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Aquileja and Lingxing66 are highly susceptible to leaf rust. 
AQ24788-83 shows high (susceptible) infection type but 
contains the slow-rusting gene Lr34 as diagnosed by the 
gene-specific marker cssfr5. KA298, an F9 RIL selected 
from Luke  ×  AQ24788-83, contains Lr34 and QLr.cau-
1AS (a major QTL originated from Luke, this study). These 
wheats were evaluated for leaf rust in 12 field and green-
house environments involving four locations and five sea-
sons. Genotyping was done using simple sequence repeat 
(SSR) and diversity arrays technology markers. Of the 
detected QTLs, QLr.cau-1AS was significant consistently 
across all the genetic backgrounds, test environments, 
and likely a wide range of pathogen races. QLr.cau-1AS 
explained 22.3–55.2  % of leaf rust phenotypic variation, 
being comparable to Lr34 in effect size. A co-dominant 
SSR marker (gpw2246, http://wheat.pw.usda.gov/GG2/
index.shtml) was identified to be tightly linked to QLr.cau-
1AS. Selection based on gpw2246 for QLr.cau-1AS was as 
effective as the selection based on cssfr5 for Lr34. QLr.cau-
1AS will be helpful for increasing the genetic diversity of 
slow leaf-rusting resistance in wheat breeding programs.

Introduction

Leaf rust disease (caused by Puccinia triticina Eriks.) 
occurs on wheat (Triticum aestivum L.) in many countries 
(Roelfs et al. 1992; Kolmer 2005). Wheat cultivars that are 
susceptible to leaf rust regularly suffer yield reductions of 
5–15  % (Kolmer 1996). There were destructive epidem-
ics that caused yield reductions up to 40  % (Khan et  al. 
2013) and 70 % (Dubin and Torres 1981). In China, wheat 
is grown on about 29 million hectares in diverse environ-
ments (Singh et al. 1999). In terms of acreage affected by 
leaf rust, China is one of the largest epidemic regions in the 
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world. In 2012, substantial yield reductions were caused by 
leaf rust in several provinces (including Gansu and Shan-
dong) (Zhou et al. 2013). Utilization of genetic resistance 
in wheat can reduce the need for fungicides and thus is an 
economical and environmentally friendly strategy to con-
trol leaf rust. A great effort has been dedicated to search-
ing for leaf rust-resistance worldwide, and more than 70 
leaf rust-resistance genes have been formally cataloged in 
wheat (McIntosh et  al. 2013; Park et  al. 2014). However, 
many of these genes are no longer effective owing to their 
race specificity (Bolton et  al. 2008). P. triticina interacts 
with wheat in a gene-for-gene hypothesis (Flor 1971) as 
observed in many plant–pathogen systems (Keen 1990; 
Heath 2000; Van der Hoorn and Kamoun 2008). Plant 
resistance (R) gene products act as receptors that directly 
interact with the elicitors or cognate avirulence (avr) gene 
products of pathogen (Keen 1990; Heath 2000). Alterna-
tively, R gene products may indirectly recognize avr gene 
products (effectors) in a guard or decoy model (Van der 
Hoorn and Kamoun 2008). Either the direct or indirect 
perceptions underlying the gene-for-gene hypothesis are 
highly specific and often elicit rapid and localized plant cell 
death, known as a hypersensitive response, consequently, 
the growth of invading pathogen is strongly inhibited or 
completely stopped. Directional selection occurs when a 
race-specific resistance gene becomes widely distributed 
over a large geographical area of wheat. This leads to the 
establishment of some virulent mutants that have lost the 
function of elicitor/effector (McDonald and Linde 2002). 
Newly deployed resistance genes in commercial wheat 
fields can be rendered ineffective within a few years by the 
established virulent races (Kolmer 2005). Of these race-
specific resistance genes, most begin to express at the seed-
ling stage, while some (such as Lr12, Lr22b, LrSV1, and 
LrSV2) express at the adult plant stage only (Park and McI-
ntosh 1994; Ingala et al. 2012). Either the former or the lat-
ter are phenotypically characterized by a low infection type 
(Park and McIntosh 1994; William et al. 2006).

On the other hand, there are wheat cultivars that exhibit 
slow leaf rust development, although they display a high 
(susceptible) infection type (Caldwell et  al. 1957; Cald-
well 1968; Ohm and Shaner 1976; Singh 1992; Kolmer 
1996; Michelmore et  al. 2013). Slow-rusting (or partial) 
resistance has been suggested to be generally more dura-
ble than race-specific resistance (e.g., Singh 1992; Kolmer 
1996; Bolton et  al. 2008; Krattinger et  al. 2009). This is 
likely because slow-rusting resistance is not based on the 
recognitions of R-avr gene products and thus appears to 
work equally across all races of a pathogen with no direc-
tional selection (McDonald and Linde 2002). This type of 
resistance is often quantified in the field by lower disease 
severity or smaller area under the disease progress curve 
(AUDPC) compared with a susceptible genotype, or in 

the greenhouse by longer latent period, smaller pustule 
size, lower pustule density, etc. (Caldwell 1968; Ohm and 
Shaner 1976). Slow-rusting resistance can be genetically 
mapped in chromosome regions delimited by DNA markers 
through QTL analysis, and it can be selected on the basis 
of tightly linked DNA markers. Li et  al. (2014) provided 
a review about QTL for leaf rust-resistance in wheat pub-
lished before 2013, summarizing about 80 QTLs assigned 
to 16 chromosomes, and additional QTLs were reported 
recently (e.g., Buerstmayr et  al. 2014; Singh et  al. 2014; 
Tsilo et al. 2014; Zhou et al. 2014). These QTLs illustrate a 
genetic diversity for this trait, although some of them may 
be redundant. The diverse resources constitute a great help 
for combining different QTLs to achieve high level resist-
ance. These QTLs show different sizes of effect, explaining 
4.37–76.9 % of phenotypical variance individually (Li et al. 
2014). The term “major QTL” is often used to indicate the 
QTL that has large effect. Lr34 is the best characterized 
slow-rusting gene of major effect. It has remained dura-
ble, and no P. triticina race of increased virulence toward it 
has been observed for more than 50 years (Krattinger et al. 
2009). The gene-specific DNA markers developed from 
the cloned Lr34 sequences (Krattinger et  al. 2009; Lagu-
dah et  al. 2009) can be readily applied to diagnosing this 
gene. Lr34 pleiotropically confers leaf tip necrosis and par-
tial resistance to multiple diseases such as yellow (stripe) 
rust and powdery mildew (Singh 1992; Spielmeyer et  al. 
2005; Krattinger et al. 2009). Similarly, Lr46 and Lr67 are 
well characterized for their durable slow leaf-rusting resist-
ance of major effect (Singh et al. 1998; Hiebert et al. 2010; 
Herrera-Foessel et  al. 2011). Of the currently reported 
QTLs, six can be comparable to Lr34, Lr46 and Lr67 with 
respect to effect size, namely, QLr.sfr-1BS (Schnurbusch 
et  al. 2004), QLr.hebau-2BS (Zhou et  al. 2014), QLr.ubo-
3A (Maccaferri et al. 2008), QLr.osu-7BL (Xu et al. 2005), 
QLr.sfrs-7B.2 (Messmer et  al. 2000), and QLr.ubo-7B.2 
(Maccaferri et al. 2008). These QTLs individually explain 
>20 % of leaf rust phenotypic variation with a good or fair 
consistency across different environments, and can be more 
easily deployable for practical breeding in comparison with 
minor QTLs.

