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Stem rust caused by Puccinia graminis f. sp tritici of wheat (Triticum aestivum L.) is one
of the most destructive cereal diseases globally. Concern about the disease has increased
since 1999 with the discovery in Uganda of a new virulent race of Pgt, designated as race
TTKSK (also known as Ug99). The objectives of this experiment were to characterize the
resistance and to determine the chromosomal location of the stem rust resistance in the
spring wheat line PI 410966. A mapping population was developed from a cross between PI
410966 and a susceptible wheat line OK3040. An inoculation test with isolate 04KEN156/04
of race TTKSK was conducted at the USDA-ARS Cereal Disease Laboratory in the F.,
generation, and the F., phenotypic data were used to genetically map the resistance gene to
the centromeric region on chromosome 2BS. The single locus explained the observed Fg,
resistant and susceptible scores. The location of the gene and molecular marker banding
profiles of the diagnostic markers suggest that the stem rust resistance gene in PI 410966
could be a new gene, an allele of Sr36, or Sr36.

Keywords: Puccinia graminis, wheat stem rust, Ug99, Sr36, resistance gene

Abbreviations: Pgt — Puccinia graminis f. sp. tritici; BSA — bulked segregant analysis;
PCR — polymerase chain reaction; SSR — simple sequence repeat

Introduction

Stem rust, caused by Puccinia graminis Pers.:Pers. f. sp. tritici Eriks. & E. Henn. (ab-
breviated as Pgr) is one of the most destructive cereal diseases globally. This fungus can
infect all above-ground portions of the plant and can occur in most areas where wheat
(Triticum aestivum L.) is grown. Numerous stem rust epidemics have caused significant
yield and economic losses in the United States, Europe, Asia, and Australia in the 20
century (Zadoks 1963; Rees 1972; Roelfs 1977; Leonard 2001; Leonard and Szabo 2005).
Specifically, from 1920 to 1960 losses of up to 50% were reported in the United States
due to stem rust (Leonard 2001). The use of resistance genes is the most effective and
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economical method to protect wheat from stem rust, and thus resistance genes have be-
come the primary management tool for this disease (McIntosh 1988). The efficacy of
breeding efforts against stem rust is shown by the decrease in both the number and in the
severity of stem rust epidemics since the 1970’s (Leonard and Szabo 2005; Jin and
Singh 20006).

The discovery of a new stem rust race, TTKSK, in 1999 has caused considerable con-
cern, because this race is virulent against the widely deployed Sr37 and Sr38 resistance
genes (Pretorius et al. 2000). This race was classified as TTKSK based on the North
American nomenclature system (Roelfs and Martens 1988; Wanyera et al. 2006; Jin et al.
2008). This new race poses a serious threat to East Africa and to the Middle East since a
majority of the wheat cultivars grown in these regions are susceptible to race TTKSK
(Reynolds and Borlaug 2006). Thus, significant crop and economic losses may occur in
these areas unless genes that provide resistance to race TTKSK are deployed (Singh et al.
2011). It is necessary to identify and genetically map new sources of resistance in order
to have multiple resistance genes that can be utilized to protect wheat from race TTKSK
and its variants. Combining resistance genes together, a process called pyramiding, in-
creases the durability of resistance genes (Pederson and Leath 1988; Leonard and Szabo
2005). However, combining multiple resistance genes that provide effective resistance to
the same pathogen can be difficult without the use of molecular markers (Anderson 2003;
Kuchel et al. 2007). The objectives of this study were to characterize the resistance and to
map the source of resistance in PI 410966 that is effective against Pgt race TTKSK.

Materials and Methods
Plant materials

A spring wheat line, PI 410966, from the Bethlehem Research Station, Bethlehem, South
Africa, was identified as resistant to race TTKSK in 2005 and 2006 by the United States
Department of Agriculture-Agriculture Research Service (USDA-ARS) in international
stem rust nurseries at Kenyan Agriculture Research Institute (Jin, unpublished data). In
order to understand the genetics of this resistance and to map the resistance gene, PI
410966 was crossed to line OK3040 to generate a population of 147 individuals, which
was advanced by single seed descent. OK3040 (kindly provided by Dr. Art Klatt, Okla-
homa State University) is a facultative winter wheat line requiring only minor vernaliza-
tion and is susceptible to race TTKSK (Klatt, personal communication).

