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Abstract
Key message  A new gene for adult plant leaf rust resistance in wheat was mapped to chromosome 3BL. This gene 
was designated as Lr77.
Abstract  ‘Santa Fe’ is a hard red winter cultivar that has had long-lasting resistance to the leaf rust fungus, Puccinia triticina. 
The objective of this study was to determine the chromosome location of the adult plant leaf rust resistance in Santa Fe wheat. 
A partial backcross line of ‘Thatcher’ (Tc) wheat with adult plant leaf rust resistance derived from Santa Fe was crossed 
with Thatcher to develop a Thatcher//Tc*2/Santa Fe F6 recombinant inbred line (RIL) population. The RIL population and 
parental lines were evaluated for segregation of leaf rust resistance in three field plot tests and in an adult plant greenhouse 
test. A genetic map of the RIL population was constructed using 90,000 single-nucleotide polymorphism (SNP) markers with 
the Illumina Infinium iSelect 90K wheat bead array. A significant quantitative trait locus for reduction of leaf rust severity in 
all four tests was found on chromosome 3BL that segregated as a single adult plant resistance gene. The RILs with the allele 
from the resistant parent for SNP marker IWB10344 had lower leaf rust severity and a moderately resistant to moderately 
susceptible response compared to the susceptible RILs and Thatcher. The gene derived from Santa Fe on chromosome 3BL 
was designated as Lr77. Kompetitive allele-specific polymerase chain reaction assay markers linked to Lr77 on 3BL should 
be useful for selection of wheat germplasm with this gene.

Introduction

Leaf rust, caused by Puccinia triticina Erikss., is an 
important disease of wheat (Triticum aestivum L) in 
many regions throughout the world (Roelfs et al. 1992; 
Saari and Prescott 1985; Samborski 1985). The disease 
is usually most common and destructive in non-arid areas 
where wheat matures in warm to hot weather or in coastal 
regions. In the Great Plains of North America, leaf rust 
occurs regularly and can cause significant yield losses. In 
2007, a heavy and widespread epidemic occurred through-
out the Great Plains region, causing an estimated 14% loss 
in Kansas (Kolmer et al. 2009). In research plots and farm 
fields, many of the commonly grown hard red winter wheat 
cultivars are completely susceptible to leaf rust. The resist-
ance genes Lr3a, Lr14a, Lr21, Lr24, Lr26, Lr37, and Lr39 
(Kolmer, unpublished data) are present in the hard red 
winter wheat cultivars; however, races of P. triticina with 
virulence to these race-specific genes are present in high 
frequency, which has diminished the effectiveness of the 
genes. Wheat cultivars with combinations of the genes 
Lr34, Lr46, Lr67, and Lr68 that are most effective in the 
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adult plant stage to all current leaf rust races have had 
long-lasting resistance compared to cultivars that carry 
only the race-specific genes that are effective in seedling 
plants (Lagudah 2011). Only a few current hard red winter 
wheat cultivars carry Lr34; however, the presence of other 
effective adult plant resistance genes in these wheat cul-
tivars is not known, since robust gene-specific diagnostic 
markers for most of these genes have not been developed.

The hard red winter wheat cultivar ‘Santa Fe’ was 
highly resistant in the 2007 leaf rust epidemic and in the 
immediate following years when it was still widely grown 
in the southern Great Plains. Genetic analysis determined 
that the genes Lr3a and Lr37 were present in Santa Fe 
(Kolmer 2017). Since there are many races with virulence 
to both Lr3a and Lr37, the effective resistance must have 
been due to other resistance gene(s). A homozygous line 
of Tc*2/Santa Fe, derived from a Tc*2/Santa Fe F2 family 
that lacked Lr3a and Lr37, had a low infection type (IT) of 
flecks with small to moderate size uredinia surrounded by 
chlorosis (IT; 2−) in the adult plant stage in a greenhouse 
test, but had high IT of large uredinia without necrosis 
or chlorosis in seedling plants (IT 4). In inoculated field 
plots with a mixture of races, the Tc*2/Santa Fe line had 
an intermediate level of leaf rust resistance that was eas-
ily distinguished from the susceptible Thatcher. This line 
did not carry the adult plant resistance genes Lr34, Lr37 
or Lr46 based on the absence of markers tightly linked 
to these genes. The objective of this study was to deter-
mine the chromosome location and further characterize 
the additional adult plant leaf rust resistance derived from 
Santa Fe.

