible response. Five
flag leaves collected from different parts of the row
were assessed for severity and response. In the
greenhouse tests, four seeds of the parents and each
RIL were planted in 15-cm pots filled with steamed
topsoil. The plants were grown in a greenhouse set at
20° C with a 16 h light period. The RIL population
was inoculated at anthesis with the same mixture of P.
triticina isolates used in the field plot tests. The flag
leaves were inoculated individually with a mixture of
Soltrol 170 oil and urediniospores. Eight to 10 flag
leaves of each RIL and parent were inoculated with an
atomized mixture of 5 mg of rust spores and 0.750 ml
of oil. After inoculation the plants were dried for at
least one hour and then placed in a closed chamber
with a humidifier filled with distilled water running for
60 s every five minutes. The adult plants were
removed the following morning and placed on a
greenhouse bench. The RILs and parents were eval-
uated for infection type using the standard 0—4 scale
(Long and Kolmer 1989) 14 days after inoculation.
Infection type scores were converted to a 0—100 score
for quantitative trait analysis with a scale similar to
that used in Turner et al. (2016). Leaf rust severity in
the greenhouse tests were also recorded, however
there were little differences in severity among the
RILs, therefore only the converted infection type
scores were used for subsequent analysis. The leaf rust
severity (percentage of leaf area covered) of the RILs
in the four field tests in St. Paul and the converted
infection type in the two greenhouse tests were tested
for correlation using Pearson’s coefficient with PROC
CORR in Statistical Analysis Software (SAS, Cary
NO).

DNA genotyping
High quality DNA of the parents and 92 of the F¢ RILs

was isolated using the CTAB buffer method recom-
mended by Diversity Arrays Technology (DArT)

(Triticarte Pty Ltd, Canberra, Australia) (Akbari
et al. 2006). DNA samples of the RILs and parents
were genotyped with the DArT methodology. Poly-
morphic markers were indicated as present (1) or
absent (0).

Simple sequence repeat (SSR) markers were ampli-
fied from DNA of the mapping population. PCR
assays were conducted in a 10 pl reaction volume
containing 15 ng DNA, 0.25 U Taq DNA polymerase,
1x PCR buffer, 100 nM each of forward and reverse
primer, 200 uM dNTP and 1.5 mM MgCl,. Amplifi-
cations were performed in a PTC-200 thermocycler
(MJ Research, Waltham MA) using the following
cycling conditions: 93 °C initial denaturation fol-
lowed by 35-38 cycles (depending on primer pair) of
denaturation at 93 °C for 30 s, annealing at various
temperatures depending on the primer pair for 40 s,
and extension at 72 °C for 1 min, followed by 5 min at
72 °C. The amplification products were separated on
vertical polyacrylamide gels and visualized via silver
staining using the method of Liu and Anderson (2003).

To develop breeder-friendly markers for genomic
regions conferring leaf rust resistance, selective
genotyping was performed on 44 selected Fg RILs
using the Infinium iSelect 90 K wheat bead chip array
described in (Wang et al. 2014). Based on DArT
marker genotypes and leaf rust disease response
scores, 12 RILs were selected for high rust severity
and response, and absence of resistance alleles at three
QTLs identified, while the remainder were selected for
low rust response and fixation for one or more
resistance alleles of the identified QTLs. Analysis of
the chip array data identified 265 markers linked to the
6D region, 43 markers linked to the 3D region and 30
markers linked to the 3A region. A subset of 20 SNPs
were selected that were located in one of three QTL
regions based on the consensus 90 K SNP map (Wang
et al. 2014). KASP primer sequences were down-
loaded from Polymarker (www.polymarker.tgac.ac.
uk) and markers were assayed following the manu-
factures’ instructions on a CFX96 Touch™ Real-
Time PCR Detection System (Bio-Rad). Eleven
KASP markers produced good cluster patterns of
allele calls that fell into two discrete groups and were
genotyped in the entire RIL population. Seven KASP
markers with confirmed chromosome locations based
on the physical map of ‘Chinese Spring’ (CS) wheat in
the RefSeq v1.0 database (http://www.wheatgenome.
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org/News/Latest-news/RefSeq-v1.0-URGI) were used
in the final map.

