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Three QTL were detected in the same population when 
tested at the adult plant stage, two of them being in a simi-
lar position to Rpsp-hFranklin and Rpsp-hYerong and the 
third one was mapped to 5HS. Allelism tests between gen-
otypes that exhibited seedling infection type responses to 
BGYR that were similar to Franklin and Yerong revealed 
that resistance in most were genetically independent of 
Rpsp-hFranklin and Rpsp-hYerong.

Introduction

Stripe rust, caused by Puccinia striiformis, is an impor-
tant disease affecting cereals worldwide. The pathogens 
that cause stripe rust of wheat (Puccinia striiformis f. sp. 
tritici: Pst) and barley (P. striiformis f. sp. hordei: Psh) are 
considered separate formae speciales (special forms) even 
though the host ranges of these pathogens overlap (Stubbs 
1985). In Australia, Pst was first detected in 1979 (O’Brien 
et al. 1980) and while it continues to be a serious disease of 
wheat, it is not an economically important disease of barley 
because all Australian barley cultivars are highly resistant 
to locally occurring Pst isolates (Wellings 2007). Psh has 
not been recorded in Australia; however, tests of Austral-
ian barley cultivars in CIMMYT (International Maize and 
Wheat Improvement Centre) Mexico revealed that a major-
ity of cultivars are susceptible to Psh Race 24 (Wellings 
et al. 2000b).

In 1998, Wellings et  al. (2000b) detected an unusual 
variant of P. striiformis that was isolated from wild Hor-
deum species in Australia. This variant was avirulent on 
most seedlings of the standard wheat stripe rust differential 
genotypes, including cultivars Morocco, Lemhi and Michi-
gan Amber, which are recognised as standard international 
susceptible genotypes of Pst, but partially virulent on the 
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wheat differential Chinese 166, which is used to assay for 
pathogenicity with respect to resistance gene Yr1 (Wellings 
et al. 2000a, b). Given that some pathotypes of Psh are par-
tially virulent on Yr1 (Stubbs 1985), it was initially thought 
that the isolate from Hordeum spp. may have been Psh. 
However, subsequent detailed seedling tests of Australian 
barley cultivars revealed that most were resistant despite 
offshore testing showing they were broadly susceptible to 
Psh (Wellings et al. 2000b).

Molecular studies differentiated isolates of Pst, Psh and 
other P. striiformis taxa from this new pathogen, suggesting 
that it represented an exotic stripe rust incursion into Aus-
tralia (Keiper et al. 2003; Spackman et al. 2010; Wellings 
et al. 2000a). Based on pathogenic and molecular charac-
teristics, it was determined that the pathogen represented a 
new formae speciales of P. striiformis. Although referred 
to as barley grass yellow rust (BGYR), the designation P. 
striiformis f. sp. pseudo-hordei was proposed by Wellings 
(2010) to reflect the distinct pathogenic and molecular biol-
ogy of this variant. BGYR currently represents the most 
immediate stripe rust threat to Australian barley production 
(Wellings et al. 2000b).

Previous studies revealed that the resistance of selected 
Australian barley cultivars to BGYR appeared to be based 
on a small number of genes (Golegaonkar 2007). This 

implied that simple mutational events in the BGYR patho-
gen could result in Psp-h gaining virulence on Australian 
barley cultivars and becoming a significant problem for 
the industry. In order to explore the current and potential 
impact of BGYR on the barley industry in Australia more 
fully, an analysis of genetic diversity and the inheritance 
of resistance with respect to Psp-h was undertaken among 
Australian and diverse barley germplasm.

Materials and methods

Genetic material

The pedigrees of 20 barley genotypes used in the present 
study are provided in Table 1 and Fig. 1. Three F2 and F3 
populations based on crosses between the BGYR suscep-
tible genotype “Biosaline-19” and the resistant cultivars 
Franklin, Molloy and Yerong were used to investigate the 
genetic basis of resistance to BGYR.

F2 populations derived from 15 crosses (Franklin/Molloy, 
Gilbert/Franklin, Franklin/Harrington, Franklin/Kaputar, 
Milby/Franklin, Franklin/Parwan, Franklin/Torrens, Win-
dich/Franklin, Franklin/Yagan, ZUG159/Franklin, Dash/
Yerong, Yerong/Fitzgerald, Naso nijo/Yerong, Yerong/Tilga 

Table 1   Pedigree information of barley genotypes used in this study

a  VIC (Victoria, Australia), NSW (New South Wales, Australia), SA (South Australia, Australia), WA (Western Australia, Australia), QLD 
(Queensland, Australia), TAS (Tasmania, Australia)
b  Not known

Cultivar Year Origina Pedigree

Arapiles 1993 VIC Noyep/Proctor//CI3576/Union/4/Kenia/3/Research/2/Noyep/Proctor/5/Domen