It has been suggested that over-reliance on limited 
number of resistance genes/QTLs would be imprudent for 
deployment over vast wheat-growing areas (McDonald and 
Linde 2002; Xu et al. 2005; William et al. 2006; Singh et al. 
2009). Therefore, it is essential to search for additional leaf 
rust-resistance QTLs to increase the diversity of resistance 
for sustainable control of leaf rust. Milus and Line (1980b) 
reported that the American wheat cultivar Luke could limit 
leaf rust development at the adult plant stage. We have 
observed Luke in our wheat nurseries located in Gansu and 
Shandong for a long period, and found that Luke was sta-
bly resistant to leaf rust in a slow-rusting nature at the adult 
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plant stage. The objectives of this study were to (1) detect 
QTL for reducing leaf rust severity in Luke across diverse 
environments and identify linked DNA marker, (2) validate 
QLr.cau-1AS (a major QTL subsequently detected in Luke) 
in different genetic backgrounds and evaluate its effect size 
with Lr34 as a reference, and (3) test the applicability of a 
DNA marker (gpw2246) to marker-based selection for QLr.
cau-1AS.

Materials and methods

Wheat materials and population development

Two winter wheat populations were used to detect and vali-
date slow leaf-rusting QTL, i.e., 149 RILs derived from the 
cross Luke × Aquileja (hereafter referred to as Luke × AL) 
and 307 RILs from Luke × AQ24788-83 (Luke × AQ). AL 
(pedigree: Tevere/Giuliani//Gallini) and Luke (pedigree: PI 
178383/2*Burt//CItr 13438) have the accession numbers 
PI 393993 and CItr 14586, respectively, at the National 
Small Grain Collection, Aberdeen, Idaho 83210, USA. AL 
was introduced from Italy to China and was commercially 
planted in several counties of Gansu province for more than 
20  years before 1990. Luke was commercially planted in 
the Pacific Northwest of North America from 1970 to 1986 
(Milus and Line 1986; Line 2002) where leaf rust was 
considered to be one of the important diseases (Milus and 
Line 1980a, b; Bjarko and Line 1988). AQ was selected 
for accumulating disease resistance from the progeny of 
a double cross among four Chinese wheat landraces: Ma 
Zhamai/Bai Qimai//Hong Qimai/Qing Shoumai. AQ was 
advanced to F14 generation by 2002 when it was crossed 
with Luke. AL, AQ, and Luke were valued originally for 
their durable resistance to yellow (stripe) rust. AL and the 
four parents of AQ exhibited durable slow-rusting resist-
ance to yellow (stripe) rust (Zhang 1995; Guo et al. 2008; 
Quan et  al. 2013). Luke was reported to possess durable 
high-temperature, adult plant resistance to yellow (stripe) 
rust (Qayoum and Line 1985; Line 2002). AQ and Luke 
were also observed to harbor QTLs for limiting sharp eye-
spot disease (Chen et  al. 2013) and to display obviously 
reduced leaf rust severity at the adult plant stage. AL was 
highly susceptible to leaf rust on the basis of both infec-
tion type and disease severity (Zhang and Du, unpublished 
data).

The construction of Luke  ×  AL population began in 
2002 when F1 seeds from the cross between a single female 
(Luke) and male (AL) plant were produced in isolation in 
a growth chamber. The 149 RILs derived from one F1 seed 
were advanced to F6 plants by single-seed descent. From 
the F6 plants of each RIL, one spike was sampled to grow 
F7 spike-row plants. One seed was then sampled from the 

spike-row plants to serve as the representative of F8 genera-
tion, and the remaining seeds of the spike-row were bulked 
to grow F6:8 plants. Each RIL traces back to a single F6 
plant. Likewise, the representative seed and bulked seeds 
of the subsequent generations were developed. During this 
process, selfing was controlled by bagging the sampled 
spikes. F6:8 and subsequent generations were used for phe-
notyping. The seed representative of F8 of each RIL was 
used to grow the plant from which DNA was extracted for 
genotyping. In the same way, 307 Luke × AQ RILs were 
developed from two F1 seeds. The seed representative of F9 
generation from each Luke × AQ RIL was used to grow 
plant from which DNA was extracted for genotyping, and 
F10 was used for replacing missing genotype data. F6:8 and 
subsequent generations were used for phenotyping.

A third winter wheat population, Lingxing 66 × KA298 
(referred to as LX × KA298), was constructed for exam-
ining the applicability of the DNA marker gpw2246 to 
marker-based selection for QLr.cau-1AS. The cross was 
done in 2011 and 80 F2:3 families were selected by 2014. 
LX is an elite wheat cultivar (Huang et al. 2012), but it is 
highly susceptible to leaf rust in both terms of infection 
type and disease severity. The parents of LX are Ji 91102 
and Ji 935031 (Huang et al. 2012), and the grand parents of 
it are Little Poppy from Japan, Oro from Chile, Lovrin 13 
from Romania, and Bai Youbao from China (http://www.
chinaseed114.com/seed/8/seed_36812.html). KA298 was 
selected from the 307 Luke × AQ F9 RILs based on the 
six DNA markers as detailed in “Results” section, carrying 
Lr34 and QLr.cau-1AS. The Chinese wheat land race Min-
gxian 169 (referred to as MX) was used as the susceptible 
control throughout this study. MX is highly susceptible to 
all of the 24 P. triticina races that are representative of the 
diverse virulences of P. triticina populations in China (Li 
et al. 2010).

The field trials

The field trials were conducted in 11 environments involv-
ing three locations (Beijing, Gansu, and Shandong) and 
five winter wheat seasons (2009–10 to 2013–14), with 
each year ×  location combination being considered as an 
individual environment. The 149 Luke × AL RILs were 
tested in a commercial field in Gansu (Wushan county; 
34°42′15′′N, 104°40′08″E, elevation 1680 m) in two sea-
sons (2009–10 and 2010–11). The 307 Luke × AQ RILs 
were tested in all three locations, i.e., the CAU Experi-
mental Station in Beijing (39°54′20′′N, 116°25′29′′E, 
elevation 50  m) in three seasons (2009–10 to 2011–12), 
the field of Gansu in three seasons (2011–12 to 2013–
14), and a commercial wheat field in Shandong (Taian; 
36°18′09′′N, 117°13′05′′E, elevation 90  m) in three sea-
sons (2011–12 to 2013–14). The 80 LX  ×  KA298 F2:3 
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families were tested in the field of Shandong in one sea-
son (2013–14). An individual trial was defined as a trial 
that was conducted in one location during one season for 
a single wheat population, and the study included 12 field 
trials in total. Each trial was in a randomized complete 
block design with three replicates in Gansu and Shandong, 
but with a single replicate in Beijing. An individual plot 
consisted of a single 1-m-long row with 25  cm between 
adjacent rows. Each plot was sown with approximately 
40 seeds of an RIL for the Luke × AL and Luke × AQ 
populations, while with 15 seeds of an F2:3 family for the 
LX × KA298 population. A set of parents and the suscep-
tible control MX were included after every 80 rows. A row 
of MX perpendicular and adjacent to the plot rows was 
sown along each field block to serve as spreader plants. In 
wheat-growing months, the highest and lowest tempera-
tures in the field plots were recorded daily.

In Gansu and Shandong where the environments are 
highly conducive to leaf rust and epidemics of this dis-
ease occurred naturally every year during the course of 
this study, the test wheats were infected with the naturally 
occurring P. triticina populations. Winter wheat was har-
vested in late July (Gansu) or mid-June (Shandong) and 
sown in mid-September (Gansu) or early October (Shan-
dong). Volunteer wheat seedlings constituted a “green 
bridge” for P. triticina urediniospores to move from the 
harvested winter wheat plants to the autumn-sown seed-
lings. To reinforce the green bridge, the susceptible wheat 
MX was sown in the rows bordering the trial areas in 
mid-May (Shandong) or early July (Gansu). Autumn-
sown test wheat seedlings were infected by the uredinio-
spores released from the green bridge plants. The infected 
autumn-sown test seedlings were covered with plastic 
film during winter months to facilitate P. triticina to over-
winter and thus to increase infection in the coming spring. 
In the cases of drought in spring and/or summer, the test 
plants were frequently misted to facilitate re-infection. 
The trial plots in Shandong were surrounded by com-
mercial wheat fields where fungicides were applied by 
an airplane (authorized by local government) in 2012–13 
season, and consequently, leaf rust in the plots was con-
strained in this season. Under such a low disease pres-
sure, resistance or susceptibility of the wheat plants could 
not be well revealed/evaluated; therefore, the Shandong 
trial of 2012–13 will be excluded from the subsequent 
analyses.