Quantitative trait locus (QTL) analysis

Since the parental lines were highly related, a reduced
number of segregating DArT and SNP markers would
be expected in chromosomal regions not associated
with leaf rust resistance. However, because the
resistant parent was selected for leaf rust resistance
in comparison with Thatcher, it would be expected to
find segregating markers in regions associated with
adult plant leaf rust resistance. Linkage groups of
segregating DArT, SSR and KASP marker loci were
assembled with Mapmaker v2.0 (Lander et al. 1987)
for MaclIntosh using the Kosambi mapping function
with a logarithm of odds (LOD) of 4 and r = 0.3.
Marker order was confirmed using R/qtl (Broman et al.
2003). Composite interval mapping (CIM) was per-
formed with QGENE (Nelson 1997) to calculate the
coefficient of determination (R2) and LOD scores for
each marker interval at a significance level of o = 0.05
with 1000 permutations of the dataset. The marker
closest to the LOD peak was selected by QGENE as a
cofactor. Markers associated with leaf rust severity
were also identified by single factor regression with
SAS. The datasets were evaluated with PROC GLM in
SAS to evaluate interactions between tests and marker
regions associated with leaf rust resistance. Differ-
ences in leaf rust severity between RIL genotypes
were assessed with Tukey’s honest significant differ-
ence in PROC GLM at p < 0.05.

Confirmation of the chromosome locations of
mapped SSR markers was completed by aneuploid
analysis. DNA of CS, and select CS chromosome 3A
and 3D nullisomic-tetrasomic and ditelosomic genetic
stocks was isolated using Qiagen DNeasy (Qiagen,
Hilden, Germany) kits according to the manufactur-
ers’ instructions. Subsequently, the DNA was used for
PCR amplification of SSR markers, gel electrophore-
sis and fragment visualization as described for SSR
marker acquisition in the mapping population.

Chromosome location and map data for the DArT,
SSR, and KASP markers for the RILS and the leaf rust
severity data for all greenhouse and field plots tests are
available in the supplemental materials.

@ Springer

Results
Inheritance of leaf rust resistance

The Tc*3/Americano 44d 39A RILs showed a wide
range of infection types for leaf rust resistance in the
two greenhouse tests and in the four field plot tests
(Fig. 1). In the two greenhouse tests, the most resistant
RILs and the Tc*2/Americano 44d 39A parent had
flecks with small necrotic uredinia mixed with mod-
erate to large size uredinia that lacked chlorosis or
necrosis that translated to a score of 10 on the 0-100
scale. The susceptible parent Thatcher and the most
susceptible RILs had moderate to large size uredinia
that lacked any chlorosis or necrosis which translated
to scores of 60-70. The Tc*2/Americano 44d 39A
parent had between 10 and 40% leaf rust severity in the
four field tests and the susceptible parent Thatcher had
between 50 and 70% leaf rust severity (Fig. 1). In the
2013 field plot test, the Tc*2/Americano 44d 39A
parental line had a response of 40MR-MS. The higher
severity for that year may have been due to heavy
inoculum pressure in that part of the field plot. There
was a strong correlation between severity and resis-
tance response in the RIL population in the field plot
tests. Lines that had low severity also had a stronger
resistance response, while lines with high severity had
a more susceptible response. The leaf rust severity
ratings of the Tc*3/Americano 44d 39A RILs had a
good correlation overall in the six tests. The two
greenhouse tests had a correlation of 0.68, and
correlations between 0.39 and 0.66 with the four field
tests (Table 1). The four field tests had higher
correlations that varied from 0.75-0.82.