Cowabbie 2002 NSW (AB6/Franklin//Franklin-early)/3/(Rubin/Skiff-early)

Dash 1995 VIC Chad/Joline//Cask

Fitzgerald 1997 WA Onslow/Tas 85-466

Franklin 1989 TAS Shannon/Triumph

Gilbert 1992 QLD Reselection of Mx(Q21517)

Biosaline-19 –b – Susceptible BGYR and Puccinia striiformis f. sp. tritici selection

Harrington 1981 Canada Klages/3/Gazelle/Betzes//Centennial

Kaputar 1993 NSW and QLD 5604/1025/3/Emir/Shabet//CM67/4/F3 Bulk Hip

Milby 2002 NSW (AB6/Franklin//Franklin-early)/3/(Rubin/Skiff-early)

Molloy 1996 WA Golden Promise/WI2395(WARI2-38)/4/(72S:267)XBVT210/3/(66S08-4)
Atlas57//(A14)Prior/Ymer(82S837)/O’Connor

Naso Nijo – Japan Seikei-5/Nirakei-31//Seikei-5

Parwan 1978 VIC Plumage Archer/Prior//Lenta/3/Research/Lenta

Tilga 1997 NSW Forrest/Cantala

Torrens 2002 SA Galleon/CIMMYT 42002

Windich 1989 WA Atlas 57//(A16)Prior/Ymer(68S17-75)/3(B6729)Prior/Lenta//Noyep/Lenta

Yagan 1989 WA Unknown, tested as IB/286, WUM143

Yerong 1990 NSW M22/Malebo

ZUG159 – China Introduced from Zhejiang University, China

ZUG405 – China Introduced from Zhejiang University, China
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and ZUG405/Yerong) and three doubled haploid (DH) pop-
ulations (Franklin/Arapiles, Harrington/Gilbert and Yerong/
Franklin) were used to examine linkage relationships 
between resistance genes in each parent.

Seedling inoculation procedures and disease assessment

Seedlings of all populations and parental lines were grown 
in 90 mm pots containing a mixture of pine bark fines and 
coarse sand, in a ratio of 4:1. Pots were fertilized with a 
soluble nitrogenous fertilizer (Aquasol®, Hortico Pty. Ltd., 
Revesby, NSW, Australia) at the rate of 35 g per 3 L for 100 
pots, prior to sowing. Wheat stripe rust differential lines 
used to identify Pst pathotypes in Australia were sown five 
lines per pot, with ~8–10 seeds per line (Wellings and McI-
ntosh 1990). Lines of the DH population were sown as two 
lines per pot. Approximately 150 F2 seedlings were pheno-
typed in the greenhouse for response to Psp-h and individu-
als were then transplanted into the field at 10 cm spacing. 
These plants were harvested independently at maturity to 
develop F3 populations. Twenty-five to 30 seeds of each F3 
line were sown in a single pot for seedling disease assess-
ments. All lines were maintained in the greenhouse before 
inoculation at 16–20 °C.

Seedlings were inoculated when the first leaf was fully 
expanded (8–10  days after sowing) with BGYR isolate 
981549, isolated from infected barley grass in Victoria in 
1998. Approximately 10  mg of urediniospores was sus-
pended in 10  ml of light mineral oil (IsoparL®, Univar, 
NSW, Australia) and sprayed with a mist atomizer over the 
top of seedlings. Inoculated seedlings were lightly misted 
with double distilled water (to maintain leaf wetness for 
spore germination) and incubated in an enclosed cham-
ber in the dark, overnight at 9–12 °C. After incubation the 
seedlings were transferred to naturally lit microclimate 
rooms, where temperatures were maintained at 16–20 °C.

Disease response was assessed 16–18 days post inocula-
tion, using a 0–4 infection type (IT) scale as described for Pst 
by McIntosh et al. (1995). Where ‘0’ = no visible symptoms, 
‘;’ = necrotic flecks, ‘;n’ = necrotic areas without sporulation, 
‘1’ = necrotic and chlorotic areas with restricted sporulation; 
‘2’ =  moderate sporulation with necrosis and chlorosis, ‘3’ 

sporulation with chlorosis, ‘4’ abundant sporulation without 
chlorosis. Variations of the ITs were indicated by use of ‘−’ 
(less than average for the class), ‘+’ (more than average for 
the class), ‘c’ (chlorosis) and/or ‘n’ (necrosis). Where two 
predominant ITs are observed both ITs are recorded and 
separated with a comma (e.g. IT = ‘1,1+’ and IT = ‘3,3+’). 
Infection types of ‘3’ or higher were considered to indicate 
a compatible response (susceptibility in the host) (McIntosh 
et al. 1995).