At the CAU Experimental Station in Beijing, leaf rust 
is unlikely to occur naturally due to lack of commercial 
wheat fields in the surrounding areas, thus artificial inoc-
ulation is needed. A P. triticina race designated as THTT 
was used as inoculums. The designation follows the three 
letter code system of Long and Kolmer (1989), with an 

additional fourth letter that described the high or low infec-
tion type to Thatcher wheat lines with genes LrB, Lr10, 
Lr14a, and Lr18. Li et  al. (2010) and Zhou et  al. (2013) 
reported that THTT has the avirulent/virulent formula Lr9, 
Lr19, Lr24, Lr28, Lr38, Lr39, Lr42, Lr45/Lr1, Lr2a, Lr2b, 
Lr2c, Lr3, Lr3bg, Lr3 ka, Lr10, Lr11, Lr14a, Lr14b, Lr15, 
Lr16, Lr17a, Lr18, Lr20, Lr21, Lr23, Lr25, Lr26, Lr29, 
Lr30, Lr32, Lr33, Lr36, Lr50, LrB. THTT has been one 
of the prevalent races in China over the last years (Li et al. 
2010; Zhou et  al. 2013). The stock of THTT is deposited 
at the Biological Control Center for Plant Diseases and 
Plant Pests of Hebei, Heibei Agricultural University, 289 
Lingyusi Street, Baoding 071001, Hebei, P. R. China. In 
mid-April when the test plants were at the stem elongation 
stage, inoculation was done on clear afternoons when there 
was a high likelihood of overnight dew. The spreader plants 
were sprayed with fresh THTT urediniospores suspended 
in water containing 0.04  % Tween 20. The inoculated 
plants were then covered with plastic films to ensure long-
lasting dew, and 18 h later the films were removed. About 
2 weeks after inoculation when some urediniospores were 
obviously released from the spreader plants, the test plants 
were frequently misted to facilitate re-infection.

Leaf rust severity in the form of percentage of infected 
leaf area was scored on flag leaves using the modified 
Cobb scale (Peterson et al. 1948) in all locations. The esti-
mation was on plot basis, i.e., by visually averaging over 
all the flag leaves of each plot. For the Luke × AL and 
Luke × AQ populations, recording was done three times 
when the leaf rust severities on MX flag leaves reached 
approximately 10–30, 50–60, and 80–90  %, respectively. 
For the LX × KA298 population, recording was done five 
times at 5-day intervals beginning when MX was show-
ing 10–30  % severities. The area under the disease pro-
gress curve (AUDPC) was calculated on the basis of the 
multiple recordings for each plot entry with the formula: 
AUDPC =

∑
[(

xi + x(i + 1)

)/

2
]

× (t(i + 1) − ti), where xi 
and x(i +  1) are scores for a plot entry on date ti and date 
t(i + 1), respectively, and t(i + 1) −  ti is the number of days 
between date t(i + 1) and date ti. QTL mapping was done on 
mean AUDPCs calculated for each RIL by averaging over 
all replicates within individual trial.

Host infection response was scored in Beijing using 
the scale described by Roelfs et al. (1992) where R is the 
resistant or miniature uredinia surrounded by necrosis and 
chlorosis, MR the moderately resistant or small uredinia 
surrounded with chlorosis or necrosis, MS the moderately 
susceptible or moderate-sized uredinia without chlorosis 
or necrosis, and S the susceptible or large uredinia with-
out chlorosis and necrosis. The scoring was done when 
the susceptible control MX expressed high host infection 
response.
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The greenhouse trials

The greenhouses were located in Inner Mongolia (Chifeng 
county; 42°16′36′′N, 119°01′37″E, elevation 560  m) 
where the weather was not very hot even in summer and 
the greenhouse temperature could be easily controlled to 
a degree lower than 28 °C. The 149 Luke × AL RILs, 307 
Luke × AQ RILs, and 80 LX × KA298 F2:3 families were 
sown in early October 2013 in 1.2-m-long rows with 40 cm 
between rows. Each row consisted of four hills 30 cm apart. 
Each population was in a randomized complete block design 
with three replicates. An individual plot consisted of a sin-
gle hill sown with eight seeds of an RIL or an F2:3 family. 
A set of parents and MX were included after every forty 
hills. When the primary leaves of the test seedlings unfolded 
completely, the seedlings were sprayed with fresh uredinio-
spores of THTT suspended in water containing 0.03  % 
Tween 20. The seedlings were then covered with plastic 
films and incubated overnight (18  h) at 18 ±  1  °C. Then, 
the films were removed and the greenhouse was operated at 
the temperatures between 18 and 22 °C daily under natural 
daylight supplemented with high-pressure sodium lamps 
(8000–10,000 lux at top leaves) in a photoperiod of 16  h. 
Infection types were recorded at 12–15 days after inocula-
tion on a 0–4 scale as described by Roelfs et  al. (1992) in 
which 0 = neither uredinia nor hypersensitive flecks; semi-
colon (;) = no uredinia but hypersensitive necrotic or chlo-
rotic flecks; 1 = small uredinia surrounded by distinct necro-
sis; 2 = small to medium uredinia surrounded by necrosis or 
chlorosis; 3 = moderate size uredinia without chlorosis; and 
4 = large size uredinia without chlorosis. From late Novem-
ber 2013 to mid-February 2014, heaters of the greenhouse 
were closed, and on sunny days the wheat seedlings were 
sheltered from sunlight using the greenhouse facilities. This 
resulted in the low temperatures of −4 °C (the lowest, night) 
to 8 °C (the highest, daytime) for vernalizing the seedlings. 
Afterwards, the greenhouse was operated at 18–25 °C daily 
under natural daylight supplemented to 16 h. In early March, 
thinning was done to retain up to five plants in each hill, and 
the plants were inoculated with THTT in the same way as 
detailed above. The plants were frequently misted to facili-
tate re-infection. Leaf rust severity was scored on flag leaves 
for three times for the Luke × AL and Luke × AQ popu-
lations and five times for LX × KA298, and AUDPC was 
calculated as detailed above. Infection type was scored when 
MX expressed high infection type.

Construction of genetic linkage map and QTL analysis

Map construction was performed using 149 Luke  ×  AL 
F8 RILs and 307 Luke × AQ F9 RILs by the procedures 
described in Chen et al. (2013). Briefly, DNA was extracted 
using CTAB method (Rogers and Bendich 1985). SSR 

