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Abstract Stripe rust, caused by Puccinia striiformis

f. sp. tritici (Pst), is a destructive foliar disease of

wheat worldwide. Sustainable control of the disease is

preferably achieved by deploying stripe rust resistance

genes in wheat cultivars. Our previous studies have

shown that Baidatou, a Chinese wheat landrace,

displayed good adult-plant resistance (APR) to wheat

stripe rust in Gansu Province, an epidemic region for

stripe rust in China. To elucidate the genetic basis of

APR to stripe rust in Baidatou, a cross between

Baidatou andMingxian 169, which is susceptible to all

the known Chinese (Pst) races, was performed. Adult

plants of F1, F2 and F2:3 generations derived from the

cross Mingxian 169/Baidatou were inoculated in the

field with the most prevalent Chinese Pst race,

CYR33, in Yangling, Shaanxi Province, during

2009–2010 and 2010–2011 crop seasons, respectively.

The results showed that the resistance of Baidatou to

stripe rust was conferred by a single dominant gene.

Six hundred and sixty simple sequence repeat (SSR)

markers and 128 sequence-related amplified polymor-

phism (SRAP) markers were screened for association

with the resistance gene to stripe rust using bulked

segregant analysis. Four polymorphic SSR markers

and two SRAP markers were identified to be linked to

the resistance gene. A linkage map was constructed

with six molecular markers and the resistance gene.

The genetic distance of two flanking SSR markers to

the resistance gene, temporarily designated YrBai, was

3.6 and 5.4 cM, respectively. Based on the position of

the SSR markers on the wheat chromosome, YrBai

was located on chromosome 6DS. According to the

rust reaction patterns, SSR marker allele analysis and
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the pedigree of the Yr genes on chromosome 6D, YrBai

is likely to be a novel APR gene against stripe rust. The

specificity of the two flanking markers of YrBai was

validated in 99 wheat germplasms. The gene and its

flanking markers should be useful for developing

wheat cultivars with durable resistance.

Keywords Puccinia striiformis f. sp. tritici �
Adult-plant resistance (APR) � Stripe rust resistance
gene

Introduction

Common wheat (Triticum aestivum L.) is one of the

most important crops worldwide, providing staple

foods for 35 % of the world population (Huang and

Röder 2004). It is constantly challenged by many

biotic stresses such as rusts, powdery mildew and

fusarium head blight. Stripe rust, caused by Puccinia

striiformisWestend. f. sp. tritici Eriks. (Pst), is one of

the most devastating diseases of wheat in cool and

temperate regions of the world (Wan et al. 2007;

Stubbs 1985; Wellings and McIntosh 1990; Wellings

2011; Chen 2005). In China, it occurs most frequently

in the northwestern and southwestern wheat-growing

regions (Zeng and Luo 2006, 2008). Historical records

show that the most destructive and widespread stripe

rust epidemics occurred in 1950, 1964, 1990 and 2002,

resulting in severe production losses (Wan et al. 2004,

2007). Breeding and use of resistant wheat cultivars

are the most efficient, economically viable and

environmental friendly means of controlling the

disease (Line 2002; Ma et al. 2013c).

Resistance to rust diseases can usually be classified

into seedling resistance and adult-plant resistance (APR)

on the basis of the growth stage of the plant (Chen 2005,

2012). Seedling resistance canbedetectedat early stages

of growth, and the resistance is usually effective

throughout the life of the host. In contrast, plants with

APR show susceptibility at the seedling stage, but

resistance at adult-plant stage when inoculated with the

same pathotype. Owing to its race-specific nature,

seedling resistance is frequently overcome by new races

of the pathogen (Line 2002; Chen 2005; Chen et al.

2010). In contrast, APR genes provide resistance to a

broader range of pathogens and tend to bemore durable.

More than 60 genes conferring resistance to stripe

rust have been identified, characterized and officially

named (McIntosh et al. 2012; Xu et al. 2013; Basnet

et al. 2014; Lu et al. 2014; Ren et al. 2012), and other

dozens of genes have been temporarily named (Ma

et al. 2013a, b, c; Li et al. 2012; Cao et al. 2008; Li et al.

2010; Sui et al. 2009). About 12 of them have been

characterized as APR genes, including Yr16, Yr18,

Yr29, Yr30, Yr36, Yr39, Yr48 and Yr52 (Chen 2012).