Stem rust evaluation

F¢.; progeny and the parental lines were tested using isolate 04KEN156/04 of Pgt race
TTKSK at the USDA-ARS Cereal Disease Laboratory (St. Paul, MN). The genetic mate-
rial for this test was composed of eight to ten seeds per line from bagged heads in the
previous generation which insured only self-pollination. The test was conducted follow-
ing protocols described by Jin et al. (2007).
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Marker analysis

Lines were selected for bulked segregant analysis (BSA) using the F., seedling stem rust
phenotype data (Michelmore et al. 1991). Ten resistant lines were chosen for the resistant
bulk, and ten susceptible lines were chosen for the susceptible bulk. DNA concentrations
for the lines composing the bulks were standardized, and then equal volumes of each
line’s DNA were mixed together in their specific bulk 1.5 mL tube.

DNA was extracted from leaf samples from individual plants in the F.; generation and
used to create the resistant and susceptible bulks. The DNA extraction protocol was mod-
ified from the protocol by Pallotta et al. (2003). The modifications included: grinding
fresh leaf tissue using grinding rods and performing the DNA extraction procedure in 1.5
ml tubes. The pellets were rehydrated with 100 pL of ddH,0, and the DNA concentration
was measured by a NanoDrop1000 Spectrophotometer (Thermo Fisher Scientific, Wilm-
ington, DE). DNA concentrations were adjusted to a final standard concentration of 80
ng/pL.

To screen the genome, three or more Simple Sequence Repeat (SSR) markers were
selected for testing on each arm of the 21 wheat chromosomes according to the consensus
map by Somers et al. (2004). The markers screened were from the BARC, CFA, CFD,
GDM, GWM, and WMC sets (Roder et al. 1998; Pestsova et al. 2000; Gupta et al. 2002;
Somers et al. 2004; Song et al. 2005). Additional markers were screened as necessary to
increase marker density.

SSR markers, amplified by polymerase chain reaction (PCR), were used to identify
genetic polymorphisms. The PCR reaction consisted of the following reagents: 11.3 puL
ddH,0, 2.5 uL 10X Buffer, 2.5 pL of 2.5 mM dNTPs, 1.5 pL of 25 mM MgCl,, 2.5 pL of
2.5 mM forward primer, 2.5 uL of 2.5 mM reverse primer, 0.2 uL of 1U Taq polymerase,
and 2.0 puL of 80 ng/uL. DNA for a total reaction volume of 25 pL. PCR products tested
through the Purdue University Genotyping Center’s ABI 3700 DNA Analyzer (Applied
Biosystems, Foster City, CA), consisted of PCR reactions using the following reagents:
6.02 uL ddH,0, 1.0 pL 10X Buffer, 1.0 uL of 2.5 mM dNTPs, 0.6 uL of 25 mM MgCl,,
0.15 pL of 10.0 mM fluorescently labeled forward primer, 0.15 puL of 10.0 mM reverse
primer, 0.08 pL of 1U Taq polymerase, and 1.0 pL of 80 ng/uL DNA for a total reaction
volume of 10 pL. The forward primer was fluorescently labeled with one of four different
fluorescent dyes: FAM, VIC, NED, or PET. All PCR reactions were run in a MyCycler
Thermocycler (Bio-Rad, Hercules, California) using a Touchdown protocol modified
from the protocol described by Korbie and Mattick (2008). The PCR reaction utilized was
a Touchdown protocol with one cycle at 95 °C for four minutes, followed by six cycles of
94 °C for 45 s, 68 °C for five minutes, 72 °C for one minute with a decrease in the anneal-
ing temperature of 2 °C on each repeat. These cycles were followed by eight cycles of
94 °C for 45 s, 58 °C for five minutes, 72 °C for one minute with a decrease in the anneal
temperature of 1 °C on each repeat. These cycles were followed by 25 cycles of 94 °C for
45 s, 50 °C for two minutes, 72 °C for one minute, and finishing with a final seven minute
extension at 72 °C. The final cycle was set to incubate at 4 °C indefinitely. The PCR prod-
ucts were examined with gel electrophoresis using 4% agarose gels (1:1 Metapor®:
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Seakem®) stained with ethidium bromide. Gels were imaged in a Kodak Gel Logic 200
Imagine System (Rochester, New York).