and EST primer sequences were acquired from the pub-
lic domain (e.g., http://wheat.pw.usda.gov). PCR products 
were separated in 6 % denaturing polyacrylamide gels and 
visualized with the silver staining method (Bassam et  al. 
1991). Linkage analysis was conducted using the software 
MAPMAKER/EXP 3.0 (Lander et  al. 1987) set to Kosa-
mbi mapping function in centiMorgan (cM). QTL map-
ping was done using the Windows QTL Cartographer 2.5 
(Wang et al. 2010). Determination coefficient (R2), a meas-
urement of proportion of phenotypic variation explained 
by a QTL, was calculated using Windows QTL Cartogra-
pher for Luke × AL and Luke × AQ and using the SAS 
statistics package (SAS Institute Inc., Cary, NC, USA) for 
LX × KA298. Chi-square test on the segregation of marker 
loci and calculation of correlation coefficient of leaf rust 
intensity were performed using the SAS statistics pack-
age. Several works were included. First, 2018 SSR and 
EST primer pairs were screened against the parental wheat 
lines Luke and AQ for clearly distinct and readily repeatable 
polymorphic bands that were then used to genotype the 307 
Luke × AQ F9 RILs. Second, to bridge chromosome “gaps” 
(>30 cM) on Luke × AQ map where no polymorphic SSR 
and EST markers were found, Diversity arrays technology 
(DArT) marker assays were conducted by Triticarte Pty. Ltd 
(Canberra, Australia; http://www.triticarte.com.au) as pre-
viously described by Wenzl et al. (2004) and Akbari et al. 
(2006). Third, to determine the presence/absence of the 
genes Lr10 and Lr34 in parental wheat lines, and to deter-
mine that QLr.cau-1AS was different from Lr10, the gene-
specific DNA markers STSLrk10-6 (for Lr10; Schachermayr 
et  al. 1997), cssfr5 (for Lr34; Lagudah et  al. 2009), and 
(Glu-3)-1A (for chromosome arm 1AS; Devos et al. 1995) 
were used to genotype the Luke × AL and Luke × AQ pop-
ulations. PCR amplifications and separations of the products 
were done by the procedures described in Lagudah et  al. 
(2009) for Lr34, in Schachermayr et al. (1997) for Lr10, and 
in Devos et al. (1995) for (Glu-3)-1A. But, the PCR prod-
ucts amplified with (Glu-3)-1A primer set were separated in 
6 % denaturing polyacrylamide gels instead of agarose gels. 
Fourth, the threshold LOD score to declare significant QTL 
was determined by running the permutation program, set 
with 3000 replications and P = 0.01, in the Windows QTL 
Cartographer 2.5 (Wang et al. 2010). Permutation analyses 
were conducted for each phenotypic dataset and, for sim-
plicity, the highest threshold LOD value (4.2) was chosen 
as a uniform threshold for all datasets. Last, a bulked seg-
regant analysis was applied to the Luke × AL population. 
The resistant bulk (R-bulk) contained equal amount of DNA 
from each of the ten RILs that showed the lowest leaf rust 
severities, and the susceptible bulk (S-bulk) contained equal 
amount of DNA from each of the ten RILs that showed 
the highest leaf rust severities. In total, 1586 SSR and EST 
primer pairs were screened against the two bulks.

http://wheat.pw.usda.gov
http://www.triticarte.com.au
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Results

Identification of P. triticina races and infection types

Leaves bearing P. triticina uredinia were collected from the 
MX plants in the field plots of Gansu and Shandong during 
2012–2014. Sixty single uredinial isolates (30 each loca-
tion) derived from the collections were analyzed using the 
methods in Online Resource 1. From these isolates, nine 
P. triticina races were identified (Table  1) which should 

represent the prevalent ones in the field plots. Of these nine 
races, four (THTT, PHTT, THSS, and THST) were detected 
in both locations, three (PHRT, PHKT, and PHSS) in Gansu 
only, and two (THTS and PHTS) in Shandong only. These 
races were collectively virulent to the 14 genes Lr1, Lr2a, 
Lr2c, Lr3, Lr3  ka, Lr10, Lr11, Lr14a, Lr16, Lr17, Lr18, 
Lr26, Lr30, and LrB. The infection types of the parental 
wheat seedlings against each of the nine races, tested with 
the methods in Online Resource 2, were listed in Table 2. 
These wheats showed the susceptible infection types of 4 

Table 1   The races of Puccinia triticina identified from the 60 single uredinial isolates derived from the collections made from the field plots of 
Gansu and Shandong during the course of this study

a  The sample size (60 in total) is small and thus may not reflect all races present, while this list should reflect the prevalent races in the field 
plots of Gansu and Shandong
b  Lines tested were Thatcher lines with genes Lr1, Lr2a, Lr2c, Lr3, Lr9, Lr16, Lr24, Lr26, Lr3 ka, Lr11, Lr17, Lr30, LrB, Lr10, Lr14a, and 
Lr18

Racea Virulence (ineffective Lr gene)b Location Number of isolate

THTT 1, 2a, 2c, 3, 16, 26, 3 ka, 11, 17, 30, B, 10, 14a, 18 Gansu, Shandong 14

PHTT 1, 2c, 3, 16, 26, 3 ka, 11, 17,30, B, 10, 14a, 18 Gansu, Shandong 13

THSS 1, 2a, 2c, 3, 16, 26, 3 ka, 11, 17, B, 10, 14a Gansu, Shandong 11

THST 1, 2b, 2c, 3, 16, 26, 3 ka, 11, 17, B, 10, 14a, 18 Gansu, Shandong 9

PHRT 1, 2c, 3, 16, 26, 3 ka, 11, 30, B, 10, 14a, 18 Gansu 5

THTS 1, 2a, 2c, 3, 16, 26, 3 ka, 11, 17, 30, B, 10, 14a Shandong 3

PHKT 1, 2c, 3, 16, 26, 11, 17, 30, B, 10, 14a, 18 Gansu 2

PHSS 1, 2c, 3, 16, 26, 3 ka, 11, 17, B, 10, 14a Gansu 2

PHTS 1, 2c, 3, 16, 26, 3 ka, 11, 17, 30, B, 10, 14a Shandong 1

Table 2   The infection type of test wheats in the greenhouses and the host infection response in the fields, inoculated separately with individual 
Puccinia triticina races

a  Infection type was recorded on a 0–4 scale as described by Roelfs et  al. (1992) where 3 = moderate size uredinia without chlorosis, and 
4 = large size uredinia without chlorosis. The predominant infection type is put first. Hyphen (-) denotes that no test was done
b  Host infection response was rated on the scale described by Roelfs et al. (1992) where MS moderately susceptible or moderate-sized uredinia 
without chlorosis or necrosis, and S susceptible or large uredinia without chlorosis and necrosis
c,d  In the greenhouse and the Beijing field plots, respectively

Wheat line/population Seedling stagea Adult plant stage

THTT PHTT THSS THST PHRT THTS PHKT PHSS PHTS THTTa,c THTTb,d

Line

Aquileja (AL) 4 4 4 4 4, 3 4 4 4 4 4 -

AQ24788-83 (AQ) 4 4, 3 4, 3 4 4, 3 4, 3 4, 3 4, 3 4, 3 3, 4 MS

Luke 4 4 4, 3 4 4 4 4 4 4 4 S

Liangxing 66 (LX) 4 4 4 4, 3 4 4 4 4 4 4 -

KA298 4 4 4, 3 4, 4, 3 4, 3 4 4 4, 3 3, 4 MS

Mingxian 169 4 4 4 4 4 4 4 4 4 4 S

Population

Luke × AL 4 - - - - - - - - 4 -

Luke × AQ 4 - - - - - - - - 3, 4 MS, S

LX × KA298 4 - - - - - - - - 3, 4 -
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or 3. THTT accumulated the virulences against all of the 
14 Lr genes listed in Table 1. With THTT as inoculums in 
the greenhouse, infection types were recorded on the 149 
Luke × AL RILs, 307 Luke × AQ RILs, 80 F2:3 families 
of LX × KA298, and their parents. These wheats showed 
the infection types of 4 or 3 at both the seedling and the 
adult plant stages (Table 2). Also in Beijing field plots, the 
adult plants of the 307 Luke × AQ RILs were inoculated 
with THTT, and they showed the host infection responses 
of MS or S. It is noticed that the Lr34-carrying line KA298 
displayed the highest infection type of 4 to THTT at both 
the seedling and adult plant stages. This agrees with the 
study of Li et al. (2010) where Saar (an Lr34-carrying line) 
exhibited the infection type 4 to THTT. These repeated 
observations indicate that no hypersensitive response gene 
was segregating in these wheat populations with respect to 
the involved P. triticina races. Therefore, infection type and 
host infection response data will be omitted from the subse-
quent analyses.