Genetic mapping and QTL analysis

A total of 397 polymorphic markers in 92 Fg RILs
were grouped into 20 linkage groups that covered
759 cM. Three hundred eighty-one DArT markers
were used to construct the initial map. Single factor
regression and composite interval mapping of the
genotyped RILs identified regions on chromosomes
3A, 3D and 6A that were associated with leaf rust
severity. Five SSR markers cfd79U, cfd79L, wmc532,
barcl2 and barc321, and seven KASP markers on
chromosomes 3AS, 3DS, and 6DS were added to the
linkage map (Supplemental Table 2). The putative
chromosome arm locations of the linkage groups on
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Table 1 Pearson’s correlation coefficient of leaf rust severity ratings between different years of greenhouse and field plot tests of the

Thatcher*3/Americano 44d 39A RIL population

Test Greenhouse 2009 Greenhouse 2011 Field 2011 Field 2012 Field 2013 Field 2014
Greenhouse 2009 - 0.68* 0.57* 0.66* 0.53* 0.62*
Greenhouse 2011 - 0.50* 0.54* 0.39* 0.57*
Field 2011 - 0.75* 0.76* 0.77*
Field 2012 - 0.75* 0.82*
Field 2013 - 0.80*
Field 2014 -

*Significant at p < 0.001

chromosomes 3A and 3D were confirmed by aneu-
ploid analysis of the mapped SSR markers. The
linkage group on chromosome 3A was found to be
located on the short arm of this chromosome based
upon the absence of the SSR markers in both CS
nulli3A-tetra3D and ditelo 3AL aneuploid genetic
stocks. Similarly, the linkage group on chromosome
3D was localized to the short arm of that chromosome
based on the lack of SSR makers in 3D aneuploid
lines.

The region on chromosome 3A associated with leaf
rust severity was designated as QLr.cdl.-3A, with the
SSR marker barc321 closest to the LOD peak
(Figure 2a; Table 2). In the two greenhouse tests this
region accounted for 27% and 19% of the total
variation with LOD scores of 5.9 (p < 0.01) and 4.1
(p < 0.01), in 2009 and 2011 respectively. In the field
tests, the LOD peak was 2.7 (p < 0.10) with an R* of
0.13 in 2012, and the LOD peak was less than 1.0 in
the other field tests, with low values of R? Inthe single
factor regression over all the tests, this region had an
R? value of 0.09 (p < 0.0001). KASP marker K74975
was 2.2 cM distal to barc321 on chromosome 3AS in
the physical map of CS chromosome 3AS based on the
alignment of the 90 K SNP probe in the NRGene
RefSeq v1.0 assembly (Supplemental Table 2).

The region on chromosome 3D associated with leaf
rust severity was designated as QLr.cdl-3D, with wPt-
741949 the marker closest to the LOD peak at 38 cM
(Fig. 2b, Table 2). In the two greenhouse tests and in
the four field tests, this region accounted for 17-32%
of the total variation. In greenhouse tests in 2009,
2011, and field tests in 2012 and 2014 this region had
LOD scores > 4.0 with p < 0.01. In the field tests in
2011 and 2013 this region had LOD scores > 3.0 with
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p < 0.05. In the single factor regression over all the
tests, this region had an R? value of 0.19 (» < 0.0001).
The QTL was detected distal to KASP marker K16928
that was located at 5.6 Mbp on the physical map of
chromosome 3DS in CS wheat. (Supplemental
Table 2). Given the distal location of both QTL on
chromosome 3AS and 3DS, it is possible that genes in
homoeologous regions carry leaf rust resistance QTLs.

The region on chromosome 6D associated with leaf
rust severity was designated as QLr.cdl-6D, with wPt-
664670 as the closest marker to the LOD peak at 0 cM
(Fig. 2c, Table 2). This region had LOD scores greater
than 3.0 with p < 0.01 in the field 2013 test, and
p < 0.05 in the field 2012 and 2014 tests. The QLr.cdlI-
6D region did not have a LOD score greater than 3.0 in
the two greenhouse tests or in the field 2011 tests. This
region had R? values between 0.15 and 0.23. In the
single factor regression over all the tests, this region
had an R? value of 0.10 (p < 0.0001). This QTL was
3.4 cM distal to KASP marker K37229, which was
located at 42.0 Mbp on the physical map of chromo-
some 6DS in CS wheat (Supplemental Table 2).