A slightly different procedure was used for preparing the PCR products to be run on
Purdue University’s Genotyping Center ABI 3700 DNA Analyzer. The PCR reaction was
conducted as described above, and then four PCR reactions that used different fluores-
cently labeled primers were multiplexed together into a new 96-well plate following the
protocol by Varshney et al. (2009). Genotyping results were analyzed with the software
GeneMarker (version 1.91, Soft Genetics LLC® State College, PA).

Linkage analysis

The marker data were analyzed using JoinMap ver. 4.1 (Van Ooijen 2012) with a Loga-
rithm of Odds (LOD) threshold of 3.0. The Kosambi function was used to calculate the
genetic distance in centimorgans (cM) (Kosambi 1944). Dominant, recessive, and co-
dominant markers were all used to map the resistance gene.

Results
Phenotype results

For the Fy., Pgt test with race TTKSK, lines with infection type (IT) ranging from 0-0;, ;,
;1, ;1%, and ;13- were classified as resistant, and lines with IT 3 to 4 were classified as
susceptible (Stakman et al. 1962; Roelfs and Martens 1988). IT of PI 410966 was ;1 to
;137, and OK3040 had an IT of 4. From the population: 96 lines were resistant, 46 lines
were susceptible, and 5 lines were segregating. This population did not follow the ex-
pected approximate 1:1 segregation ratio of resistant to susceptible as would be expected
for a RIL population (Table 1).

Mapping results

A total of 264 SSR markers were tested on the parents, and from these, 123 polymorphic
markers were selected for testing on the resistant and the susceptible bulks. From the 123
markers screened, 39 markers were chosen to run on the individual lines composing the
bulks. Fourteen of these 39 markers were selected to genotype the entire population to
map the resistance gene. A total of fourteen SSR markers mapping to a total of sixteen
loci were identified in the stem rust resistance linkage group giving a map length of

Table 1. Chi-square tests of seedling stem rust response segregation in F,.; families when inoculated

by Pgt race TTKSK
Generation Total Observed ratio* Expected ratio X2 P-value
Fgs 147 96:5:46 71:5:71 17.6 <0.001

*Observed ratios are for non-segregating resistant : segregating : non-segregating susceptible families.
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Figure 1. Chromosome 2BS genetic linkage map depicting the loca-

tion of the stem rust resistance gene SrPI410966 in wheat line PI

410966 effective against TTKSK (Ug99). Map distances between
markers are given in cM

10.2 cM (Fig. 1). Two of the SSR markers produced a
second amplicon which could be mapped to a second
location, resulting in a total sixteen loci from fourteen
SSR markers. Of the fourteen total SSR markers used,
eight of the markers mapped to nine loci within 1 cM
of either side of the resistance locus.

Of the seven markers tightly linked with resistance,
four markers: Xcfa2278, Xgwm410, Xwmc27, and
Xwmc474, were positioned on chromosome 2BS and
two markers: Xwmc500 and Xgwm47, were positioned
on chromosome 2BL according to the consensus map
by Somers et al. (2004). Most of the linked markers
were previously mapped to 2BS, suggesting that the
location of the stem rust resistance gene in PI 410966
is positioned on the short arm of chromosome 2B. Of
the markers tested, four co-dominant markers were
found to segregate closely with resistance: Xcfa2278,
Xgwm410, Xwmc27, and Xwmc474.