Leaf rust severity at the adult plant stage

Severe leaf rust was induced in both the fields and the 
greenhouse. The final mean severities of the susceptible 
control wheat MX were between 82 % (Beijing field plots 
in 2010–11) and 96  % (greenhouse). The severities (79–
92 %) of the susceptible parents AL and LX were approxi-
mately equal to those of MX. In comparison with MX, the 
slow-rusting resistance parents AQ and Luke reduced sever-
ity by 48 and 44  % on average, respectively. To improve 
QTL mapping, AUDPC was calculated for each RIL. The 
ranges of AUDPC were shown for the 149 Luke  ×  AL 
RILs in Fig. 1a and for the 307 Luke × AQ RILs in Fig. 1b, 
c. For the sake of simplifying the figures, trials within the 
same location were jointly depicted. The Luke × AL RILs 
were tested in three trials, i.e., two in Gansu fields and one 
in the greenhouse. The two trials of Gansu were highly 
correlated (r =  0.89, P  <  0.0001, df =  147) for AUDPC 
and thus, mean AUDPC was calculated for each RIL by 
averaging over the two trials. AUDPC of an individual 
RIL of Luke × AL varied from 266 to 1294 (Fig. 1a). The 
Luke × AQ RILs were tested in nine trials, i.e., three in 
Beijing field, three in Gansu field, two in Shandong field, 
and one in the greenhouse. Highly significant correlations 
for AUDPC were detected among the different trials within 
each of the first three locations (r = 0.81–0.88 in Beijing, 
0.79–0.85 in Gansu, and 0.89 in Shandong; P  <  0.0001, 
df  =  305). Therefore, mean AUDPC was calculated for 
each RIL by averaging over the two trials (Shandong) or 
the three trials (Beijing, and Gansu). AUDPC of an indi-
vidual RIL of Luke × AQ varied from 83 to 1258 (Fig. 1b, 
c). The distributions were continuous and mono-modal in 
both populations, suggesting a quantitative inheritance. The 

distribution peaks of Luke × AQ RILs occurred in a region 
of lower AUDPC values (201–400, Fig. 1b) in Beijing and 
Gansu, whereas in a region of higher AUDPC (401–600, 
Fig. 1c) in Shandong and the greenhouse. This difference 
might be attributable to the higher leaf rust infection pres-
sures in Shandong and the greenhouse where the environ-
ments were more conducive to leaf rust than those in Bei-
jing and Gansu. The comparison between Luke × AL and 
Luke × AQ showed the occurrence of transgression in the 
latter (Fig. 1b, c) but not in the former (Fig. 1a), suggesting 
that both Luke and AQ should carry slow leaf-rusting QTL. 
However, AL appeared unlikely to harbor such QTL.

Linkage map and QTL analysis

The Luke × AL cross was used as the original population 
for detecting slow leaf-rusting QTL since the two parents 
were quite contrasting in leaf rust phenotype (Fig.  1a). 
The initial screening against SSR and EST primer pairs 
for polymorphism between the R- and S-bulks showed 
that the SSR markers gpw2277, wmc24, and wmc95 were 
polymorphic. According to the wheat SSR maps of Somers 
et al. (2004) and Sourdille et al. (2004), these three SSRs 
are all located on 1AS. Then, 1A was focused on for map-
ping, and a major QTL (designated as QLr.cau-1AS) was 
detected on 1AS with DNA marker locus gpw2246 located 
rightly at the peaks of the LOD curves (Fig. 2a). In all the 
field and greenhouse trials, QLr.cau-1AS was significant at 
the threshold LOD of 4.2 with its peak LOD values being 
14.1–17.8 (Fig.  2a; Table  3), and explained 44.3–52.6  % 
of leaf rust phenotypic variation (Table 3). The resistance 
allele at QLr.cau-1AS was contributed by Luke.

A second population (Luke × AQ) was used as a dif-
ferent genetic background for validating QLr.cau-1AS. AQ 
contains the resistant allele as diagnosed by the 751  bp 
fragment amplified from Lr34 locus with the cssfr5 primer 
set (Fig.  3). Thus, the Luke × AQ population could pro-
vide an opportunity for comparing QLr.cau-1AS with Lr34 
(see “Discussion” section). The Luke × AQ map consisted 
of 605 SSR and EST loci and 207 DArT loci after exclud-
ing the unsatisfactory markers such as those that distorted 
from the 1:1 segregating ratio at P =  0.01 and those that 
could not be assigned to any chromosome. The retained 
812 markers were grouped into 21 linkages that were then 
assigned to the 21 hexaploid wheat chromosomes by refer-
ring to the previously published wheat SSR maps (Röder 
et al. 1998; Paillard et al. 2003; Somers et al. 2004; Sour-
dille et al. 2004). The Luke × AQ map covered 3329 cM 
with a marker density of 4.1 cM per marker. No gap longer 
than 30 cM existed in the Luke × AQ map. For the sake 
of simplicity, only the two chromosomes that were asso-
ciated with major QTLs were presented here (Fig. 2b, c). 
On the basis of this map and AUDPC data, QTL mapping 
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allele at the 1AS QTL was contributed by Luke (Table 3). 
These results indicate that the 1AS QTL in Luke × AQ cor-
responds to QLr.cau-1AS that was originally detected in 
Luke × AL. The 7DS QTL was located at the same loca-
tion of the DNA marker locus cssfr5 that diagnoses Lr34 
(Fig. 2c) and hence, the 7DS QTL corresponds to Lr34. In 
each of the field and greenhouse trials, both QLr.cau-1AS 
and Lr34 were highly significant. QLr.cau-1AS and Lr34 
showed their peak LOD scores of 10.6–15.9 and 9.9–15.5, 
respectively, and explained 22.3–32.8 and 20.6–32.5 % of 
leaf rust phenotypic variation (Table  3). In addition, four 
minor QTLs were detected on 3DL, 4AL, 5AS, and 6DS, 
respectively, with their closest DNA markers being gdm72, 
wmc468, BE40413, and barc196. Each of these markers 
was less than 3 cM away from the LOD peak of its repre-
sented QTL (LOD curves not shown). The resistant alleles 
at these four QTLs were contributed by AQ. These QTLs, 
however, showed a limited size of effect (explaining <13 % 
of leaf rust phenotypic variation) and an inadequate con-
sistency across different environments (being significant 
only in one to four of the seven data sets used for mapping 
QTL). Further works are underway to clarify their involve-
ment in the interactions of QTL × QTL and QTL × envi-
ronment. These four minor QTLs will not be addressed 
below, and will be reported in a separate paper.

It is noticed that Luke contributed resistance allele at 
only one (i.e., QLr.cau-1AS) of the six QTLs. This result 
suggests that the slow leaf-rusting resistance in Luke was 
conferred mainly or likely solely by QLr.cau-1AS.

Selection for QLr.cau‑1AS on the basis of the DNA 
marker gpw2246

To examine the applicability of gpw2246 to selection 
for QLr.cau-1AS, and to compare QLr.cau-1AS with 
Lr34, marker-based selection was investigated using the 
LX ×  KA298 population. The selection was done in two 
steps. First, KA298 was selected from the 307 Luke × AQ 
F9 RILs on the basis of the DNA markers gpw2246, cssfr5, 
gdm72, wmc468, BE40413, and barc196. KA298 was 
homozygous for the resistant alleles at both QLr.cau-1AS 
and Lr34 (as represented by their corresponding marker 
loci gpw2246 and cssfr5), but homozygous for the sus-
ceptible alleles at the other four QTLs (represented by 
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Fig. 1   Distributions of recombinant inbred lines (RILs) over the 
ranges of leaf rust intensity as measured in the area under the disease 
progress curve (AUDPC) in the wheat populations Luke × Aquileja 
(a), and luke × AQ24788-83 (b, c). The test plants were artificially 
inoculated with the Puccinia triticina race THTT in the greenhouse 
of inner Mongolia and the fields of Beijing, while infected by the 
natural Puccinia triticina populations in Gansu and Shandong. The 
approximate AUDPC means and standard deviations were indicated, 
respectively, with arrows and bars for the parental lines