Adult plant tests

The Yerong/Franklin doubled haploid population was eval-
uated in the 2006–2007 growing season in the birdcage 
at the Mt Pleasant Laboratories in Launceston, Tasmania. 
Each line was grown in a 2  m row with 0.4  m between 
rows. Fertilizer was applied at 150  kg DAP per ha. All 
experiments were arranged in a randomised complete block 
design with two replications. Disease severity was recorded 
for naturally occurring symptoms of BYGR at the ear 
emergence stage. A 0–3 scale was used to assess disease 
severity, where 0 indicated resistance and 3 indicated sus-
ceptibility in the host.

QTL analysis

A genetic linkage map produced for the Yerong/Frank-
lin DH population using 496 DArT and 28 microsatellite 
(SSR) markers (Li et  al. 2008) was used for QTL analy-
sis. The software package MapQTL6.0 (Van Ooijen and 
Kyazma 2009) was used to detect QTL, which were first 
analysed by interval mapping. The closest marker at 
each putative QTL identified using interval mapping was 
selected as a cofactor and the selected markers were used 
as genetic background controls in the approximate multi-
ple QTL model (MQM). Logarithm of the odds (LOD) 
threshold values, applied to declare the presence of a QTL, 
were estimated by performing the genome wide permuta-
tion tests implemented in MapQTL version 6.0, using at 
least 1,000 permutations of the original data set for each 
trait, resulting in a 95  % LOD threshold around 3.0. The 
percentage of variance explained by each QTL (R2) was 

Fig. 1   Diagrammatic represen-
tation of the genetic relation-
ships between barley genotypes 
(Franklin, Harrington, Windich 
and Parwan) based on pedigree 
information (Table 1)
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obtained using restricted MQM mapping implemented with 
MapQTL6.0.

Statistical analysis

The F2, F3 and DH populations were subjected to Chi 
squared (χ2) analyses, in order to determine the goodness-
of-fit of observed segregation frequencies to expected 
genetic ratios. Results are presented as P values, where 
χ2  =  3.84 at P1 df  =  0.05. The minimum family size 
required to test a genetic hypothesis was calculated accord-
ing to the formula: n = (logP)/logq (Hanson 1959), where 
P is the probability threshold being tested and q is the prob-
ability of failing to observe the phenotype.

Results

Seedling responses of the parental barley genotypes to 
BGYR are presented in Table 2. With the exception of sus-
ceptible genotype Biosaline-19 IT ‘3c’, all cultivars were 
resistant and ITs ranged from ‘0;’ to ‘11+c’. Cultivars were 
classified into three response groups (RGs) based on infec-
tion types. Very low ITs were observed in genotypes of 
RG1 (IT ‘0;’) and RG2 (IT ‘;+cn’ to ‘11+c’). RG3 con-
sisted of the single susceptible genotype Biosaline-19. The 
similarity in IT between cultivars within RGs suggested 
that lines within these groups may carry a gene or genes 
in common. The observed seedling ITs were therefore used 
to design and select genetic populations, to determine the 
inheritance of resistance and to study the genetic diversity 

of genes conferring resistance to BGYR among these 
barley cultivars. Due to the presence of a DH population 
derived from Yerong (RG1) and Franklin (RG2), they were 
chosen as representative genotypes for their respective 
groups.

Genetic analysis

Three F2 populations derived from crossing resistant culti-
vars Franklin, Yerong and Molloy to the susceptible geno-
type Biosaline-19 were assessed for response to BGYR at 
the seedling growth stage. They were developed to investi-
gate the genetic basis of resistance to BGYR in these culti-
vars. Individual F2 lines from these populations were scored 
as either resistant or susceptible, and results are presented 
in Table 3. The IT responses of parental genotypes are illus-
trated in Fig.  2. The frequency of resistant to susceptible 
lines observed in the Franklin/Biosaline-19 (χ2

3:1  =  0.15, 
P = 0.70) and Yerong/Biosaline-19 (χ2

3:1 = 2.46, P = 0.12) 
populations conformed to a 3:1 ratio consistent with the 
segregation of  a single dominant resistance gene. The 
resistance in Yerong conferred an IT of ‘0;’, while that in 
Franklin conferred an IT of ‘11=c’ (Table 2). The Molloy/
Biosaline-19 population segregated in the ratio of 13 resist-
ant: 3 susceptible plants, which conformed to the segrega-
tion of a dominant and a recessive gene acting indepen-
dently (χ2

13:3 = 2.65, P = 0.10) (Table 3).
In order to determine genotypes of the F2 lines pheno-

typed as resistant and susceptible, F3 progeny obtained 
from individually harvested F2 plants were screened with 
BGYR isolate 981549 and scored as non-segregating 

