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Abstract
Key message The leaf rust resistance gene Lr64 in the Thatcher wheat RL6149 was mapped to chromosome 6AL 
with SNP and KASP markers and a second leaf rust resistance gene was mapped to chromosome 1DS.
Abstract RL6149, a near-isogenic line of Thatcher wheat, carries leaf rust resistance gene Lr64 on chromosome arm 6AL. 
The objective of this study was to develop molecular markers that can be easily used to select wheat lines with Lr64. RL6149 
was crossed with Thatcher and  F2 plants derived from a single  F1 plant were advanced to  F6 lines by single seed descent. The 
100  F7 recombinant inbred lines (RIL) were inoculated with two races of P.triticina that differed widely for virulence in order 
to identify resistant and susceptible RIL. Thirty RIL that differed for resistance and the parental lines were genotyped with 
the 90 K Infinium iSelect single nucleotide polymorphism (SNP) array to find closely linked markers with Lr64. Seven linked 
SNPs on chromosome arm 6AL were converted into Kompetitive Allele Specific PCR (KASP) markers that were genotyped 
on the 100 RIL. A genetic linkage map for the seven KASP markers spanned 19.1 cM on chromosome arm 6AL. KASP 
marker K-IWB59855 was tightly linked to Lr64. A second unexpected gene for leaf rust resistance also segregated in the  F7 
lines. Four KASP markers that spanned 18.6 cM located the gene on chromosome 1DS. The KASP marker K-IWB38437 
was tightly linked to the second leaf rust resistance gene.

Keyword Race-specific resistance · Brown rust · Seedling resistance gene

Introduction

Leaf rust, caused by Pucciniatriticina Eriks., is a widespread 
and regularly occurring disease of wheat in many regions 
of the world. To date 79 wheat leaf rust resistance genes 
have been given permanent designations (McIntosh et al. 
2017) based on chromosome location and allelism. How-
ever, the P.triticina population can change very rapidly in 
response to cultivation of resistant wheat cultivars, since the 
most effective resistance genes select virulent races that can 
either occur at very low frequencies in existing populations 
or arise by mutation as new races. As a result, many of the 
resistance genes in wheat cultivars do not provide effective 
resistance, since virulent races are at high frequency (Kol-
mer and Hughes 2018). Wild relatives of wheat have been 
used as important sources of leaf rust resistance (Dyck and 
Kerber 1985), since many of the resistance genes found in 
common wheat no longer provide resistance. Wild emmer 
wheat, Triticum turgidum L. Thell. ssp.dicoccoides (here-
after referred to as T.dicoccoides), a close relative of wheat 
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has been identified as a donor of disease resistance genes 
for wheat. Generally, collections of T.dicoccoides are sus-
ceptible to P.triticina, with relatively few accessions that 
produce low infection type (IT) in seedling plants (Anikster 
et al. 2005). In native stands in Israel (Dinoor et al. 1991), 
T.dicoccoides is susceptible to the same races of P.triticina 
that are found on common wheat.

Dyck (1994) however, found an accession of 
T.dicoccoides designated as 8404, that had a very low infec-
tion type in seedling plants. He backcrossed the resistance 
into the hexaploid common wheat Thatcher. The Thatcher 
near isogenic line RL6149 (Thatcher*7/8404) was highly 
resistant to leaf rust. In segregating  F2 plants and derived 
 F3 families, the resistance in RL6149 segregated as a single 
gene and was mapped to chromosome arm 6AL (Kolmer and 
Anderson, unpublished data). The simple sequence repeat 
(SSR) marker Xbarc104 was located 13.9 cM proximal to 
the gene, and Xgwm427 was 21.0 cM proximal. The resist-
ance gene in RL6149 was designated as Lr64 (McIntosh 
et al. 2009). Since neither of the SSR markers was tightly 
linked to Lr64, they are not suitable for marker-assisted 
selection in wheat improvement programs. The objective 
of this study was to develop molecular markers with tight 
linkage to Lr64 that can easily be used to select wheat germ-
plasm with improved leaf rust resistance. During the course 
of this study, we also detected a second seedling resistance 
gene in RL6149, and it was mapped to chromosome 1DS.