Materials and methods

Population development

The Tc*2/Santa Fe 8-1 F4 line with adult plant leaf rust 
resistance derived from Santa Fe (Kolmer 2017) was 
used as the resistant parent for the recombinant inbred 
line (RIL) population in this study. The Tc*2/Santa Fe 
8-1 line had 20–30% leaf rust severity with a moderately 
resistant to moderately susceptible response of small to 
moderate uredinia surrounded by necrosis and chlorosis 
in a field plot test at St. Paul, MN, 2011. To evaluate the 
RIL population in a spring wheat background that was 
not segregating for winter wheat type or heading date, the 
Tc*2/Santa Fe 8-1 line was crossed with Thatcher, and 
the Tc//Tc*2/Santa Fe 8-1 RILs were advanced to the F6 
generation by single seed descent in a greenhouse. The 
RILs were increased one time in the greenhouse.

Leaf rust phenotyping

One hundred and thirteen RILS and the two parental lines 
were evaluated for field resistance at St. Paul MN from 
2014 to 2016. In the field plots, 50–60 seeds of the parents 
and each RIL were planted in 2-m rows spaced 30 cm apart 
perpendicular to spreader rows of the wheat cultivars Tc, 
‘Morocco’, ‘Max’, and ‘Little Club,’ that are all highly 
susceptible to leaf rust. A mixture of P. triticina races 
with designations, MHDSB, MFPSB, MLDSD, TBBGJ, 
TFBJQ, TFBGQ, and TBBGS in 2014, and MHDSB, 
MFPSB, MLDSD, TFBGQ, TBBGS, and MJBJG in 
2015 and 2016, were inoculated to the spreader rows by 
atomizing a Soltrol 170 oil (Chevron-Phillips Petroleum, 
Bartlesville, OK)—urediniospore mixture on the plants, 
approximately 30 days after planting, when the plants were 
at the jointing stage. The five letter race designations were 
adapted from the hexadecimal nomenclature system (Long 
and Kolmer 1989). These P. triticina races had virulence 
to the seedling resistance genes and race-specific adult 
plant resistance genes Lr12, Lr13, and Lr37 that are pre-
sent in U.S. wheat cultivars. The parents and RILs were 
evaluated once for leaf rust severity approximately 60 days 
after planting using the modified Cobb scale (Peterson 
et al. 1948). The RILs and parents were also evaluated at 
the same time for leaf rust resistance response: R = necro-
sis surrounding small uredinia; MR = necrosis surrounding 
moderate size uredinia; MS = distinct chlorosis surround-
ing moderate to large uredinia; S = large uredinia lacking 
necrosis or chlorosis. The plots were rated when the sus-
ceptible parent Tc had leaf rust severity of 50–80% with 
a susceptible response. Five flag leaves collected from 
different parts of the row were assessed for severity and 
response. The field plots in 2014 and 2015 had sufficient 
rainfall and dew periods after inoculation to allow the rust 
epidemic to develop normally. In 2016, hot dry weather 
set in immediately after inoculation of the plots in early 
June and persisted through the first week of July when the 
plots were evaluated. The lack of rainfall slowed the leaf 
rust spread in the plots and also significantly stressed the 
plants.

The RILs and parents were also tested as adult plants in 
a greenhouse test. 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 mixture of P. triticina races MHDSB, 
MFPSB, TBBGJ, TFBJQ, TFBGQ. The flag leaves were 
inoculated individually with a mixture of Soltrol 170 oil 
and urediniospores. Eight to ten flag leaves of each RIL 
and parent were inoculated with an atomized mixture 
of 5 mg of rust spores and 750 μl of Soltrol oil. After 
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inoculation, the plants were dried for at least 1 h and then 
placed in a closed chamber with a humidifier filled with 
distilled water running for 60 s every 5 min. The adult 
plants were removed the following morning and placed 
on a greenhouse bench. The RILs and parents were evalu-
ated for IT 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. 
Infection types and equivalent severity scores are given 
in Supplemental Table 1. Leaf rust severity in the green-
house test was also recorded; however, there were little 
differences in severity among the RILs; therefore, only 
the converted infection type scores were used for subse-
quent analysis. The leaf rust severity (percentage of leaf 
area covered) of the RILs in the three field tests in St. 
Paul and the converted infection type in the greenhouse 
test were tested for correlation using Pearson’s coefficient 
with PROC CORR in Statistical Analysis Software (SAS 
Institute 2012).