Table 2   The seedling responses of 20 barley genotypes inoculated with BGYR isolate 981549

a  Infection types: ‘0’, no visible symptoms; ‘;’, necrotic flecks; ‘;n’, necrotic areas without sporulation; ‘1’, necrotic and chlorotic areas with 
restricted sporulation; ‘2’, moderate sporulation with necrosis and chlorosis; ‘3’, sporulation with chlorosis; ‘4’, abundant sporulation without  
chlorosis. Variations of the ITs were indicated by use of ‘−’ (less than average for the class), ‘+’ (more than average for the class), ‘c’ (chlo-
rosis) and/or ‘n’ (necrosis). Where two predominant ITs are observed both ITs are recorded and separated with a comma (e.g. IT =  ‘1,1+’ and 
IT = ‘3,3+’). Infection types of ‘3’ or higher were considered to indicate a compatible response (susceptibility in the host) (McIntosh et al. 1995)

Cultivar Infection typea Cultivar Infection typea

Response group 1 (RG1) Response group 2 (RG2) cont.

Dash 0;cn Harrington ;+cn

Fitzgerald 0;n Kaputar ;+cn

Naso Nijo 0; Milby ;1cn

Tilga 0;c Molloy ;+c

Yerong 0; Parwan ;+cn

ZUG405 0; Torrens ;+cn

Response group 2 (RG2) Windich ;+cn

Arapiles ;+cn Yagan ;+cn

Cowabbie ;+cn ZUG159 1cn

Franklin 11+c Response group 3 (RG3)

Gilbert ;+cn Biosaline-19 3c



191Theor Appl Genet (2015) 128:187–197	

1 3

resistant (NSR), segregating (Seg) and non-segregating sus-
ceptible (NSS). Results are presented in Table 4. The ratio 
of F3 lines derived from Franklin/Biosaline-19 conformed 
to a 1 NSR: 2 Seg: 1 NSS ratio, confirming the F2 predic-
tion of  a single gene segregating within this population 
(χ2

1:2:1 = 0.43, P = 0.81) (Online Resource 1). F3 lines of 
the Molloy/Biosaline-19 population segregated 27 NSR: 
33 Seg: 4 NSS (χ2

7:8:1 =  0.29, P =  0.87), consistent with 
results obtained for the F2 generation (Table  3) and sup-
porting the presence of two seedling resistance genes. Seg-
regating lines within the latter F3 population conformed to 
ratios of 3:1, 13:3 and 1:3 resistant to susceptible (Online 
Resource 2), confirming the presence of two independent 
resistance genes, one dominant and one recessive (Table 4). 
However, the F3 lines from the Yerong/Biosaline-19 F2 
population segregated in a two-gene segregation ratio 
(χ2

7:8:1 = 2.30, P = 0.32), which differed from the expected 

one-gene segregation ratio (3:1) obtained in F2 (Table  4). 
The discrepancy observed between the F2 and F3 popula-
tions may have been due to the loss of field grown F2 plants 
as a result of severe rust infection compounded by unusu-
ally wet harvest conditions. This may explain the apparent 
deficiency in Seg and NSS F3 lines. Examination of the 32 
Seg F3 lines revealed evidence for a single resistance gene 
(χ2

heterogeneity  =  13.83, P31df  >  0.99) (Online Resource 3), 
which confirmed the prediction based on F2 tests.

The Yerong/Franklin DH population segregated in 
a 3 resistant: 1 susceptible ratio at the seedling stage 
(χ2

3:1  =  0.01, P  =  0.93) providing further evidence that 
single independent genes for resistance to BGYR isolate 
981549 exists in both Yerong and Franklin (Table 5, Online 
Resource 4). The Yerong/Franklin DH population also seg-
regated in a 3 resistant: 1 susceptible ratio at the adult plant 
stage (χ2

3:1 = 1.94, P = 0.16).

Tests of allelism

Resistant barley genotypes in RG1 were crossed to Yerong 
and resistant barley genotypes in RG2 were crossed to 
Franklin because both these cultivars were shown to pos-
sess single independent dominant resistance genes to 
BGYR (Tables  3, 4 and Online Resource 3). Individual 
lines within these F2 populations were scored as either 
resistant or susceptible. Results from each F2 cross are pre-
sented in Table 6.

No susceptible segregates were observed in the crosses 
Franklin/Harrington, Windich/Franklin, Franklin/Parwan, 
Naso Nijo/Yerong, Dash/Yerong, and Yerong/Fitzger-
ald, indicating the presence of at least one common seed-
ling resistance gene in the parental genotypes of each 
cross (Table  6). The distribution of resistant to suscep-
tible lines within the F2 populations of Gilbert/Franklin 
(χ2

15:1  =  1.61, P  =  0.20), Milby/Franklin (χ2
15:1  =  1.38, 

P  =  0.24), ZUG159/Franklin (χ2
15:1  =  4.92, P  =  0.03), 

ZUG405/Yerong (χ2
15:1 = 0.02, P = 0.89) and Yerong/Tilga 

(χ2
15:1 = 0.54, P = 0.46) conformed to a segregation ratio 

of 15 resistant: 1 susceptible, indicating that it is likely that 
each parental genotype possessed  a single independent 