Materials and methods

Thatcher was crossed with RL6149 and the  F2 seeds were 
advanced to  F6 generation by single seed descent in a green-
house. The  F7 seedlings were tested for leaf rust response 
with two races of P.triticina. Race BBBDB is highly aviru-
lent to most seedling leaf rust resistance genes, with viru-
lence only to lines with Lr14a, Lr14b, and Lr20 among the 
Thatcher differentials used to identify races at the USDA-
ARS Cereal Disease Laboratory. Race TBBGS is currently 
found on wheat in the U.S. (Kolmer and Hughes 2018) and 
has virulence to lines with genes Lr1, Lr2a, Lr2c, Lr3, Lr10, 
Lr14b, Lr21, Lr28, and Lr39. The  F7 recombinant inbred 
lines (RIL) were inoculated with both races at two separate 
times for a total of four tests. The RIL and parents were 
grown in segmented trays with 4–6 seeds per RIL in each 
segment in a greenhouse at 20–23 °C and fertilized with 
20–20–20 NPK solution 7 d after planting. When the pri-
mary leaves were fully expanded at 7–8 days after planting, 
the seedlings were inoculated with a single race of P.triticina 
using a suspension of urediniospores in Soltrol 170 (Phillips 
Petroleum, Bartlesville, OK) mineral oil. After inoculation 
the plants were dried for 1 h, and then placed in a dew cham-
ber overnight at 18 °C. The plants were then returned to a 

greenhouse bench at 20–23 °C with supplemental lighting. 
Infection types were scored on a 0–4 scale 10–12 days after 
inoculation: IT of 0 (immune response) ; (hypersensitive 
fleck), 1 (small necrotic uredinia), and 2 (small size uredinia 
with prominent chlorosis) were considered as avirulent; and 
IT of 3 (moderate size uredinia lacking necrosis or chlorosis) 
to 4 (large uredinia) were considered as virulent. RIL with 
mixed IT were described with the most common IT first. 
Symbols “−” and “ + ” denote smaller or larger uredinia, 
respectively. RIL with resistant IT were coded as 2 and RIL 
with susceptible IT were coded as 0 for QTL analysis. A 
total of 104 RIL were tested for leaf rust response, and four 
RIL that were determined to be heterogeneous based on the 
presence of resistant and susceptible seedlings were not 
included in the mapping or QTL analysis.

Thirty of the RIL were initially selected for genotyping: 
10 with resistant IT of ; (fleck) to ;1, and 10 with IT of ;2 
to  2+ were selected in two groups. Another 10 RIL with 
susceptible IT of 3 to 4 were selected as a third group. High 
quality DNA from all RIL and parents was isolated using 
the method recommended by Diversity Arrays Technology 
(DArT) (Triticarte Pty Ltd, Canberra, Australia) (Akbari 
et al. 2006) and were genotyped using the wheat 90 K Infin-
ium iSelect single nucleotide polymorphism (SNP) array 
(Wang et al. 2014). Single nucleotide polymorphic (SNP) 
markers associated with resistance were evaluated for suit-
ability for development of Kompetitive Allele Specific PCR 
(KASP) markers. The KASP markers were assayed on the 
parents and 100 of the RIL in a 5-µl volume reaction includ-
ing 2.5 µl 2X KASP master mix, 0.07 µl KASP primer mix 
and 2.5 µl DNA ( ~ 20 ng/µl) following the manufacturer’s 
instructions (LGC Genomics, www.lgcge nomic s.com) using 
an ABI 7900HT fast real-time PCR system (Applied Biosys-
tems. The KASP marker data were mapped with Mapmaker 
v2.0 for MacIntosh (Lander et al. 1987) using 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). Composite interval mapping (CIM) was performed 
using QGENE (Nelson 1997). The markers closest to the 
LOD peaks were selected by QGENE as a cofactor. The 
coefficient of determination (R2) and LOD score for the 
marker interval were determined with 1000 permutations 
of the dataset and a significance level of α = 0.05.