The molecular marker banding profiles PI 410966
and a wheat line with Sr36 were compared to see if
SrPI410966 might be Sr36 (Table 2). The markers iden-
tified in this study were run on INW0411, a line con-
taining Sr36 (HW Ohm, unpublished) to compare the
diagnostic molecular marker banding profile of PI
410966 to a Sr36 containing line. In addition, four mo-
lecular markers linked to Sr36 were tested on P1 410966
to identify if PI 410966 produced the molecular marker
banding profile diagnostic for Sr36. The markers
Xcfa2278, XcfdS88, Xgwm410, Xwmc27, Xwmc474, and
Xwmc500 identified in this study as segregating with
SrPI410966 were tested on INWO0411, and these mark-
ers did not show significantly different marker banding
profiles between PI 410966 and INW0411. However,
for Xgwm47.2, P1 410966 amplified critical bands with
the sizes 182 bp and 184 bp, while INW0411 did not
amplify these bands. P 410966 was genotyped as hav-
ing all of the Sr36 diagnostic amplicons for the molecu-
lar markers Xgwm319, Xgwm429, Xwmc477, and
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Table 2. Amplicon sizes for diagnostic molecular markers linked to Sr36, SrPI410966, and Sr40

Line: PI 410966 INWO0411 RL6088
Resistance Gene: SrPI410966 Sr36 Sr40
Molecular Marker Amplicon size (bp) Marker diagnostic for

Xgwm319 170 170 Sr36
Xgwm429 220 220 Sr36
Xwmc477 165, 190, 195 & 235 190 Sr36
Xstm773-2 155 155 Sr36
Xcfa2278 131, 132 131, 132 SrP1410966

Xcfd88 (band absent) (band absent) SrPI410966
Xgwm410 309, 310, 311 309, 310, 311 SrP1410966
Xwmc27 382 to 388 382 to 388 SrPI1410966
Xwmc474 124,127, 129 124, 127, 129 SrPI1410966
Xwmce500 149 149 SrPI410966
Xgwm47.2 182 & 184 na SrPI410966
Xwmc344 215, 250 & 300 264 Sr40
Xgwm374 180 234 Sr40
Xwmc474 124, 127 & 129 150 Sr40
Xbarcl8 (band absent) 260 Sr40
Xwmc477 165, 190, 195 & 235 180 Sr40

Notes: Diagnostic amplicon sizes for Sr36 were determined by Tsilo et al. (2008), and diagnostic amplicon sizes for Sr40
were determined by Wu (2008). na — non-available.

Xstm773-2 (Tsilo et al. 2008). The similarity of the molecular marker banding profiles
suggest that SrPI410966 is either closely positioned to Sr36, is an allele of Sr36, or is Sr36
(Table 2).

The molecular marker banding profile of P1 410966 and Sr40 were compared to see if
SrPI410966 might be Sr40 (Table 2). DNA of a wheat line containing Sr40 was not avail-
able on which to test the diagnostic markers identified for SrPI410966, and so only the
Sr40 diagnostic markers were run on PI 410966. PI 410966 was genotyped as having
none of the Sr40 diagnostic amplicons for molecular markers Xwmc344, Xgwm374,
Xwmc474, Xbarcl8, and Xwmc477 (Wu et al. 2009). Thus, Sr40 and SrPI410966 contain-
ing lines produced different molecular marker banding profiles for all of the Sr40 diag-
nostic markers suggesting that SrPI410966 is not Sr40.

Discussion

This study characterized the wheat population PI 410966x0OK3040 and genetically
mapped the resistance gene in PI1 410966 that provides resistance to Pgt race TTKSK. F ,
seedling phenotype data and fourteen SSR markers were used to map the resistance gene
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to the centromeric region on chromosome 2BS. The single gene explained the observed
F., resistant and susceptible scores. Therefore the symbol SrPI410966, is temporarily
assigned to the stem rust gene in P1 410966 mapped to 2BS that provides resistance to Pgt
race TTKSK.

A segregation ratio close to 1:1 of resistant to susceptible lines is expected in advanced
generations of a population for a trait controlled by one gene. Instead of observing a 1:1
ratio, more resistant than susceptible plants were observed (Table 1). Other experiments
have observed the same phenomenon of the preferential transmission of a chromosome
segment containing a stem rust resistance gene. Nyquist (1962), Bariana et al. (2001) and
Tsilo et al. (2008) all observed the preferential transmission of the Sr36 containing chro-
mosome segment on 2BS. In contrast, Wu et al. (2009) observed that the 2BS chromo-
some segment containing Sr40) was not preferentially transmitted. The cause of the ob-
served segregation distortion in this study is not known.