Table 3   The frequency of resistant and susceptible F2 seedlings derived from crosses involving three Australian barley cultivars with susceptible 
genotype Biosaline-19 to BGYR isolate 981549

a  χ2 = 3.84 at 1 df, where P = 0.05
b  Minimum family size required for the detection of one and two genes is 10 and 46 plants, respectively, at P = 0.05 (Hanson 1959)

Cross Observed frequencies Tested ratio  
(R:S)

χ2 P valuea Predicted number 
of genesb

R S

Molloy/Biosaline-19 214 37 13:3 2.65 0.10 2

Franklin/Biosaline-19 57 21 3:1 0.15 0.70 1

Yerong/Biosaline-19 141 35 3:1 2.46 0.12 1

Fig. 2   Response of barley seedlings infected with BGYR isolate 
981549 (from left to right): Yerong (IT ‘0;’), Franklin (IT ‘11+c’), 
Molloy (IT ‘;+c’) and Biosaline-19 (IT ‘3c’)
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dominant gene for resistance to BGYR (Table  6). A 63 
resistant: 1 susceptible ratio was observed in the F2 popula-
tions of Franklin/Torrens (χ2

63:1 = 0.63, P = 0.43), Frank-
lin/Cowabbie (χ2

63:1  =  0.14, P  =  0.63), Molloy/Franklin 
(χ2

63:1 = 0.09, P = 0.77) and Franklin/Yagan (χ2
63:1 = 0.18, 

P = 0.68), indicating the segregation of three independent 
genes (Table 6). The frequency of resistant and susceptible 

lines in the Franklin/Kaputar F2 population fitted a 13 
resistant: 3 susceptible ratio, indicating segregation for one 
dominant and one recessive gene (χ2

13:3 = 0.69, P = 0.41) 
(Table 6).

Results from two DH populations, in addition to the 
Yerong/Franklin population, were included in this study. 
The Franklin/Arapiles DH population segregated 30 

Table 4   Frequencies of resistant and susceptible F3 seedlings derived from crosses involving three Australian barley cultivars with susceptible 
genotype Biosaline-19 to BGYR isolate 981549

a  χ2 = 5.99 at 2 df, where P = 0.05

Cross Observed frequencies Tested ratio χ2 P valuea Predicted number 
of genes

NSR Seg NSS (NSR:seg:NSS)

Molloy/Biosaline-19 27 33 4 7:8:1 0.06 0.96 2

Franklin/Biosaline-19 14 34 15 1:2:1 0.43 0.81 1

Yerong/Biosaline-19 29 32 1 7:8:1 2.30 0.32 2

Table 5   Frequency of resistant and susceptible lines in three DH populations inoculated with BGYR isolate 981549

a  χ2 = 3.84 at 1 df, where P = 0.05
b  Minimum family size required for the detection of two, three and four genes are 10, 22 and 46 plants, respectively at P = 0.05 (Hanson, 1959)
c  Results from Mt Pleasant laboratories, Launceston, Tasmania

Cross Observed frequencies Tested ratio  
(R:S)

χ2 P valuea Predicted number 
of genesb

R S

Yerong/Franklin 116 38 3:1 0.01 0.93 2

Yerong/Franklinc 140 36 3:1 1.94 0.16 2

Franklin/Arapiles 30 2 15:1 0.00 1.00 4

Harrington/Gilbert 51 3 15:1 0.04 0.83 4

Table 6   Frequencies of 
resistant and susceptible F2 
seedlings derived from crosses 
of selected barley cultivars 
to Franklin or Yerong against 
BGYR isolate 981549

* Significant value
a  Results from two to three 
F2 populations were pooled 
on the basis of a Chi squared 
heterogeneity test
b  χ2 = 3.84 at 1 df, where 
P = 0.05
c  Minimum family size 
required for the detection of two 
and three genes is 46 and 190 
plants respectively at P = 0.05 
(Hanson 1959)

Cross Observed  
frequenciesa

Tested ratio  
(R:S)