A series of commercial cultivars with resistance

genes have been bred and grown in China since the

1950s. However, most of the commercial resistance

wheat cultivars were compromised with the appear-

ance and development of new virulent races of the

stripe rust pathogen (Wan et al. 2007). To date, 33

races and dozens of pathotypes have been identified in

stripe rust populations in China. Most commercial

cultivars are susceptible to the currently predominant

races. Therefore, it is urgent to identify new stripe rust

resistance genes and molecular markers for their

efficient incorporation in cultivars in order to design

pyramiding strategies of resistance. Wheat is a major

crop in China. As a consequence of breeding programs

during its long history of cultivation, numerous

resistance types have been deposited in wheat

germplasm collections. Examination of disease-resis-

tant germplasm resources is invaluable for the char-

acterization of new stripe rust resistance genes in order

to increase their diversification in commercial wheat

cultivars (Wan et al. 2004; Zhang et al. 2011; Ma et al.

2013c; Cao et al. 2008).

Baidatou, a Chinese winter wheat landrace, has

long been cultivated in the Longnan region of Gansu

Province, in which stripe rust epidemics are frequent

and severe. Although many new virulent Pst races

have occurred in the region over the past five decades,

the cultivar is known to have maintained resistance to

all Pst races in the field. In addition to its high

adaptability and yield, Baidatou seems to have adult-

plant resistance to stripe rust. The objective of this

study was to map the gene(s) for stripe rust resistance

in Baidatou and to identify the molecular markers

associated with the resistance.

Materials and methods

Plant and pathogen materials

Baidatou, a Chinese wheat landrace, was obtained

from Tianshui Institute of Agricultural Sciences of
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Gansu Province. Our preliminary study showed that it

was susceptible to Chinese Pst races CYR25, CYR27,

CYR29, CYR30, CYR31, CYR32, CYR33 and

Sun11-4 in seedling stage under controlled greenhouse

conditions, but resistant to natural populations of the

pathogen at adult-plant stage in field conditions in

Tianshui, Gansu Province.

Baidatou was used as the male parent to cross with

Mingxian 169, which is highly susceptible to all

Chinese Pst races. The F1 plants were grown in

greenhouse to obtain F2 seeds, and the F2 plants were

grown in 2010 in the field to obtain F2:3 families.

Finally, F1, F2 and F2:3 generations derived from the

cross Mingxian 169/Baidatou were used for genetic

analyses and molecular mapping.

The four US wheat cultivars Fielder, Tres, Tyee and

Lee were obtained from the Wheat Genetics, Quality

and Physiology Laboratory of the US Department of

Agriculture in Pullman, WA, USA. In total, ninety-

nine wheat cultivars and breeding lines from the

Yellow–Huai growing area were used to evaluate the

polymorphisms of the molecular markers flanking the

resistance gene in Baidatou.

The predominant Chinese Pst races CYR25,

CYR27, CYR29, CYR30, CYR31, CYR32, CYR33

and Sun11-4 were provided by the Laboratory of Plant

Resistance and Genetics, Northwest A& F University.

The inoculum of each race was prepared by single-

spore isolates and validated against a set of Chinese

differential hosts.

Resistance evaluation in the greenhouse

The seedling resistance tests were conducted under

controlled greenhouse conditions. About 10 seeds of

each parent were used. Seedling tests were performed

in two-leaf stage plants about 10 days after planting.

Seedlings were inoculated separately with Pst races

CYR25, CYR27, CYR29, CYR30, CYR31, CYR32,

CYR33 and Sun11-4. The inoculum of a mixture of

urediniospore and talc at a 1:50 ratio was dusted onto

wheat leaves, and plants were then kept in a dark dew

chamber at 10 �C for 24 h. The inoculated plants were

transferred to an environmentally controlled green-

house with 16-h light/8-h dark at 12–17 �C. Infection-
type (IT) data were recorded 17–18 days after inocu-

lation when rust had fully developed on the susceptible

checkMingxian 169. Infection typewas based on a 0–4

scale as described by Ma et al. (2013c). Plants with IT

0–2?were considered to be resistant, and those with IT

3-–4 susceptible. The adult-plant tests were conducted

in plots with three replicates under controlled green-

house conditions. Inoculations were performed with

race CYR33 at the booting stage in spring. Stripe rust

infection types (IT) were scored when disease severity

was 10 % on the susceptible control, and data were

then collected at weekly intervals.