◂

was done separately for each of the nine field and green-
house trials. The mapping results showed two major QTLs 
on 1AS and 7DS, respectively (Fig.  2b, c). The DNA 
marker locus gpw2246 was located rightly at the peaks of 
the LOD curves for 1AS QTL (Fig. 2b), and the resistant 
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step, 900 F2 seedlings of LX × KA298 were screened on 
the basis of gpw2246 and cssfr5. Four DNA marker classes 
were selected, i.e., the seedlings in homozygous state for 
resistant alleles at both QLr.cau-1AS and Lr34 (denoted 
with +, +), for resistant allele at QLr.cau-1AS but suscep-
tible allele at Lr34 (+, −), for susceptible allele at QLr.cau-
1AS but resistant allele at Lr34 (−, +), and for susceptible 
alleles at both QLr.cau-1AS and Lr34 (−, −). From each 
class, 20 F2 seedlings were sampled and advanced to F2:3 
families that were then evaluated for leaf rust development. 
The temporal progress of leaf rust was depicted for each 
class in Fig. 4. It can be seen that the disease developed as 
slowly on the QLr.cau-1AS plants (+, −) as on the Lr34 
plants (−, +) with no substantial difference between the 
two marker classes. This was consistent between the green-
house (Fig. 4a) and field (Fig. 4b) trials. These results indi-
cate that selection for QLr.cau-1AS based on gpw2246 was 
as effective as selection for Lr34 based on cssfr5. As shown 
in Table 4, AUDPC of (−, −) was not significantly different 
from that of the susceptible control MX, suggesting that no 
significant leaf rust-resistance QTL other than QLr.cau-1AS 
and Lr34 likely existed in LX × KA298. AUDPC of (+, +) 
was significantly lower (P < 0.001) than those of (+, −) and 
(−, +), illustrating that the simultaneous selection based on 
gpw2246 and cssfr5 yielded higher level of resistance com-
pared with individual selection based on either gpw2246 or 
cssfr5. R2 % value, a measurement of effect size, was cal-
culated for LX × KA298 on AUDPC data using the SAS 
statistics package (SAS Institute Inc., Cary, NC, USA). To 
examine the independent effect of either QLr.cau-1AS or 
Lr34, the calculation was based on the 40 F2:3 families of 
(+, −) and (−, −) for QLr.cau-1AS, and based on the 40 
F2:3 families of (−, +) and (−, −) for Lr34. These R2 % val-
ues were listed in Table 3. It can be seen that the R2 % val-
ues of QLr.cau-1AS (55.2 and 48.5 %) were similar to those 
of Lr34 (53.7 and 47.7 %).

Detection of the gene Lr10 in AL, AQ, and Luke

The gene Lr10 has been cloned by Feuillet et  al. 
(1997, 2003). On the basis of the cloned sequence, 
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(LOD) curves for the slow leaf-rusting quantitative trait loci (QTLs) 
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Kosambi function. Each of the chromosomes is oriented with the 
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DNA markers are shown along the chromosomes. Horizontal line the 
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gdm72, wmc468, BE40413, and barc196, respectively). 
The resistant alleles at the latter four loci were excluded so 
that they would not interfere with QLr.cau-1AS and Lr34 
in LX × KA298. Such an exclusion should create a clear 
genetic background for simplifying the comparison of QLr.
cau-1AS with Lr34 (see “Discussion” section). In the second 
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Schachermayr et  al. (1997) designed a set of primers 
that amplify a 282 bp fragment specific to the resistant 
allele at Lr10, and mapped it on 1AS. This 282 bp frag-
ment can be readily used to diagnose the resistant allele 
at Lr10. With these primers, we amplified the 282  bp 
fragment from both AQ and Luke as well as from the 
near-isogenic line for Lr10 in the genetic background 
of Thatcher, but not from AL (Fig.  5). This result indi-
cates that both AQ and Luke harbor Lr10, and thus the 
Luke × AQ population did not segregate for Lr10. How-
ever, the Luke  ×  AL population was segregating for 
Lr10. QLr.cau-1AS was distant from Lr10 by 30.4  cM 
(Fig. 2a). These results indicate that QLr.cau-1AS is dif-
ferent from Lr10.

Discussion

In this study, we identified a major QTL (QLr.cau-1AS) for 
reducing leaf rust severity at the adult plant stage. QLr.cau-
1AS was mapped on chromosome arm 1AS with the resist-
ant allele being contributed by Luke. Currently, 73 formally 
and more than 10 temporarily designated Lr genes have been 
described for hexaploid wheat (McIntosh et al. 2013; Buerst-
mayr et al. 2014; Li et al. 2014; Park et al. 2014), and more 
than 80 leaf rust-resistance QTLs have been mapped (e.g., 
Buerstmayr et al. 2014; Li et al. 2014; Singh et al. 2014; Tsilo 
et al. 2014; Zhou et al. 2014). Of these genes and QTLs, two 
are located on 1AS, namely, the gene Lr10 (Schachermayr 
et al. 1997) and a QTL reported by Singh et al. (2009). QLr.

Table 3   QLr.cau-1AS, a major quantitative trait locus (QTL) for reducing leaf rust severity on the short arm of chromosome 1A, detected across 
different wheat populations and test environments

The nearest DNA marker, logarithm of the odds (LOD), R2 %, and F value are shown for QLr.cau-1AS in comparison with those for the gene 
Lr34
a  The resistant allele was contributed by Luke at QLr.cau-1AS, and by AQ24788-83 at Lr34
b  LOD value was estimated using the composite interval mapping method in Windows QTL Cartographer 2.5 (Wang et al. 2010)
c  F value was calculated using the single marker analysis method in the Windows QTL Cartographer 2.5 (Wang et al. 2010)
d  For the Liangxing 66 × KA298 population, R2 % value was calculated using the SAS statistics package (SAS Institute Inc., Cary, NC, USA) 
(see text for details). Hyphen (-) indicates that no test was done