χ2 P valueb Predicted number 
of genesc

R S

Naso Nijo/Yerong 88 0 No segregation – – –

ZUG405/Yerong 111 7 15:1 0.02 0.89 2

Yerong/Tilga 207 11 15:1 0.54 0.46 2

Dash/Yerong 91 0 No segregation – – –

Yerong/Fitzgerald 112 0 No segregation – – –

Gilbert/Franklin 351 17 15:1 1.61 0.20 2

Milby/Franklin 324 16 15:1 1.38 0.24 2

Franklin/Harrington 333 0 No segregation – – –

Windich/Franklin 330 0 No segregation – – –

ZUG159/Franklin 343 34 15:1 4.92* 0.03 2

Franklin/Torrens 326 7 63:1 0.63 0.43 3

Franklin/Cowabbie 197 4 63:1 0.24 0.63 3

Franklin/Yagan 241 3 63:1 0.18 0.68 3

Franklin/Kaputar 106 20 13:3 0.69 0.41 2

Franklin/Parwan 111 0 No segregation – – –

Molloy/Franklin 224 3 63:1 0.09 0.77 3
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resistant: 2 susceptible lines (P  =  1) indicating the pres-
ence of four seedling resistance genes in this population. 
The Harrington/Gilbert DH population segregated in a 15 
resistant: 1 susceptible ratio (χ2

15:1 = 0.04, P = 0.83), indi-
cating the segregation of four independent genes (Table 5). 
The Yerong/Franklin population exhibited a 3 resistant: 1 
susceptible ratio in both inoculated greenhouse tests and in 
naturally infected field trials, indicating that there were two 
genes segregating within this population. The availability 
of a molecular map for the Yerong/Franklin DH population 

allowed further investigations into the chromosomal loca-
tion of resistance to BGYR in these cultivars.

Mapping BGYR resistance in the Yerong/Franklin DH 
population

The phenotypic response data obtained from greenhouse 
tests were used to map loci conferring resistance to BGYR 
at the seedling growth stage in the Yerong/Franklin DH 
population (Online Resource 4). The analysis identified 
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Fig. 3   Major QTL on chromosome 5H and chromosome 7H associ-
ated with resistance to the BGYR isolate 981549 at the seedling stage 
in the Yerong/Franklin DH population, including thresholds for the 

logarithm of odd ratio (LOD = 3) where Rpsp-hFranklin represents 
resistance in Franklin and Rpsp-hYerong represents resistance in 
Yerong



194	 Theor Appl Genet (2015) 128:187–197

1 3

major QTLs on the long arms of chromosomes 5H and 
7H (Fig. 3). The QTL located on chromosome 7HL corre-
sponded to the seedling resistance gene identified in Yerong 
(LOD value of 12.01). The 7HL QTL explained 27  % of 
the total phenotypic variance (Table 7) and was associated 
with DArT marker bPb-6167. This QTL was tentatively 
designated Rpsp-hYerong. The second QTL contributed 
by Franklin was located on the long arm of chromosome 
5H and explained 9  % of the total phenotypic variance 
(Table  7). It was associated with DArT marker bPb-8462 
with a LOD value of 4.52 (Table  7), and was tentatively 
designated Rpsp-hFranklin. Three QTLs were detected for 
resistance at the adult plant stage from the field trial, two 
of them being in the similar positions of Rpsp-hYerong and 
Rpsp-hFranklin. The third QTL contributed by Franklin 
was identified on chromosome 5HS and explained 7.8 % of 
total genetic variation. Because this gene was not detected 
in seedling tests, it is likely that it confers adult plant resist-
ance (APR). It was associated with DArT marker bPb-7651 
and had a LOD value of 3.78 (Table 7; Fig. 4).

Discussion

Stripe rust of barley grass (BGYR) caused by P. striiformis 
f. sp. pseudo-hordei is a relatively new disease in Australia 
(Wellings 2010). It was initially recognised as a new forma 
specialis based on its virulence pattern on the Australian 
wheat stripe rust differential set (Wellings et  al. 2000a). 
Although BGYR is adapted to wild Hordeum sp., it can 
cause significant disease on certain Australian commercial 
barley cultivars (Skiff and Skiff derivatives) under green-
house and field conditions, with yield losses of up to 10 % 
recorded in Victoria (Wellings et al. 2000a, b). Golegaonkar 
(2007) revealed that in addition to Skiff (and the derivative 
cultivar Tantangara), six Australian barley cultivars (Clip-
per, Cutter, Keel, Ketch, Maritime, and Prior) were also 
potentially vulnerable to the BGYR pathogen.

In the present study, 20 barley genotypes were screened 
at the seedling growth stage against a standard isolate of 
BGYR, and with the exception of the susceptible genotype 
Biosaline-19, all exhibited resistant reactions. The geno-
types were classified into three phenotype groups based on 
IT response. Results obtained from screening the Yerong 
(RG1)/Franklin (RG2) DH population revealed that each 
parent carried a single independent resistance gene, effec-
tive against BGYR isolate 981549. Segregation ratios 
observed in F2 and F3 populations developed from a cross 
between Yerong and Franklin with Biosaline-19 (suscepti-
ble), indicated that resistance in these cultivars were gov-
erned by dominant genes. The genes for seedling resistance 
in Franklin and Yerong were mapped to the long arms of 
chromosomes 5H and 7H, respectively, and temporarily 

designated Rpsp-hFranklin and Rpsp-hYerong. An addi-
tional gene for adult plant resistance was mapped to chro-
mosome 5HS.