Genotyping, mapping and QTL analysis

High-quality DNA of the parents and RILs was isolated 
using the cetyltrimethylammonium bromide (CTAB) method 
(Akbari et al. 2006). The RILs and parental lines were geno-
typed using the Infinium iSelect 90K wheat bead chip array 
described in Wang et al. (2014). Since the resistant parent 
was derived from Thatcher, it would be expected that many 
of the SNPs on the 90K wheat chip would not be polymor-
phic between the two parents, resulting in an incomplete 
genetic map. However, since the Tc*2/Santa Fe parent was 
selected for resistance relative to Thatcher, it would be 
expected to find polymorphic SNP markers in regions asso-
ciated with leaf rust resistance.

Single-nucleotide polymorphism (SNP) genotype calling 
for the RILs and parental lines was done using GenomeS-
tudio v.2011.1 (Illumina 2011). Redundant SNP markers 
showing complete linkage (100%), and markers with miss-
ing values equal to or more than 10%, were removed using 
the BIN function in QTL ICI Mapping (Meng et al. 2015). 
Linkage groups of SNP marker loci were assembled with 
Mapmaker v2.0 for MacIntosh (Lander et al. 1987) with the 
Kosambi map function and logarithm of odds (LOD) of 10 
and r of 0.3. Map order was confirmed using R/qtl (Broman 
et al. 2003). Location of SNP markers was confirmed using 
the Chinese Spring NRGene-IWGSC v1.0 genome assem-
bly (http://www.wheat​genom​e.org/News/Lates​t-news/RefSe​
q-v1.0-URGI). Composite interval mapping (CIM) was 
implemented using QGENE (Nelson 1997). The marker 
closest to the LOD peak was selected by QGENE as a cofac-
tor. The coefficient of determination (R2) and LOD scores 
for each marker interval were determined with a significance 
level of α = 0.05 with 1000 permutations of the dataset. 

Analysis of variance of markers and disease severity was 
conducted with PROC GLM in SAS (SAS Institute 2012).

Based on the genotypic data from the 90K SNP chip, 
seven 90K SNP markers on chromosome 3BL that showed 
polymorphism between two contrasting genotype groups 
were selected for conversion of Kompetitive Allele-Specific 
PCR (KASP) markers (Supplemental Table 2). The KASP 
markers were assayed on the parents and 80 of the RILs in 
a 5-μl volume reaction including 2.5 μl 2× KASP master 
mix, 0.07 μl KASP primer mix and 2.5 μl DNA (~ 20 ng/μl) 
following the manufacturer’s instructions (LGC Genomics, 
http://www.lgcge​nomic​s.com) using an ABI 7900HT fast 
real-time PCR system (Applied Biosystems).

Results

Inheritance of leaf rust resistance

In 2014 and 2015, the Tc*2/Santa Fe 8-1 parent had leaf rust 
severity of 10–20% and response of MR-MS. In 2016, the 
Tc*2/Santa Fe 8-1 parent had leaf rust severity of 30% with 
an MR–MS response. In all 3 years of field tests, the suscep-
tible parent Thatcher had leaf rust severity of 50–60% with 
a susceptible response. In the greenhouse adult plant test, 
Thatcher had an IT of 3+–4 (large uredinia without chlorosis 
or necrosis) and the Tc*2/Santa Fe 8-1 parent had an IT of 
;2–2+ (flecks with small to larger size uredinia surrounded 
by distinct chlorosis) (Fig. 1). Correlation for leaf rust sever-
ity in the RIL population between the different tests varied 
from 0.87 for the field tests in 2014 and 2015, and 0.32 for 
the greenhouse test with the field test in 2016 (Table 1). The 
average severity in all tests varied from 32.1 to 37.6%, with 
a range of 5–70% (Table 2).