Results

When tested with races TBBGS and BBBDB, the Thatcher/
RL649  F7 lines segregated 72 to 28 for resistant (IT; to  2+) 
and susceptible RIL (IT 3 to 4), respectively, in both tests. 
This fit a 3:1 ratio (χ2 = 0.014, p = 0.91) which indicated two 
resistance genes were segregating. Analysis of the iSelect 

http://www.lgcgenomics.com
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bead chip array data from the 30 RIL selected for 90 K gen-
otyping identified four SNP markers on chromosome arm 
1DS, 16 on chromosome 5A, and 84 on chromosome arm 
6AL that were associated with the resistant RIL. Based on 
the fixation rate of the markers in the selected RIL and the 
correct phasing of the RIL with the parents, chromosome 
6AL was determined to most likely carry one of the resist-
ance genes. KASP markers were developed for SNP mark-
ers IWB57726, IWB72197, IWB73609, IWB114, IWB59855, 
IWB38521, and IWA4699 (Table 1) for chromosome arm 
6AL which spanned 6.17 Mb based on the physical map 
of Chinese Spring wheat (NRGene-IWGSC v1.0 genome 
assembly https ://www.wheat genom e.org/News/Lates t-news/
RefSe q-v1.0-URGI). (Supplemental Table 1). The SNP on 
1DS were associated with the segregation of resistance and 
susceptibility in the 30 selectively genotyped RIL, although 
the parents were monomorphic for three of the four markers, 
and RL6149 was heterogeneous for the fourth marker. KASP 
markers were developed for IWB38437, IWB577, IWA713, 
and IWB14612 on chromosome arm 1DS (Table 1, Supple-
mental Table 1).

The 11 KASP markers were assayed on the total RIL 
set and parents. Seven KASP markers covered a 19.1 cM 
region on chromosome arm 6AL (Fig. 1a). KASP marker K-
IWB59855 was 0.7 cM distal to the LOD peak of 18.7,  that 
had an R2 of 0.56 for both races TBBGS and BBBDB. The 

54 RIL that had the RL6149 allele (C) for K-IWB59855 had 
an IT of; to ;12−, whereas 18 RIL with the Thatcher allele 
(A) had an IT of ; to  2+, and 28 RIL with the Thatcher allele 
had a high IT of  3+. This indicated the RIL population was 
segregating for a gene on chromosome arm 6AL that condi-
tioned a very low IT, and a second gene that conditioned a 
low to intermediate IT.

The second region that was associated with segregation of 
resistance to both races was on chromosome 1DS (Fig. 1b). 
The four KASP markers spanned 18.6 cM. KASP marker 
K-IWB38437 was 0.6 cM distal to the LOD peak of 11.10 
that had an R2 of 0.39. The four KASP markers developed 
for chromosome 5A showed no association with leaf rust 
response.

Based on IT and the alleles for K-IWB59855 and 
K-IWB38437, the RIL were genotyped for the presence of 
Lr64 on chromosome 6AL and the second gene on 1DS. 
Both genes were then mapped with the KASP markers 
from the QTL analysis. When mapped as single genes, 
Lr64 mapped closest to K-IWB59855 and the gene on 1DS 
mapped closest to K-IWB38437 (Fig. 2).

Selected RIL that varied for IT and for alleles at 
K-IWB59855 on chromosome 6AL and K-IWB38437 on 1DS 
were phenotyped for IT using three additional P.triticina 
races, SBDGG, TNRJJ, and MCTNB (Table 2). RIL 13, 28, 
30, and 33 had the RL6149 allele for K-IWB59855 and the 

Table 1  Sequences of KASP markers for Lr64 on chromosome 6AL and a second leaf rust resistance gene on chromosome 1DS

*Each allele-specific forward primer was tailed with a FAM (GAA GGT GAC CAA GTT CAT GCT) or HEX (GAA GGT CGG AGT CAA CGG ATT) 
oligo sequence