The 92 F¢ RIL genotypes were placed into eight
groups based on the presence of resistance alleles at
QLr.cdl-3A, QLr.cdl-3D and QLr.cdl-6D (Table 3).
The genotype x environment interaction was non-
significant for the both the two greenhouse tests
(» =0.24) and four field tests (p = 0.06), which
allowed the severity scores to be averaged over the
two types of tests. Lines with missing data at these loci
or lines that were heterozygous were excluded. In both
greenhouse and field tests, RILs with resistance alleles
at QLr.cdl-3A and QLr.cdl-3D, and lines with resis-
tance alleles at all three QTLs had the lowest leaf rust
severity scores compared to all other genotypes. When
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Table 2 Composite interval mapping of adult plant leaf rust resistance in the Thatcher*3/Americano 44d 39A RIL population

QTL Marker Peak position (cM) Test R? value Logarithm of odds
QLr.cdl-3A barc321 6 Greenhouse 2009 0.26 5.9%#*
Greenhouse 2011 0.19 8 ko
Field 2011 0.03 0.5
Field 2012 0.13 2.7%
Field 2013 0.00 0.1
Field 2014 0.03 0.6
QLr.cdl-3D wPt-741949 38 Greenhouse 2009 0.20 4 5%%*
Greenhouse 2011 0.32 7.6%%*
Field 2011 0.17 3.6%*
Field 2012 0.25 5.6%**
Field 2013 0.18 4.0%*
Field 2014 0.24 5.3k
QLr-cdl.6D wPt-664670 0 Greenhouse 2009 0.03 0.7
Greenhouse 2011 0.00 0.1
Field 2011 0.10 2.0
Field 2012 0.18 4.0%*
Field 2013 0.23 5.1
Field 2014 0.15 3.1%*

*p < 0.10, based on 1000 permutations
**p < 0.05, based on 1000 permutations
**%p < 0.01, based on 1000 permutations

Table 3 Leaf rust severity of combinations of three adult plant resistance QTLs*® in the Thatcher*3/Americano 44d 39A RIL
population averaged over two greenhouse tests (infection type converted to severity %) and four field tests

Genotype Greenhouse total Field total

Number of observations Severity % Number of observations Severity %°

QLr.cdl.3A+ QLr.cdl.3D+ QLr.cdl.6D+ 22 16.8 C 43 210 E
QLr.cdl.3A+ QLr.cdl.3D+ QLr.cdl.6D— 12 175 C 24 213 E
QLr.cdl.3A+ QLr.cdl.3D— QLr.cdl.6D+ 18 53.6 AB 36 46.3 B,C
QLr.cdl.3A— QLr.cdl.3D+ QLr.cdl.6D+ 14 513 B 28 32.0 D.E
QLr.cdl.3A+ QLr.cdl.3D— QLr.cdl.6D— 8 68.8 A 16 66.6 A
QLr.cdl.3A— QLr.cdl.3D+ QLr.cdl.6D— 24 60.8 A,B 48 50.0 B,C
QLr.cdl.3A— QLr.cdl.3D— QLr.cdl.6D+ 28 58.1 A,B 55 40.0 C.D
QLr.cdl.3A— QLr.cdl.3D— QLr.cdl.6D— 28 56.4 A,B 55 554 AB

#+Resistance allele
°_Susceptible allele

“Severity (%) values followed by different letters in the same column are significantly different at p < 0.05 according to Tukey’s
honest significance difference test in PROC GLM of SAS

considered singly, RILs with resistance alleles at resistance alleles at all three QTLs. RILs with
QLr.cdl-3A or QLr.cdl-3D did not differ significantly resistance at only QLr.cdl-6D had significantly lower
for lower leaf rust severity from lines that lacked leaf rust severity scores averaged over the four field
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tests compared to lines that lacked resistance alleles at
all three QTLs, but in the greenhouse tests were not
significantly different compared to lines that lacked all
resistance alleles. RILS with resistance alleles at
QLr.cdl-3A and QLr.cdl-6D did not differ significantly
for leaf rust severity compared to lines that lacked
resistance at all three QTLs in the greenhouse and field
tests. RILs with resistance alleles at QLr.cdl-3D and
QLr.cdl-6D had significantly less rust severity com-
pared to lines that lacked resistance alleles at all three
QTLs over the four field tests, but were not signif-
icantly different in the greenhouse tests.