Population Environment QTLa DNA marker LODb R2 % F valuec

Luke × Aquileja Greenhouse, 2013–14 QLr.cau-1AS gpw2246 17.8 52.6 <0.001

Field, Gansu, 2009–10 QLr.cau-1AS gpw2246 16.6 49.7 <0.001

Field, Gansu, 2010–11 QLr.cau-1AS gpw2246 14.1 44.3 <0.001

Luke × AQ24788–83 Greenhouse, 2013–14 QLr.cau-1AS gpw2246 15.9 32.8 <0.001

Lr34 cssfr5 15.5 32.5 <0.001

Field, Shandong, 2011–12 QLr.cau-1AS gpw2246 15.7 31.9 <0.001

Lr34 cssfr5 14.4 28.6 <0.001

Field, Beijing, 2011–12 QLr.cau-1AS gpw2246 14.6 27.7 <0.001

Lr34 cssfr5 13.9 26.1 <0.001

Field, Gansu, 2011–12 QLr.cau-1AS gpw2246 13.4 24.8 <0.001

Lr34 cssfr5 13.8 25.6 <0.001

Field, Shandong, 2013–14 QLr.cau-1AS gpw2246 13.1 24.6 <0.001

Lr34 cssfr5 14.4 26.5 <0.001

Field, Gansu, 2013–14 QLr.cau-1AS gpw2246 12.5 25.4 <0.001

Lr34 cssfr5 13.1 25.8 <0.001

Field, Gansu, 2012–13 QLr.cau-1AS gpw2246 10.6 22.3 <0.001

Lr34 cssfr5 12.0 24.1 <0.001

Field, Beijing, 2009–10 QLr.cau-1AS gpw2246 14.5 26.1 <0.001

Lr34 cssfr5 10.2 21.9 <0.001

Field, Beijing, 2010–11 QLr.cau-1AS gpw2246 12.4 25.3 <0.001

Lr34 cssfr5 9.9 20.6 <0.001

Liangxing66 × KA298d Greenhouse, 2013–14 QLr.cau-1AS gpw2246 - 55.2 <0.001

Lr34 cssfr5 - 53.7 <0.001

Field, Shandong, 2013–14 QLr.cau-1AS gpw2246 - 48.5 <0.001

Lr34 cssfr5 - 47.7 <0.001
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cau-1AS is different from Lr10. The marker (Glu-3)-1A on 
1AS is common for the Luke × AL and Luke × AQ popu-
lations in the present study and the Frisal × Thatcher Lr10 
population in Schachermayr et  al. (1997). With (Glu-3)-1A 
as reference, Lr10 was located approximately 7 cM distal of 
(Glu-3)-1A in both Luke × AL and Frisal × Thatcher Lr10 
(Schachermayr et al. 1997), while QLr.cau-1AS was located 
approximately 20–25  cM proximal of (Glu-3)-1A (Fig.  2a, 
b). Singh et al. (2009) detected a QTL for reducing leaf rust 
severity on 1AS using a doubled-haploid population derived 
from the cross Beaver/Soissons (B/S), two European culti-
vars. The 1AS QTL of B/S was located at 13.7 ± 10.8 cM 
distant from the telomere of 1AS with psp3027 being the 
nearest DNA marker (Singh et al. 2009). No common marker 
is available for the 1AS maps of the present study and that 
of B/S. The position of QLr.cau-1AS could not be precisely 
compared with that of the 1AS QTL of B/S. Nevertheless, 
with the wheat SSR consensus map of Somers et al. (2004) 
as reference, the 1AS QTL of B/S seems to be rather close to 
Lr10, but distant from QLr.cau-1AS. Moreover, Singh et al. 
(2009) indicated that the 1AS QTL of B/S was inconsistent 
because it was significant (P = 0.041) in only one of three 
test years. This suggests that QLr.cau-1AS is highly likely to 
be a previously un-reported/novel QTL for reducing leaf rust 
severity, though further studies are required for conclusively 
distinguishing QLr.cau-1AS from the B/S QTL.

Effectiveness of QLr.cau‑1AS across different genetic 
backgrounds and diverse environments

QLr.cau-1AS was significant (P  <  0.001; Table  3) in all 
the three populations of Luke  ×  AL, Luke  ×  AQ, and 

LX × KA298. AL, AQ, and LX were chosen for this study 
because they were different from one another in genetic 
background as illustrated by their pedigree data (see “Mate-
rials and methods” section). These three wheat lines have 
no common ancestor in their pedigrees, and thus could rep-
resent a substantial diversity of genetic background. Effect 
size was measured in the form of R2 % value. The overall 
R2  % range of QLr.cau-1AS (22.3–55.2  %) was attribut-
able to differences in both populations and environments. 
The variation due to populations can be examined using 
the greenhouse trial where all the three populations were 
tested in the same greenhouse with a single race (THTT) as 
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Fig. 3   Detection of the resistance gene Lr34 in the parental wheat 
line AQ24788-83, with Thatcher as negative control and ThLr34 as 
positive control. ThLr34 denotes the near-isogenic line for Lr34 in the 
genetic background of Thatcher. Arrow the 751 bp fragment which is 
specifically amplified from the wheat lines containing resistant allele 
at Lr34
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Fig. 4   A comparison between the selection for QLr.cau-1AS based 
on the DNA marker gpw2246 and the selection for Lr34 based on 
cssfr5 with respect to their effect on slowing down leaf rust progress 
as observed at five dates in the greenhouse (a) and in the field (b). 
The tests were done, using the Liangxing 66 × KA298 population in 
which QLr.cau-1AS and Lr34 segregated with other leaf rust-resist-
ance QTLs being excluded, on the four marker classes (+, +), (+, 
−), (−, +), and (−, −). The “+” and “−” before comma stand for 
the plants that were homozygous for resistant and susceptible allele, 
respectively, at QLr.cau-1AS, while those after comma refer to Lr34. 
Vertical bar indicates standard deviation. Bar height is calculated on 
the basis of 20 F2:3 families of each marker class
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inoculums. This trial provided a homogeneous environment 
for comparing the effect sizes of QLr.cau-1AS among dif-
ferent populations. The R2 % value in Luke × AQ (32.8 %) 
was much smaller than those in Luke × AL (52.6 %) and 
LX × KA298 (55.2 %). Also, the effect size of Lr34 was 
greater in LX ×  KA298 than in Luke × AQ. This might 
be caused mainly by the presence of other slow leaf-rusting 
QTLs in Luke × AQ. In addition to QLr.cau-1AS and Lr34, 
four QTLs segregated in Luke × AQ. These QTLs might 
dilute or bias the effect of QLr.cau-1AS, or also might par-
tially neutralize the expression of QLr.cau-1AS through 
QTL × QTL interaction in Luke × AQ. In LX × KA298, 
however, these four QTLs were excluded and thus the 
effect of QLr.cau-1AS could be observed to a greater extent 
(55.2  %). Similarly, the effect of QLr.cau-1AS could be 
better displayed in Luke × AL (52.6  %) where no other 
significant QTL likely existed. These data and results sup-
port the conclusion that QLr.cau-1AS was effective across 
different genetic backgrounds, and its effect size could be 
better revealed when no other significant slow leaf-rusting 
QTL was present.

QLr.cau-1AS was significant (P < 0.001) in all four loca-
tions (Beijing, Gansu, Shandong, and greenhouse) and 
all five crop seasons (2009–10 to 2013–14). These test 
environments were considerably diverse. For instance, a 
severe drought happened in 2010–11, whereas rainfall was 
extraordinarily frequent in 2011–12 in Beijing, Gansu, and 
Shandong. Agro-ecologically speaking, Gansu and Shan-
dong are representatives of the extreme wheat-growing 
regions in North and Northwest China (the main wheat-
production areas). The field trials of Gansu and Shandong 
are geographically away from each other by a distance 

of approximately 1100 km. In Gansu, the trial plots were 
located on a high land terrace with an elevation of about 
1680  m, and the winter wheat season lasted from mid-
September to the coming late July. In Shandong, the plots 
were located in the field with an elevation of about 90 m 
and the crop season was between early October and the 
coming mid-June. Gansu was more favorable for P. trit-
icina to infect wheat seedlings in autumn, while Shandong 
was more favorable for P. triticina to overwinter. In the 
wheat-growing months of spring and summer, the monthly 
mean temperatures ranged from 6.7 to 19.3 °C in the plots 
in Gansu and from 10.3 to 28.2  °C in Shandong. Effect 
sizes, measured by R2 %, of QLr.cau-1AS can be compared 
among these environments using Luke × AQ. This popu-
lation was tested in nine environments involving all loca-
tions (Beijing, Gansu, Shandong, and greenhouse) and all 
seasons (2009–10 to 2013–14). The R2 % value of QLr.cau-
1AS varied from 22.3 % (Gansu field in 2012–13) to 32.8 % 
(Greenhouse in 2013–14) within the Luke × AQ popula-
tion. This variation might be caused mainly by the differ-
ence in spatial uniformity of disease pressure within indi-
vidual trials. For instance, in the greenhouse, temperature 
and humidity were controlled to be suitable for leaf rust, 
and fans were frequently used to facilitate even distribu-
tion of urediniospores for re-infection. Leaf rust developed 
quite evenly both within and among replicates. This could 
increase test accuracy and the effect of QLr.cau-1AS could 
be better observed compared with the trial in Gansu during 
2012–13. In the latter case, rainfall was not frequent, and 
urediniospores were not adequate enough for establishing 
a good spatially uniform distribution and re-infection. The 
lower uniformity might increase experimental error and 
consequently the effect of QLr.cau-1AS could not be fully 
displayed. According to these results and observations, it 
can be concluded that QLr.cau-1AS was effective across 
diverse environments, and its effect size could be better 
revealed in a trial of higher uniformity.