Chromosome KASP Thatcher 
allele

RL6149
allele

Allele-1 forward primer* Allele-2 forward primer* Common reverse primer

6AL K-IWB57726 C T GCA TTG CTT GTG GAG 
GAT ATA TAA C

GCA TTG CTT GTG GAG 
GAT ATA TAA T

GAG CTT ACT GCC TGC CTT 
GT

K-IWB72197 G T CTC CTC CAC TTT CTA AAT 
ACA CTG 

CTC CTC CAC TTT CTA AAT 
ACA CTT 

CTC ATC ACC AGT GGC AAT 
AAG 

K-IWB73609 G A GAG AGG CAC GAT CAG 
GCC 

GAG AGG CAC GAT CAG 
GCT 

CCT TTT CGG TCC GGG TCC 

K-IWB114 C T CAT GTG GAG GAG ACG 
GGC 

CAT GTG GAG GAG ACG 
GGT 

CAG CTC TTC CTC GGC TCA 

K-IWB59855 A C TGA GGA ATC GTC GCT 
GAA AGT 

TGA GGA ATC GTC GCT 
GAA AGG 

GCC GCT GCC AAA AAT 
CCT AC

K-IWB38521 T C GCC ACT GAT TTC ATC TGT 
TATGT 

GCC ACT GAT TTC ATC 
TGT TATGC 

TGC TTC TCC ACC TTC ACA 
ATT 

1DS K-IWA4699 G A TCA AAA TCA TCA TCT 
TGA GGT GAA G

TCA AAA TCA TCA TCT 
TGA GGT GAA A

TTC ATC AAA TCC TCG ATT 
CTT GAC 

K-IWB38437 T TC GCT ACA ATG GCT AGT 
GTG ATCT 

GCT ACA ATG GCT AGT 
GTG ATCC 

ACA AAT AGG GCA TGG TAC 
CTTT 

K-IWB577 T T CAA ACT GAA CGA GCA 
GGT GAT 

CAA ACT GAA CGA GCA 
GGT GAC 

TCT CAA TCC TAA GCA TCC 
GGT TTA 

K-IWA713 G GA CAA CAG GAA CTC GGG 
AGG G

CAA CAG GAA CTC GGG 
AGG A

TGC TGT GAG ATA ACC 
GCC A

K-IWB14612 T TC CCA CAG TCC ACA CAA 
AGC ATAT 

CCA CAG TCC ACA CAA 
AGC ATAC 

TGA GGT CTC GTG TTA ATA 
ACTGC 

https://www.wheatgenome.org/News/Latest-news/RefSeq-v1.0-URGI
https://www.wheatgenome.org/News/Latest-news/RefSeq-v1.0-URGI
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Thatcher allele for K-IWB38437, which indicated that these 
RIL had Lr64, but lacked the gene on 1DS. These RIL had 
very low IT with the races tested. RIL 34, 75, 78 and 79 

had the Thatcher allele at K-IWB59855 and had the RL6149 
allele for K-IWB38437. These RIL had an intermediate IT 
of ;12 to 23 to the five races. RIL 32 and 94 that had the 
RL6149 allele for K-IWB59855 had a low IT of; to ;12 to 
the five races, which was very similar to the ITs for RL6149. 
RIL 32 was heterozygous for alleles at K-IWB38437 and 
RIL 94 had the C allele. These two RIL have Lr64 and may 
also have the gene on 1DS. RL6149 was heterogeneous for 
alleles TC for K-IWB38437, and Thatcher had the T allele.

Discussion

The  F7 RIL of Thatcher/RL6149 segregated for two seed-
ling resistance genes. One of these genes was Lr64 located 
on chromosome arm 6AL. A second gene mapped to 

Fig. 1  Composite interval 
mapping of KASP markers 
on a chromosome 6AL and b 
1DS segregating for resistance 
to leaf rust race TBBGS in the 
Thatcher/RL6149  F7 RIL. LS 
leaf rust severity, cM centimor-
gans, LOD logarithm of odds

Fig. 2  Genetic maps of a Lr64 on chromosome 6AL and b a leaf rust 
resistance gene on chromosome 1DS

Table 2  Infection types to five 
Puccinia triticina races and 
KASP marker data for Thatcher/
RL6149  F7 lines

a Unknown resistance gene on chromosome 1D

RIL- Wheat line Lr64–K-
IWB59855- 
6AL

LrX–K-
IWB38437-
1DSa

Races

BBBDB TBBGS SBDGG TNRJJ MCTNB

RIL 13 C T ;1− ;12− ; ;12− 22−

RIL 28 C T ; ; ;1− ;1 ;1
RIL 30 C T ; ;1− ; ;12− ;1
RIL 32 C TC ;1− ;2 ; ;12 ;
RIL 33 C T ; ; ; ;1− ;1−

RIL 34 A C ;12–22+ 2+3 ;12 22+ 2+3
RIL 75 A C ;12–22+ 23 ;12− 23 23
RIL 78 A C ;12 23 12 22+ 2+

RIL 79 A C ;12 22+ 22+ 2+3 22+

RIL 94 C C ;2− ;1− ; ;1− ;
RL6149 (Lr64, LrXa) C TC ;1− ;1= ; ;1− ;
Thatcher A T 3+4 3+4 3+4 3+4 3+4



Theoretical and Applied Genetics 

1 3

chromosome 1DS. Lr42 and Lr60 are seedling leaf rust 
resistance genes also located on chromosome 1DS. KASP 
markers linked to both genes were monomorphic between 
Thatcher and RL6149 (A. Bernardo, unpublished data), 
which indicated that the 1DS gene derived from RL6149 
is unlikely to be one of these genes. Gene Lr21 is also on 
1DS, however race TBBGS is virulent (IT of  3+4) on wheat 
lines with this gene. Intercrosses of the Thatcher lines that 
have Lr21, Lr42 and Lr60 with a RIL that lacks Lr64 but has 
the 1DS gene will be made in order to determine the allelic 
relationship between the genes on 1DS.