Fig. 1   Adult plant infection type of a susceptible Thatcher and b 
resistant Thatcher*2/Santa Fe 8-1 parent

http://www.wheatgenome.org/News/Latest-news/RefSeq-v1.0-URGI
http://www.wheatgenome.org/News/Latest-news/RefSeq-v1.0-URGI
http://www.lgcgenomics.com
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Genetic mapping and QTL analysis

A total of 4163 polymorphic SNP markers were scored for 
the population. After removing completely linked (100%) 
markers, 460 markers remained, which were grouped into 
30 linkage groups that covered 1571 centimorgans (cM). 
Single marker regression and composite interval mapping 
identified a region on chromosome 3BL, designated as QLr.
cdl-3BL, which was associated with lower leaf rust severity. 
SNP marker IWB10344 mapped at the LOD peak at 40.9 cM 
on chromosome 3BL (Fig. 2). The marker IWB32805 was 
3.5 cM proximal to the LOD peak, and IWB73555 was 
0.9 cM distal to the peak. Sixty-four of the RILs had the 
‘T’ allele from the resistant parent and 49 had the ‘G’ 
allele from Thatcher, which fit a single gene segregation of 

Table 1   Pearson’s correlation coefficient of leaf rust severity rat-
ings between different years of greenhouse and field plot tests of the 
Thatcher//Thatcher*2/Santa Fe 8-1 RIL population

a Significant at p < 0.001

Greenhouse Field 2014 Field 2015 Field 2016

Greenhouse – 0.51a 0.43a 0.32a

Field 2014 – 0.87a 0.43a

Field 2015 – 0.52a

Field 2016 –

Table 2   Mean severity of 
Thatcher//Thatcher*2/Santa Fe 
8-1 F6 recombinant inbred lines 
in three field plot tests and an 
adult plant greenhouse test

a Infection type scores converted to a 0–100 scale for quantitative trait analysis
b Recombinant inbred lines with ‘T’ allele derived from Tc*2/Santa Fe parental line
c Recombinant inbred lines with ‘G’ allele derived from Thatcher
d Genotypes in each row with a different letter differ significantly for leaf rust severity based on Tukey’s 
honest significance difference in PROC GLM in SAS

Test Mean severity % 
(standard error)

Minimum 
severity %

Maximum 
severity %

IWB10344-Rb IWB10344-Sc

Greenhousea 33.0 (2.2) 10.0 70.0 22.9 Bd 46.3 A
Field 2014 32.1 (1.8) 5.0 70.0 16.8 B 51.8 A
Field 2015 33.3 (1.7) 10.0 60.0 19.6 B 51.1 A
Field 2016 37.6 (1.1) 20.0 60.0 32.7 B 43.4 A

Fig. 2   Composite interval 
mapping (IM) of leaf rust 
resistance in the Thatcher//
Thatcher*2/Santa Fe 8-1 recom-
binant inbred line population. 
LOD logarithm of odds, LS leaf 
rust severity, cM centimorgans



1557Theoretical and Applied Genetics (2018) 131:1553–1560	

1 3

1:1 with a χ2 of 1.99 (p = 0.16). The marker interval from 
IWB32805 to IWB73555 spanned 4.4 cM that is 10.9 million 
bases in the Chinese Spring NRGene v1.0 genome assembly 
and 7.02 cM in the 92K SNP wheat consensus map (Supple-
mental Table 3). LOD scores for QLr.cdl-3BL were greater 
than 6.0 in all tests, with values over 35 in the field tests 
in 2014 and 2015 (Table 3). The corresponding R2 values 
were all over 0.23, with values greater than 0.75 in the 2014 
and 2015 field tests. In the ANOVA of leaf rust severity 
over all the tests, there was significant genotype × environ-
ment interaction (p  < 0.001) that did not allow the overall 
means and R2 values to be used. The RILs homozygous for 
the IWB10344 ‘T’ allele associated with resistance derived 
from Tc*2/Santa Fe 8-1 had an average leaf rust severity less 
than 20.0% in the 2014 and 2015 field tests, and a severity 
of 32.7% in the 2016 field test (Table 2). In the greenhouse 
adult plant test, the resistant RILs had an average sever-
ity of 22.9% based on the converted IT scores. The RILs 
with the susceptibility ‘G’ allele derived from Thatcher had 
over 50% leaf rust severity in the 2014 and 2015 field tests: 
43.3% severity in the 2016 field test, and 46.3% severity 
based on converted IT scores in the adult plant greenhouse 
test (Table 2). In the 2014 and 2015 field tests (Fig. 3a, b), 
the distribution of RILs based on alleles at IWB10344 had 
little overlap, as only three RILs in 2014 with the IWB10344 
Thatcher allele had leaf rust severity less than 30%; and 
one RIL with the resistance allele had severity of 50%. In 
2015, only five RILs with the IWB10344 resistance allele 
had leaf rust severity greater than 40%. In the 2016 field 
test (Fig. 3c), there was more overlap, as nine RILS with 
the Thatcher type allele had 30% or less severity, and nine 
RILs with the resistance allele had severity greater than 
50%. Similarly in the greenhouse test (Fig. 3d), eight RILs 
with the resistance allele had converted IT severity of 60% 
or greater, while 20 RILs with the Thatcher type allele had 
20% or less severity. 