SrPI410966 was found to be positioned near the centromere on chromosome 2BS
which is also the location of two other stem rust resistance genes: Sr36 and Sr40 (Tsilo et
al. 2008; Wu et al. 2009). To determine if the SrPI410966 is different from Sr36 and Sr40,
crosses need to be made between the lines carrying SrPI410966 and lines carrying Sr36
and Sr40, and segregation for stem rust resistance needs to be observed. Pedigree data and
molecular marker data can also be utilized to help determine if SrPI410966 is unique.

A pedigree of PI 410966 was created from the pedigree information available from the
Germplasm Resources Information Network (GRIN) database (http://www.ars-grin.
gov/). The parents of PI 410966 are listed as Flameks and H-44-24, a sister selection of
the line “Hope”. The GRIN database indicates that Flameks was developed at the Winter
Rainfall Region Station in Cape Province, South Africa and that H-44-24 was developed
by McFadden (1930). There is no pedigree indication that PI 410966 has any common
parentage with the sources of Sr36 or Sr40 both of which were transferred from
T. timopheevii (Allard and Shands 1954; Dyck 1992). Thus the pedigree information from
the GRIN database suggests that the source of stem rust resistance found in PI 410966 is
different from the Sr36 and Sr40 sources of stem rust resistance. However, it is possible
that lines with Sr36 or Sr40 may have accidentally been introduced into the PI 410966
pedigree.

Differences or similarities in the molecular map positions can also be used to suggest
that two resistance genes are unique or potentially the same. The use of markers Xwmc474
and Xbarci8 by this study and by Wu et al. (2009) allowed the comparison of the mo-
lecular maps for Sr40 and SrPI410966. The marker Xwmc474, mapped to 2.5 ¢cM proxi-
mal of Sr40, is the closest marker mapped to Sr40 (Wu et al. 2009). In contrast, this study
found marker Xwmc474 mapped to 0.2 cM proximal to SrPI410966. Marker Xbarcl8
mapped to 3.9 ¢cM proximal to SrPI410966 and 3.5 cM proximal to Sr40 (Wu et al. 2009).
The similarity of the SrPI410966 and Sr40 map positions relative to markers Xwmc474
and Xbarcl8 suggest that SrPI410966 and Sr40 are positioned near each other on chro-
mosome 2BS. The molecular markers used in this study were not the same as the molecu-
lar markers used in studies mapping Sr36, and thus comparisons between the map posi-
tions of Sr36 and SrPI410966 could not be made.
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This study identified that PI 410966 contains a single resistance gene, located in the
centromeric region on chromosome 2BS, that effectively provides resistance to Pgt race
TTKSK. Two other resistance genes, Sr36 and Sr40, have also been previously mapped
to the same chromosome 2BS region. Both pedigree and molecular marker data were
utilized to compare SrPI410966 to Sr36 and Sr40. The pedigree data does not support that
SrPI410966 is either Sr36 or Sr40; however, lines containing these resistance genes could
have accidentally been introduced into the pedigree. The molecular markers identified by
Tsilo et al. (2008) and by Wu (2008) were used to compare SrPI410966 to Sr36 and to
Sr40. While SrPI1410966 and Sr40 share some similarities in their map positions, the clear
differences between the molecular marker banding profiles for all of the Sr40 diagnostic
markers indicate that SrPI410966 is not Sr40. In contrast, the molecular marker profiles
of INW0411, a line containing Sr36, and P1 410966 were identical for all tested diagnos-
tic molecular markers, with the exception of Xgwm47.2. These results suggest three situ-
ations for the gene arrangement; 1) SrPI410966 and Sr36 are closely positioned on 2BS;
2)SrPI410966 and Sr36 are alleles of one another; or 3) SrPI410966 1s Sr36. 1f SrPI410966
and Sr36 are the same gene, this research has identified additional closely linked co-
dominant markers that can be used for marker assisted selection and for fine mapping.
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