The ANOVA (Supplemental Table 3) of leaf rust
severity at the three QTLs over the six tests showed a
strong interaction between resistance alleles at
QLr.cdl-3A and QLr.cdl-3D (p < 0.001), and between
resistance alleles at QLr.cdl-3A, QLr.cdl-3D and
QLr.cdl-6D for decreased leaf rust severity
(» < 0.001). There was also a significant interaction
(p < 0.02) for decreased leaf rust severity between
resistance alleles at QLr.cdl-3D and QLr.cdl-6D.
There were significant effects for Test x QLr.cdl-3A
(p < 0.001), and for Test x QLr.cdl-3A x QLr.cdl-
3D (p =0.04). The QLr.cdl-6D region also had a
significant Test x genotype effect (p = 0.03).

Discussion

The inheritance of adult plant leaf rust resistance
derived from Americano 44d was complex, with three
genomic regions (QLr.cdl-3A, QLr.cdl-3D and
QLr.cdl-6D) found to interact for lower leaf rust
severity when present in a single genotype.
Resistance alleles at the QLr.cdl-3A and QLr.cdl-
3D regions in particular strongly interacted to condi-
tion an intermediate level of leaf rust resistance.
Neither of these regions conditioned effective resis-
tance when present singly. Only the QLr.cdl-3DS
region had consistently significant (p < 0.05) LOD
scores in all of the tests. The RILs with the resistance
allele at QLr.cdl-3A singly had the highest severity
scores in all the tests. RILs with the resistance allele at
only QLr.cdl-6D had lower average leaf rust severity
over the four field tests. This region also interacted
with the 3D region for decreased leaf rust severity. In
contrast, lines with resistance alleles at both
QLr.cdl.3A and QLr.cdl.6D did not differ significantly

for severity compared to lines that lacked resistance
alleles at all three QTLs.

The leaf rust resistant QTL expressed very differ-
ently in the greenhouse and field plot tests. The
QLr.cdl-3A region had significant LOD scores
(» <0.05) only in the field plot tests. This was
reflected in the overall high genotype x environment
interaction for this region. The QLr.cdIl-6D region had
significant LOD scores (p < 0.05) in the four field
tests, but not in the two greenhouse tests. This was also
seen in the significant overall genotype x environ-
ment interaction for this region. The QLr.cdl-3D
region expressed resistance in both field and green-
house tests, and did not have an overall significant
genotype X environment interaction.

The three QTL that interact for increased resistance
may have different modes of action that are comple-
mentary. The QLr.cdl-3A region was effective mostly
in the greenhouse tests that measured infection type,
while the QLr.cdl-6D region was effective only in field
plot tests that were rated using severity. It is likely that
different resistance mechanisms affect the infection
process that the QLr.cdl-3A region affected, compared
to the mechanisms that slow the growth and sporula-
tion of the leaf rust fungus, that were affected by the
QLr.cd.-6D region. The QLr.cdl-3D region was
effective in both field and greenhouse tests, and may
provide resistance during the infection process and
may also restrict growth and sporulation of the leaf
rust fungus.

The different races of P. triticina used in the field
and greenhouse experiments over the years may have
also effected the expression of the resistance QTL.
There is a possibility of some degree of race speci-
ficity among the three QTL, which may account for
some of the inconsistent expression of QLr.cdl-3A and
QLr.cdl-6A. The consistent effectiveness of QLr.cdl-
3D with the different mixtures of races, suggests that
this QTL may provide non-specific race resistance.