Resistance evaluation in the field

In the 2009–2010 crop season, the parents, seven F1
and the 160 F2 plants of Mingxian 169/Baidatou were

sown at a nursery in the experimental station in

Yangling, Shaanxi Province, where the weather con-

ditions are favorable for spreading or stripe rust

infection. In the 2010–2011 sowing season, the F2:3
lines derived from the F2 plants were sown at the same

location. Thirty seeds were evenly planted in a 1.0-m

row in a randomized complete block design, with each

line repeated three times. The susceptible cultivar

Mingxian 169 was planted every 10 rows and around

the test plots to increase the uniformity of inoculum

throughout the field. Standard fertilizer and cropping

practices were used for the field management. Inoc-

ulation was also performed with race CYR33, the

prevalent race in the region, at the beginning of stem

extension stage. Stripe rust IT was recorded when

disease severity was 30 and 80 % on the susceptible

control. If all the plants in a row had uniform IT, the

line was considered to be homozygous susceptible

when IT was 3–4 or resistant when IT was 0–2. When

the infection type was different between individual

plants in a row, the line was considered to be non-

homozygous.

SSR analysis

Genomic DNA was extracted from healthy leaves

using the CTAB method as modified by Yan et al.

(2003). One hundred and fifty F2:3 lines from Mingx-

ian 169/Baidatou were used as a mapping population.

Based on the F3 disease phenotypic data, DNA from

15 homozygous resistant lines and 15 homozygous

susceptible lines were used for constructing resistant

and susceptible bulks, respectively. Each bulk was

composed of equal amounts of F2:3 plant DNA

(Michelmore et al. 1991).
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The simple sequence repeat (SSR) procedure was

used to identify markers linked to the resistance loci.

SSRprimer sequenceswere obtained from theGrainGe-

nes 2.0 Web site (http://wheat.pw.usda.gov). A total of

660wheat SSRmarkers ondifferent chromosomeswere

screened on the two parental lines and the resistant and

susceptible bulks to detect polymorphisms. A 15-lL
reaction mixture consisted of 150 ng of template DNA,

1.5 lL 109 PCR buffer, 5 mM of MgCl2, 1.5 unit of

Taq DNA polymerase, 0.25 mM each of dCTP, dGTP,

dTTP and dATP, and 7.5 lM of each primer. PCR

amplification of SSRswas performed in anMJResearch

PTC-200 thermal cycler. ThePCRprogram consisted of

initial denaturation at 94 �C for 5 min, followed by 35

cycles of 30-s denaturation at 94 �C, 1-min annealing at

50–68 �C depending on primers and 45-s extension at

72 �C, with a final extension at 72 �C for 10 min. After

amplification, 6 lL formamide loading buffer [98 %

formamide, 10 mM EDTA (pH 8.0), 0.5 % (W/V)

xylene cyanol and 0.5 % (W/V) bromophenol blue]was

added to the PCR product. About 5–7 lLmixture of the

PCR product and loading buffer for each sample was

loaded for electrophoresis on 8 % polyacrylamide gels.

The gel was stained and visualized as previously

described (Bassam et al. 1991).

Data analysis and linkage map construction

Segregation of markers and resistance gene loci was

tested for goodness-of-fit to the expected ratio using

the chi-squared tests with the Excel data analysis of

Microsoft Office 2007. A genetic linkage map of

sequence-related amplified polymorphism (SRAP)

markers, SSR markers and the resistance loci was

constructed usingMAPMAKER version 3.0b (Lincoln

et al. 1992). The recombination frequency was con-

verted to map distance (in centimorgans) according to

the Kosambi mapping function (Kosambi 1943). The

markers and resistance gene loci were organized into a

linkage groupwith the ‘group’ command at aminimum

LOD = 3 and maximum distance between two loci of

37.5 cM. The linkage map was drawn using the

software Mapdraw version 2.1 (Liu and Meng 2003).

Determination of polymorphism of flanking

markers in wheat genotypes

The usefulness of a molecular marker in resistance

breeding largely depends upon the polymorphism

between the resistance gene donor and genotypes

without thegene.Todetermine theusefulness offlanking

markers Xcfd19 and Xbarc54 in marker-assisted selec-

tion, 99 wheat genotypes (Supplementary Table 3),

including currently grown spring and winter cultivars,

advanced breeding lines and stripe rust differentials,

were evaluated. The closest SSR markers to the resis-

tance gene in Baidatou were used to test four wheat

cultivars, Fielder, Lee, Tres and Tyee, which contained

stripe rust resistance genes on wheat chromosome 6D.