Only two genes for resistance to BGYR have been 
mapped in barley. Golegaonkar (2007) mapped a recessive 
seedling gene (Bgyr1) in barley cultivar Sahara 3771 to the 
long arm of chromosome 7H, and an APR gene (Bgyr2) 
in Clipper to chromosome 3HL. In this study, the seedling 
resistance observed in Yerong (Rpsp-hYerong) was also 
mapped to chromosome 7HL, linked to DArT marker bPb-
6167. In addition to BGYR resistance, Sui et  al. (2010) 
identified A dominant gene (YrpstY1) in the Chinese barley 
line Y12, conferring resistance to Pst pathotype CYR32. 
This gene was flanked by SSR markers EBmac755 and 
AWBMS022, and positioned at roughly 162  cM on chro-
mosome 7H (Sui et al. 2010; Wenzl et al. 2006). Based on 
the barley linkage maps of Alsop et al. (2011) and Wenzl 
et  al. (2006) Rpsp-hYerong and YrpstY1 are <2  cM apart. 
Field data obtained in CIMMYT (Toluca, Mexico) for 
the Yerong/Franklin DH population revealed that Yerong 
and Franklin carried genes effective against Psh Race 24 
(Online Resource 5). The resistance to Psh in Yerong was 
also linked to DArT marker bPb-6167 and is likely to be 
conferred by Rpsp-hYerong (Online Resource 6). This indi-
cates that this gene may be effective against both BGYR 
and Psh and may play an important role in protecting bar-
ley from both formae speciales of P. striiformis.

The relationship between Bgyr1, YrpstY1 and Rpsp-
hYerong is currently unknown. Phenotypic differences 
observed between Yerong (IT ‘0;’) and Sahara 3771 (IT 
‘1++2cn’) in response to BGYR isolate 981549 suggests 
that these genes are most likely different. Rpsp-hYerong 
was also shown to be dominant, contrasting to the recessive 
nature of Bgyr1. Further tests are needed to study the allelic 
relationship between the three genes.

Similar IT reactions observed in each response group 
suggested that lines in these groups may carry a common 
gene or genes. Populations developed to study the rela-
tionship between the single gene observed in Yerong and 
genotypes classified in RG1 and the single gene observed 
in Franklin and genotypes classified in RG2 resulted in 
the identification of a number of additional genes. Tests 

Table 7   Details of QTLs identified from a double haploid population 
derived from Yerong/Franklin providing seedling resistance and adult 
plant resistance to BGYR

a  Explained phenotypic variance

QTL Chromosomal 
location

Closest marker LOD R2 (%)a

Rpsp-hFranklin 5HL bPb-8462 4.52 9.1

Rpsp-hYerong 7HL bPb-6167 12.01 27.1

BGYR-3 5HS bPb-7651 3.78 7.8
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of allelism conducted between crosses developed from 
Naso Nijo/Yerong, ZUG405/Yerong, Yerong/Tilga, Dash/
Yerong, Yerong/Fitzgerald indicated that Dash, Naso Nijo 
and Fitzgerald also carry Rpsp-hYerong. This is because 
no segregation was observed in these populations. Tilga 
and ZUG405 were each shown to carry a gene independent 
of Rpsp-hYerong. The genetic relationship between these 
genes, however, is currently unknown.

No segregation in BGYR response was observed among 
progeny derived from crosses Franklin/Harrington, Wind-
ich/Franklin and Franklin/Parwan. This suggests that cul-
tivars Harrington, Windich and Parwan most likely carry 
Rpsp-hFranklin. It is possible that the resistance observed 

in these cultivars is provided by barley genotype Kenia, 
as all four are derivatives of Kenia (Fig.  1). Single genes 
independent of Rpsp-hFranklin were observed in Gilbert, 
Milby, ZUG159 and Kaputar. Segregation ratios observed 
in the Franklin/Kaputar population suggest that resistance 
in Kaputar was governed by a recessive gene. A three gene 
segregation ratio was observed in the Franklin/Torrens, 
Franklin/Cowabbie, Franklin/Yagan and Molloy/Franklin 
populations, suggesting that Torrens, Cowabbie, Yagan and 
Molloy each carry two genes effective against BGYR iso-
late 981549, independent of Rpsp-hFranklin. Resistance 
in Molloy was shown to be governed by a dominant and a 
recessive gene. Nover and Scholz (1969) and Chen and Line 
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Fig. 4   Significant QTLs associated with BGYR resistance in the 
Yerong/Franklin DH population at the adult plant stage, where Rpsp-
hFranklin and Rpsp-hYerong represent seedling resistance genes iden-

tified in Franklin and Yerong, respectively and BGYR-3 represents an 
adult plant resistance gene in Franklin
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(1999, 2003) reported that recessive genes conferring resist-
ance to P. striiformis were common in barley. The high inci-
dence of recessive genes suggests that although resistance 
is most often reported to be dominant in genetic studies of 
plant disease resistance (De Wit 1992), recessive resistance 
may be just as frequent (Chen and Line 1999, 2003).