Among seven SNPs tightly linked to Lr77 from the 90K 
chip, six (IWB9095, IWB73555, IWB12260, IWB32805, 
IWB76509, IWB23680) were successfully converted into 
KASP markers and used to genotype the parental lines and 
80 of the RILs (Supplemental Table 2). KASP marker 12260 
had the same allele calls as the original SNP marker for all 

80 RILs. The other five KASP markers also had high rates 
of agreement between the KASP and original SNP mark-
ers. Seven of the fourteen total SNP–KASP discrepancies 
were for individual RIL that were heterozygous based on 
the KASP assay but had the resistant parent allele in the 
original SNP genotyping. Five RIL marker combinations 
had different allele calls in the KASP assay and the original 
SNP genotyping and two combinations were heterozygous 
in the original SNP genotyping and were homozygous in the 
KASP assay. For SNP IWB10344, the KASP assay failed 
because the designed primers did not amplify the expected 
PCR product.

Discussion

A major QTL derived from the winter wheat cultivar Santa 
Fe for adult plant leaf rust resistance that segregated as 
single gene was mapped to chromosome 3BL. This gene 
expressed adult plant resistance in three field plot tests and 
in an adult plant greenhouse test. In 2014, two of the RILs 
with the Thatcher allele at IWB10344 had severity of 30%, 
but with a susceptible response. The lower leaf rust sever-
ity may have resulted from lower inoculum levels in that 
part of the plot. Both these RILs had 50–60% severity with 
a susceptible response in 2015. One of the RILs with the 
Thatcher allele had a 20 MR–MS response in 2014, but had 
50% severity with a susceptible response in 2015. One RIL 
with the resistant allele had a 50% severity with a suscep-
tible response in both 2014 and 2015. This RIL may be a 
recombinant between IWB10344 and the 3BL gene, since 
IWB32805 that is immediately proximal to IWB10344 could 
not be scored in the 90K chip genotyping, and the KASP 
assay for IW32805 indicated that both alleles were present. 
In 2015, three RILs with the resistant allele had 40% severity 
with a susceptible response. These RILs had 20–30% sever-
ity in 2014, with an MR–MS response. An additional RIL 
with the resistance allele had 50% severity in 2015; however, 
this RIL was not scored for leaf rust in 2014.

Previous to this research, no other Lr genes on chromo-
some 3BL had been designated; therefore, the gene on 3BL 
was designated as Lr77 (McIntosh et al. 2017). Subsequent 
to the designation of Lr77, a seedling leaf rust resistance 
gene derived from durum wheat was mapped to chromosome 
3BL (Qureshi et al. 2018). Based on common markers, Lr79 
was located approximately 9.2 million bases distal to Lr77.

The Tc*2/Santa Fe 8-1 parent with Lr77 had more effec-
tive resistance manifested by distinct necrosis and chlorosis 
compared to Thatcher lines with the adult plant resistance 
genes Lr34, Lr46, and Lr67 in field plot tests in St. Paul in 
2014 and 2015 (Kolmer, unpublished data). The parental 
line and RILs with Lr77 had a very similar severity and 
response compared to lines with the adult plant resistance 

Table 3   Composite interval mapping of adult plant leaf rust resist-
ance in the Thatcher//Thatcher*2/Santa Fe 8-1 population

QTL Marker (cM) Test R2 value Logarithm 
of odds

QLr.cdl-3BL IWB10344 (40.9) Greenhouse 0.25 7.09
Field 2014 0.79 38.02
Field 2015 0.78 37.60
Field 2016 0.23 6.22



1558	 Theoretical and Applied Genetics (2018) 131:1553–1560

1 3

gene Lr78, derived from the cultivar Toropi (Kolmer et al. 
2017).