A single gene was expected to segregate in the RIL pop-
ulation. In the initial mapping of resistance derived from 
RL6149, only the resistance gene on 6AL was detected. In 
the previous study,  F2 plants were phenotyped, and their 
genotypes were confirmed in  F3 families. Scoring single  F2 
plants that carry a resistance gene that has an intermediate 
IT can be difficult, since plants heterozygous for the gene 
can often have a near susceptible IT (Kolmer and Dyck 
1994). In the  F2 seedling test, plants with the 1DS gene may 
have been scored as susceptible, and the derived  F3 families 
may have been scored as homozygous susceptible. The RIL 
population in this study, which was derived from the same 
single  F1 plant in the initial study, was almost uniformly 
homozygous for both resistance genes, allowing for easier 
and consistent scoring of IT.

Dyck (1994) studied the leaf rust resistance in 
T.dicoccoides line 8404, the resistant parent of RL6149. In 
a cross with a susceptible line of T. durum, the resistance 
from 8404 segregated for three seedling resistance genes. In 
crosses with Thatcher, resistance derived from 8404 segre-
gated for two different resistance genes. One produced a very 
low IT with almost all races tested, and was consistent with 
Lr64 on chromosome arm 6AL. A second gene detected in 
RL6150 was also derived from 8404. Based on IT and inter-
crosses with other Thatcher lines, this gene was determined 
to be Lr33, which is on chromosome 1BL. The origin of the 
1DS gene derived from RL6149 is not clear. One possibil-
ity is that line 8404 was not a tetraploid wheat. RL6149 is 
perhaps a mixture of genotypes, as evidenced by the het-
erogeneity of the SNP-KASP markers on 1DS. Single plant 
selections of RL6149 should be homozygous for all KASP 
markers, Furthermore, the plants of RL6149 that were used 
for crossing were not those that were later genotyped. The 
origin of the 1DS gene may be clear if the RL6149 paren-
tal plants had been genotyped. Of the four KASP markers 
on 1DS, the single  F1 hybrid must have received the non-
Thatcher allele. Resistant RIL that have intermediate IT and 
the Thatcher allele at K-IWB59855 and the RL6149 allele 
at K-IWB38437 have been crossed with Thatcher in order to 
develop a larger population for fine mapping the 1DS gene. 
Segregation of the  F2 progeny from this cross indicated that 

the 1DS resistance gene is recessive (J. Kolmer, unpublished 
data).

The resistance in RL6149 is highly effective to the cur-
rent North American P.triticina population. In field plot 
tests RL6149 usually has severities of trace to 5% level of 
infection, with a highly resistant response of small necrotic 
uredinia. In greenhouse testing of P.triticina isolates from 
North America, most races produce very low IT on RL6149, 
although one race produced a mesothetic IT of flecks and 
large uredinia in the initial study (Dyck 1994) and Kolmer 
(2014) reported that a P.triticina race type virulent on durum 
wheat had high IT to RL6149. RIL with the two genes sepa-
rated will be increased and tested in field plots and in addi-
tional seedling tests to determine the effects of the individual 
genes. RIL #13 (Thatcher/RL6149-RIL13) has been desig-
nated as the single gene line with Lr64.

In conclusion, the KASP markers for Lr64 on chromo-
some 6AL and the second gene on 1DS will be useful for 
rapid introgression of these genes into wheat germplasm. 
Resistance derived from RL6149 is highly effective to the 
current population of P.triticina in North America, espe-
cially when used in combination with adult plant resistance 
genes such as Lr34 (Kolmer et al. 2008) and Lr77 (Kolmer 
et al. 2018) that have conditioned long lasting resistance and 
are present in U.S. wheat cultivars. Use of molecular mark-
ers will facilitate the selection of wheat germplasm with 
highly effective seedling and adult plant leaf rust resistance 
genes.
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