In a previous study, Tc*2/Americano 44d BC,F,
families segregated in a 3:1 ratio in a field plot test for
segregating and homozygous susceptible families
respectively (Kolmer et al. 2007). This suggested that
at least two genes conditioned the adult plant
resistance derived from Americano 44d. Since Amer-
icano 44d has much later maturity compared to
Thatcher, the BCF, families varied considerably
within and between families for maturity, making a
uniform assessment of leaf rust severity difficult. In
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the current study, the Tc*3/Americano 44d 39A RILs
had relatively uniform maturity, thus making assess-
ment of leaf rust severity more straightforward.
Because a single Tc*2/Americano 44d line was
chosen as the resistant parent, it is possible that other
adult plant leaf rust resistance genes or QTLs that are
present in the original source of resistance, Americano
44d, were not detected in this study.

QTLs for leaf rust resistance have been studied
extensively in numerous studies. Soriano and Royo
(2015) listed three meta-QTL on chromosome 3A that
included QTLs from the cultivars Forno and Oberkul-
mer (Messmer et al. 2000); line TA4152-60 (Chu et al.
2009); and the durum cultivar Lloyd (Maccaferri et al.
2008). Lan et al. (2014) described a QTL for leaf rust
resistance on 3DS, however none of the markers in
their study were in common with the markers associ-
ated with QLr.cdl-3D. In two recent summaries (Li
et al. 2014; Soriano and Royo 2015), no QTLs for leaf
rust resistance were described on chromosome 6D.
The chromosome arm location of the three QTL
described in this paper were confirmed by markers in
common between this study and other mapping
populations. Liu et al. (2013) mapped barc321, which
was the closest marker for QLr.cdI-3A, to chromosome
3AS. Cui et al. (2014) mapped wPt-730651 and wPt-
667139 to 3DS. Singh et al. (2013) mapped wPt-
664670, the closest marker for QLr.cdl-6D, to the
distal region of 6DS. The chromosomal assignment for
the three QTLs was further supported by ditelosomic
assignment, and genetic mapping performed for the
linked SNPs in Wang et al. (2014). QLr.cdl-3A is
unlikely to be the same QTL mapped in Forno and
Oberkulmer (Messmer et al. 2000), or TA-4152-60
(Chu et al. 2009), since they were mapped to
chromosome 3AL. The QTL from the durum wheat
Lloyd (Maccaferri et al. 2008) mapped to 3AS in the
same region as QLr.cdl-3A based on the consensus
map of Li et al. (2014).

One interesting result of our study was the finding
that separate SSR amplicons for cfd79 were located in
proximity to the QTLs detected on chromosome arms
3AS and 3DS. Amplification of wheat DNA with
cfd79 primers results in three amplicons. The largest
amplicon, designated cfd79U, mapped to a locus
approximately 51.2 cM from the best QTL marker on
chromosome 3A. Similarly, the smallest amplicon
detected, cfd79L, mapped approximately 37.8 cM
from the closest QTL marker on chromosome 3D.

@ Springer

Fine mapping and isolating genes that confer resis-
tance on both chromosomes will ultimately determine
if these QTLs are encoded by homoeoalleles.

Use of Americano 44d as a leaf rust resistant parent
would be complicated by late maturity and by the
relatively complex inheritance and small effects of the
individual QTLs. However the three identified QTLs
may be useful in combination with major adult plant
resistance genes such as Lr34. The winter wheat Forno
that had broadly effective durable resistance was
determined to have Lr34 plus a number of other QTLs
with small effects (Schnurbusch et al. 2004). Combi-
nations of other less effective adult plant resistance
genes, such as Lr46, with QTLs that have small effect
can also be useful in breeding projects. Kolmer (2015)
found that a QTL on chromosome 5BL with small
effects additively enhanced the resistance of Lr46,
derived from the wheat landrace derived cultivar
Americano 25e. The single-marker KASP assays
developed in this study for SNPs closely linked to
each of the three QTLs will facilitate the pyramiding
of rust resistance loci from Americano 44d into future
cultivars.
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