Expression of adult plant resistance (Drijepondt and Pre-
torius 1989; Dyck 1987; Singh 1992; Kolmer et al. 2015; 
Singh et al. 1998) is dependent on temperature and moisture 
conditions in the field plot tests. In 2014 and 2015, suffi-
cient rainfall occurred prior to and following inoculation of 
the field plots to allow leaf rust to spread relatively evenly 
throughout the plots. In 2016 as a result of the drought-
stressed plants, it was difficult to distinguish susceptible 
from resistant RILs. This accounted for the much lower LOD 
score and R2 value associated with IWB10344 for 2016 com-
pared to 2014 and 2015. Resistance conditioned by Lr77 
in the parental line could also be distinguished in the adult 
plant greenhouse test; however, the LOD score and R2 value 
were also much lower compared to the 2014 and 2015 field 

plot tests. Evaluation of germplasm with Lr77 would best be 
conducted in field plot tests. The race specificity of Lr77 is 
not known at this time; however, the consistent expression 
of resistance in field plots with different mixtures of races 
suggests a non-race specific type of resistance.

Long-lasting resistance to P. triticina has been espe-
cially challenging to obtain in the hard red winter wheat 
cultivars grown in the southern Great Plains of the United 
States. Cultivars with seedling effective genes Lr21, Lr24, 
Lr26, and Lr39 have had leaf rust resistance eroded by 
the rapid increase of races with virulence to these genes. 
Santa Fe also has Lr3a and Lr37 (Kolmer 2017); how-
ever, many races have virulence to both genes, rendering 
them completely ineffective for resistance. The effective 
resistance of Santa Fe to leaf rust must be due to Lr77 
and possibly other genes. Since only a single Tc*2/Santa 

Fig. 3   Frequency distributions of Thatcher//Thatcher*2/Santa Fe 8-1 
recombinant inbred line (RIL) population for leaf rust severity based 
on segregation at IWB10344. RILs are segregating for the ‘T’ allele 
associated with resistance from Thatcher*2/Santa Fe and the ‘G’ 

allele associated with susceptibility from Thatcher. a 2014 field plot 
test, b 2015 field plot test, c 2016 field plot test, d greenhouse adult 
plant test
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Fe F4 derived plant was selected for crossing to Thatcher 
and development of the RIL population, it is possible that 
other effective adult plant resistance genes are also present 
in Santa Fe. The most well-known adult plant leaf rust 
resistance gene, Lr34, is also present in hard red winter 
wheat germplasm, although at relatively low frequency 
(Kolmer et al. 2008). In the 2017 Southern Regional Per-
formance Nursery (SRPN), only 6 of 50 hard red win-
ter wheat breeding lines had the marker associated with 
Lr34 (Bai, unpublished data). In contrast, 22 of the same 
breeding lines had the ineffective gene Lr37. Lr77 may 
already be widely present in the hard red winter wheat 
germplasm. In the same 2017 SRPN test, 18 of the entries 
had the same allele for the KASP marker for IWB12260 
as the Tc*2/Santa Fe parental line with Lr77. However, 
since IWB12260 mapped 6.2 cM distal to IWB10344, this 
KASP marker may not be optimal for detection of Lr77. A 
specifically designed marker in the IWB10344–IWB73555 
region would be more suitable for marker-assisted selec-
tion of germplasm with Lr77.

In conclusion, a highly effective adult plant leaf rust 
resistance gene derived from the winter wheat cultivar 
Santa Fe was mapped to chromosome 3BL and was des-
ignated as Lr77. Cultivars with this gene can be crossed 
with cultivars that have other effective adult plant leaf 
rust resistance genes such as Lr34 and Lr46 to develop 
germplasm with improved leaf rust resistance. The soft 
red winter wheat cultivars Clark (Li et al. 2017) and Cald-
well (Kolmer et al. 2018) both carry effective adult plant 
leaf rust resistance that mapped to chromosome 3BS, and 
may be the same gene as Lr74. The resistance in Santa Fe 
could also be combined with the 3BS resistance to develop 
winter wheat cultivars with two sources of adult plant leaf 
rust resistance that should remain effective over a long 
period of time.
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