Results

Characterization of stripe rust resistance

in Baidatou

In the tests under controlled greenhouse conditions,

Baidatou was susceptible (IT 3–4) to Pst races

CYR25, CYR27, CY29, CYR30, CYR31, CYR32,

CYR33 and Sun11-4 at the seedling stage. However,

adult plants of Baidatou were highly resistant (IT 0;).

The control Mingxian 169 was consistently suscepti-

ble (IT 4) with abundant uredinia in all tests. In the

field tests, Baidatou was resistant (IT 0; to 2) at adult

plant stage in Yangling. In contrast, Mingxian 169 was

susceptible (IT 4) in all tests (Supplementary Table 1).

The data were consistent with the previous evaluations

of more than 10 races from 2005 to 2010 at Yangling

and Tianshui (unpublished). These results confirmed

that Baidatou has the typical adult-plant resistance

effective against a wide range of races.

When adult plants of the parents, F1 and F2 were

tested with race CYR33 under field conditions,

Mingxian 169 was susceptible (IT 4) with abundant

uredinia and higher severity, whereas Baidatou was

resistant (IT 0;) (Table 1). All seven F1 plants had IT

0; (necrotic flecks, without sporulation). The 160

inoculated F2 plants were divided into 123 resistant

(IT 0–2?) and 37 susceptible (IT 3-–4), a 3:1 ratio

(v2 = 0.21, P = 0.58) (Table 1). We harvested F2:3
seeds from 155 of the 160 F2 plants. Of them, 35 were

homozygous resistant, 83 segregating and 27 homozy-

gous susceptible lines, showing a 1:2:1 (resistant/

segregating/susceptible) ratio (v2 = 0.83, P = 0.66).

All these results together indicated that a single

dominant gene conferred the stripe rust resistance to

CYR33 in Baidatou. We tentatively designated this

gene as YrBai.
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Mapping of the adult resistance gene YrBai

Of 660 SSR markers screened, four pairs of SSR

primers produced bands appearing to be associated

with stripe rust response in the bulked segregant

analysis (BSA). The associations were confirmed by

genotyping all 155 F2:3 plants. A total of 128 SRAP

markers were also screened in the BSA to enrich

marker density; two of them were polymorphic and

associated with the resistance locus. When genotyped

on all the F2:3 population, the four SSR markers and

two SRAP markers fitted a 3:1 (dominant) or 1:2:1

(co-dominant) ratio, indicating that each of the six

markers inherited as the single locus (Supplementary

Table 2). The polymorphism of SSRmarkers Xbarc54

and Xcfd19 is shown in Supplementary Fig. 1 as an

example. Using these markers, a linkage group

spanning 37.8 cM was constructed around the resis-

tance gene locus (Fig. 1). Two SSR markers (Xbarc54

and Xcfd19) were the closest markers flanking YrBai,

with map distances of 3.6 and 2.1 cM, respectively.

Based on the wheat SSR consensus map (http://wheat.

pw.usda.gov), the four linked SSR markers were

located on the short arm of chromosome 6D, assigning

YrBai on chromosome 6DS.

Polymorphism of markers flanking the YrBai locus

in various wheat genotypes

To determine the usefulness of the two flanking

markers, Xbarc54 and Xcfd19, in marker-assisted

selection, a total of 99 winter wheat genotypes were

tested for polymorphism (Supplementary Table 3). Of

the 99 genotypes, 80 (80.8 %) and 82 (82.8 %) did not

have the alleles that were present in Baidatou at

Xbarc54 and Xcfa19, respectively. Thirteen wheat

genotypes had only the Xbarc54 allele of Baidatou.

For these 13 cultivars, Xcfd19 should be used for

selection. In addition, 11 wheat genotypes had only the

Xcfd19 target allele. For these 11 cultivars, Xbarc54

should be used. A total of six genotypes (Womai 0608,

Danshi 802, Zhongmai 895, Luo 3429, Huaimai 05155

and Wenhang 6) susceptible to Pst race CYR33

showed the same alleles as Baidatou at both loci. Thus,

the two flanking markers could not be directly used in

Table 1 Genetic analysis of stripe rust resistance in wheat cultivar Baidatou with F1, F2 and F2:3 generations derived from the cross

Mingxian 169/Baidatou tested with race CYR33 at adult-plant stage in the field

Race Cross Generation Observed number of F2 plants or F3 lines
a Expected

ratio (R:S)

v2 value P value

Res Seg Sus

CYR33-2010 M169/Baidatou P1 20

P2 20

F1 7

F2 123 37 3:1 0.21 0.58

CYR33-2011 M169/Baidatou P1 20

P2 20

F2:3
b 35 83 37 1:2:1 0.83 0.66

a Res homozygous resistance, Sus homozygous susceptible, Seg segregating lines
b The F2:3 lines were derived from the F2 generation plants in the field

Fig. 1 Linkage map for YrBai on chromosome 6DS. Map

distances in centimorgans (cM) are shown on the left
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marker-assisted selection for YrBai in crosses of these

genotypes with Baidatou as donor due to lack of

polymorphism of the markers in these cultivars.