Comparison of QLr.cau‑1AS with Lr34 
and combination of them based on DNA markers

The Luke × AQ population segregated for Lr34 as well as 
for QLr.cau-1AS. Lr34 has been extensively studied world-
wide and well proven to have major effect on limiting leaf 
rust in a slow-rusting nature (e.g., Dyck and Samborski 
1982; Singh and Gupta 1992; Schnurbusch et  al. 2004; 
Krattinger et al. 2009; Risk et al. 2012). Lr34 is, therefore, 
an excellent reference or baseline with which QLr.cau-1AS 
can be compared in effect size. In Luke × AQ, 22.3–32.8 
and 20.6–32.5 % of the leaf rust phenotypic variation were 
explained by QLr.cau-1AS and Lr34, respectively (Table 3), 
illustrating that the effect size of QLr.cau-1AS was nearly 
equal to that of Lr34. This also held true in LX × KA298 
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Fig. 5   Detection of the Lr10 resistance gene in the parental wheat 
lines Aquileja, AQ24788-83, and Luke, with ThLr10 as control. 
ThLr10 denotes the near-isogenic line for Lr10 in the genetic back-
ground of Thatcher. Arrow indicates the 282  bp fragment which is 
specifically amplified from the wheat lines containing resistant allele 
at Lr10
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where no significant difference in resistance level was 
detected between QLr.cau-1AS and Lr34 (Table  4). With 
Lr34 as reference, QLr.cau-1AS could also be indirectly 
compared with some other leaf rust-resistance genes/QTLs. 
For example, the effect size of QLr.cau-1AS appears larger 
than those of Lr67 (Hiebert et  al. 2010; Herrera-Foessel 
et  al. 2011) and LrP.sfr-1BS (Schnurbusch et  al. 2004), 
further larger than that of Lr46 (William et al. 1997; Singh 
et  al. 1998; Suenaga et  al. 2003), and still further larger 
than that of Lr68 (Herrera-Foessel et al. 2012).

Selection for QLr.cau-1AS based on the DNA marker 
gpw2246 was compared with the selection for Lr34 based 
on cssfr5 using the LX  ×  KA298 population. Although 
Lr34 may not provide adequate resistance under high dis-
ease pressure when present alone, it can be a major con-
tribution to achieving high level resistance when being 
combined with other genes/QTLs (Singh and Gupta 1992; 
Suenaga et  al. 2003). The DNA marker cssfr5 (Lagudah 
et  al. 2009) is completely applicable to precise marker-
based selection for Lr34 and thus is a powerful tool for 
combining Lr34 with other QTL. QLr.cau-1AS could be 
well represented by the SSR marker gpw2246 because this 
marker is located rightly at the peaks of the LOD curves of 
QLr.cau-1AS in both Luke × AL and Luke × AQ (Fig. 2a, 
b). In LX  ×  KA298, KA298 contributed the resistant 
alleles at QLr.cau-1AS and Lr34, whereas LX is as sus-
ceptible to leaf rust as the susceptible control MX. LX 
was developed by the Shandong Liangxing Seed Co. Ltd., 
Shandong Province, P. R. China (http://www.chinaseed114.
com/seed/8/seed_36812.html), and it has been one of the 

wheat cultivars commercially planted over a large acreage 
in China in recent years. This cultivar displays high resist-
ance to powdery mildew (Huang et  al. 2012) and slow-
rusting resistance to yellow rust (http://www.chinaseed114.
com/seed/8/seed_36812.html). It is reasonable to choose 
LX as a parent because breeders generally introduce dis-
ease resistance QTLs into an elite material. According to 
Table  4, no significant QTL other than QLr.cau-1AS and 
Lr34 likely existed in LX  ×  KA298, thus the compari-
son of QLr.cau-1AS with Lr34 would not be complicated 
by other QTL. The selection based on gpw2246 for QLr.
cau-1AS resulted in virtually the same level of effect on 
reducing leaf rust as the selection based on cssfr5 for Lr34 
(Fig. 4). The simultaneous selection based on gpw2246 and 
cssfr5 yielded an elevated level of resistance. Additionally, 
the SSR primer pair gpw2246 amplifies clearly distinct 
and readily repeatable DNA bands of co-dominance (data 
not shown) that are favorable for practical selection. These 
results support the conclusion that the selection based on 
gpw2246 for QLr.cau-1AS was as effective as the selection 
based on csffr5 for Lr34.

According to Fig. 4, QLr.cau-1AS and Lr34 could reduce 
final leaf rust severity by 55.5 and 51.5  % on average, 
respectively, and by 78.5 % cumulatively. This can be com-
parable to the combination of Lr46 with Lr34 as reported 
by Suenaga et al. (2003) where Lr46 and Lr34 reduced leaf 
rust severity by 25.5 and 40.1 % on average, respectively, 
and by 61.6  % cumulatively. Both Lr46 and Lr34 pleio-
tropically confer a leaf tip necrosis (Suenaga et  al. 2003) 
and thus they likely share common defense mechanism. 
Luke, the contributor of the resistant allele at QLr.cau-1AS, 
showed no leaf tip necrosis (Zhang and Du, unpublished 
data). Hence, QLr.cau-1AS may have some defense mecha-
nism different from that of Lr34 and Lr46. The combina-
tion of QLr.cau-1AS with Lr34 should enhance the diversity 
of leaf rust-resistance in the sense of defense mechanism.

Effectiveness of QLr.cau‑1AS against likely a wide 
range of P. triticina races

The slow leaf-rusting resistance of Luke (conferred by 
QLr.cau-1AS) appeared effective against a wide range of 
P. triticina races for the three following reasons. First, the 
nine races identified from 60 single P. triticina isolates, 
derived from the collections made in the field plots during 
the course of this study, can be considered as representa-
tive of the prevalent races in the field plots. In the presence 
of these races in Gansu and Shandong, Luke consistently 
showed reduced leaf rust severity during the course of this 
study. This implies that QLr.cau-1AS was effective against 
at least the nine races. QLr.cau-1AS might be also effective 
against other races that were not included in the 60 ana-
lyzed isolates. Second, we have used Luke as a control in 

Table 4   The leaf rust intensities, as measured in the area under the 
disease progress curve (AUDPC), of the four DNA marker classes. 
QLr.cau-1AS and Lr34 were represented by the DNA markers 
gpw2246 and cssfr5, respectively

SD standard deviation
a  Each class consisted of 20 F2:3 families
b  Plants in the greenhouse were inoculated with the Puccinia triticina 
race THTT
c  Field evaluation was done in Shandong in 2013–14 winter wheat 
season and the plants were infected by local natural P. triticina popu-
lation
d  Means within the same column followed by the same letter are not 
significantly different according to an LSD test at P = 0.001

F2:3 family classa Greenhouseb Fieldc

Mean AUDPCd SD Mean AUDPC SD

QLr.cau-1AS and Lr34 
(+, +)

175 A 19 131 A 22

QLr.cau-1AS only (+, −) 405 B 37 380 B 41

Lr34 only (−, +) 411 B 46 368 B 52

None (−, −) 1291 C 115 1270 C 124

Mingxian 169 1298 C 106 1281 C 111

http://www.chinaseed114.com/seed/8/seed_36812.html
http://www.chinaseed114.com/seed/8/seed_36812.html
http://www.chinaseed114.com/seed/8/seed_36812.html
http://www.chinaseed114.com/seed/8/seed_36812.html
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our wheat nurseries for screening for quantitative resist-
ance to diseases in Gansu since 1990 and in Shandong 
since 2011. Luke stably exhibited slow leaf-rusting (Zhang 
and Du, unpublished data), implying that QLr.cau-1AS 
was effective against all the races occurring during this 
long period. Indeed, the P. triticina populations consisted 
of diverse virulence races in the major wheat-production 
regions including Gansu and Shandong during the last 
25 years (Chen et al. 1994; Wan et al. 2010). Last, Milus 
and Line (1980b) reported that Luke could restrict lesion 
size of leaf rust at the adult plant stage. Such a disease 
reduction was observed for each of the tested pathogen 
races and in each of the tested environments (Milus and 
Line 1980b).

In summary, QLr.cau-1AS is highly likely to be a pre-
viously un-reported/novel QTL for reducing leaf rust 
severity. The effect size of QLr.cau-1AS was nearly equal 
to that of Lr34. QLr.cau-1AS was effective consistently/
stably across different genetic backgrounds, diverse envi-
ronments, and likely a wide range of P. trticina races. The 
selection based on the DNA marker gpw2246 for QLr.cau-
1AS was as effective as the selection based on csffr5 for 
Lr34. The combination of QLr.cau-1AS with Lr34 yielded 
an elevated level of resistance. The defense mechanism of 
QLr.cau-1AS may be different from that of Lr34 and other 
leaf tip necrosis-associated genes/QTLs. QLr.cau-1AS is 
potentially helpful for increasing the genetic diversity of 
slow leaf-rusting resistance in wheat breeding programs.
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