Screening the Franklin/Arapiles and Harrington/Gilbert 
DH populations revealed that each likely segregated for four 
independent genes. Based on this, resistance to BGYR in Ara-
piles and Harrington appear to be governed by three genes. 
Since no segregation was observed in the Franklin/Harrington 
F2 population, resistance in Harrington is therefore governed 
by Rpsp-hFranklin and two additional genes. In order to 
determine whether these DH populations are carrying linked 
genes, further tests using larger populations (to recover rare 
recombinants) and/or multiple BGYR pathotypes (to test for 
multiple alleles at a single locus) would be needed.

Of the 20 barley genotypes investigated, only two 
(Franklin and Tilga) have been studied previously. Gole-
gaonkar (2007) showed that resistance to BGYR in Frank-
lin was governed by two genes, contrasting to the results 
obtained in this study. Field tests of the Yerong/Franklin 
DH population to BGYR in Launceston Tasmania revealed 
that in addition to the major seedling gene in Franklin, on 
chromosome 5HL, a second resistance gene was present on 
chromosome 5HS (Table 7; Fig. 4). This gene is believed 
to confer adult plant resistance. While APR is typically 
expressed at adult growth stages, it can be detected in 
seedling tests under certain conditions (e.g. Park and McI-
ntosh 1994; Pretorius et  al. 1984). It is therefore possible 
that Golegaonkar (2007) may have observed the segrega-
tion of the second APR gene in Franklin in seedling green-
house rust screening. Tilga was reported to carry a single  
dominant gene (Golegaonkar 2007), which is in agreement 
with the current findings. Resistance in Tilga was shown to 
be genetically distinct from the minor gene for resistance 
detected in Skiff and Tantangara (Golegaonkar 2007) and 
shown in this study to be independent of Rpsp-hYerong.

Unlike the nature and genetics of resistance to stripe rust 
of wheat and barley, resistance to BGYR has been studied 
in relatively few barley genotypes and few genes have been 
identified. Information on the number of genes for resist-
ance and their mode of inheritance will be useful for moni-
toring pathogenicity in BGYR (i.e., identifying and differ-
entiating new pathotypes of the pathogen) and in avoiding 
the narrowing of genetic diversity of resistance to this 
pathogen in commercially grown barley cultivars. Results 
from the present study revealed that most barley culti-
vars possessed at least  a single gene for resistance against 
the BGYR pathogen, in agreement with findings by Gole-
gaonkar (2007). Genetic studies conducted on 20 barley 
genotypes using F2 and F3 populations revealed the presence 
of 15 dominant and two recessive genes effective against the 

BGYR pathogen. Studies of allelism in two DH populations 
(Franklin/Arapiles, Harrington/Gilbert) revealed an addi-
tional five genes. Cultivars that did not segregate with resist-
ance in Franklin (Windich and Parwan) and Yerong (Naso 
Nijo, Dash and Fitzgerald) may carry additional genes for 
resistance. Further studies should be conducted to determine 
the number of genes present within these genotypes. Inter-
crossing these resistant lines will help determine whether 
they share any common genes. The relationship between the 
genes observed in Arapiles, Cowabbie, Harrington, Kaputar, 
Milby, Molloy, Parwan, Tilga, Torrens, Yagan, ZUG159 and 
ZUG405 is currently unknown and allelism tests are needed 
to characterise the potential for diversity of resistances 
observed in these genotypes.

A relatively low number of seedling genes were identi-
fied in each cultivar (one to two genes) and the presence 
of common genes between some of these cultivars indicate 
that the BGYR pathogen could become a major concern if 
it acquires virulence for these genes progressively, such as 
that experienced in Australia with wheat against Pst (Well-
ings 2007) and in North America with barley against Psh 
(Brown et al. 2003). It is therefore important to continue to 
monitor the BGYR pathogen population closely for changes 
in virulence with respect to single gene stocks identified in 
this work. The single independent seedling resistance genes 
Rpsp-hYerong and Rpsp-hFranklin identified and the single 
genes identified in previous studies (Skiff and Sahara 3771) 
(Golegaonkar 2007) could become the basis of a barley dif-
ferential set for monitoring the BGYR pathogen. Current 
approaches to BGYR control include avoiding the release 
of susceptible genotypes, as this could provide opportunities 
for further evolution within the pathogen population, poten-
tially leading to new pathogenic variants with increased vir-
ulence on wheat and/or barley (Wellings 2007).
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