Because the six winter wheat genotypes are separately

susceptible to CYR33 at seedling and adult stages,

they cannot have YrBai. Single nucleotide polymor-

phisms (SNPs) should be developed to incorporate the

gene YrBai into these six cultivars in marker-assisted

selection.

Because stripe rust resistance genes in wheat

cultivars Fielder (Yr20), Lee (Yr23), Tres (YrTr1)

and Tyee (YrTye) were previously mapped on chro-

mosome 6D, they were compared with Baidatou using

the two closest flanking SSR markers (Xbarc54 and

Xcfd19). The SSR analyses showed that the target al-

lele of Xbarc54 and Xcfd19 was present only in

Baidatou (Fig. 2). According to the greenhouse test,

Fielder carrying Yr20, Lee carrying Yr23, Tres carry-

ing YrTr1 and Tyee carrying YrTye were separately

susceptible to CYR33 at seedling and adult stages

(Supplementary Table 1). The results indicated that

the resistance gene in Baidatou may be different from

these four Yr genes.

Discussion

Baidatou is an old Chinese winter wheat landrace, and

since the 1950s it has been cultivated over a large area

in Tianshui of Gansu Province in China. It was highly

resistant at the adult-plant stage in different locations

in the field, although it was susceptible to most

predominant Chinese Pst races at the seedling stage. In

the present study, we have shown that Baidatou has a

typical adult-plant resistance to stripe rust. We have

identified a single dominant gene conferring adult-

plant resistance in Baidatou and mapped the gene on

wheat chromosome 6DS, tentatively designating it

YrBai. Understanding of the resistance gene in

Baidatou is very helpful for enriching the resources

of disease-resistance genes for wheat breeding pro-

grams, providing a valuable resistance source for the

sustainable control of wheat stripe rust.

Yr20, Yr23, YrTr1 and YrTye are located on

chromosome 6D (Chen et al. 1995a, b). In this study,

we identified a new resistance gene YrBai in wheat

landrace Baidatou. Comparing the SSR genotypes,

YrBai is different from the four other identified Yr

genes. Moreover, the four other Yr genes had been

located on chromosome 6D only by the allelic analysis

and monosomic analysis methods. However, there are

no published articles on the fine chromosome location

for these genes. From previous studies (Chen et al.

1995a, b), Yr20, Yr23, YrTr1 and YrTye are different

based on diallel cross (Chen and Line 1992). From

pedigree, Fielder and Lee originated from North

America, while Baidatou is a winter wheat landrace

in Gansu Province. All these results together strongly

suggest that YrBai is different from those other genes

on wheat chromosome 6D.

To obtain durable and high-level rust resistance, the

ideal approach is to pyramid effective all-stage

resistance into a single wheat cultivar (Chen 2012).

Stripe rust prefers cool temperatures, and it usually

infects wheat from seedling stage to milky stage.

Introgressing all-stage resistance genes into adult-

plant resistance cultivars can prevent rust infection in

wheat at the early growth stage and reduce rust

inoculums in the epidemic region. This will also slow

down the occurrence of new virulence combinations

by genetic recombination (Smith et al. 2002). YrBai is

an adult-plant resistance gene conferring a high level

of resistance to stripe rust in a hot epidemic region of

southern Gansu Province. Introgression of YrBai from

Baidatou into wheat has become crucial to the

continuing needs for sources of resistance to stripe

Fig. 2 PCR amplification profiles of Baidatou, Mingxian 169, Fielder, Lee, Tres and Tyee using SSR markers Xcfd19 (a) and

Xbarc54 (b)
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rust in wheat. Because resistance to stripe rust in many

Chinese cultivars has a relatively narrow genetic base,

the availability of YrBai in wheat and identification of

flanking markers should be beneficial for increasing

the overall diversity available for wheat breeding.
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