
Introduction

Stripe (yellow) rust caused by Puccinia striiformis

f. sp. tritici (Pst) is an important disease of wheat

worldwide. Genetic resistance is a very cost-effec-

tive means of controlling this disease, and it re-

duces the need for fungicides. Genetic resistance

also reduces overall inoculum levels, not only dur-

ing the cropping cycle but also between cropping

cycles because self sown volunteer plants are also

resistant. A single resistance gene in a susceptible

background can however be neutralised by the

evolution of a new rust pathotype with matching

virulence. To date, at least 33 loci conferring resis-

tance to stripe rust have been identified, character-

ised and catalogued (McIntosh et al. 1995). Most

of these resistance genes have been overcome by

rust pathotypes with matching virulence in differ-

ent parts of the world.

Resistance to rust diseases is often classified as

seedling resistance or adult plant resistance

(APR), which are discriminated on the basis of the

growth stage at which the resistance is first de-

tected. Seedling resistance to stripe rust is ex-

pressed at seedling growth stages and is usually

effective throughout the life of the host. APR is ex-

pressed at post-seedling growth stages only. Al-

though APR can be more durable than seedling

resistance, knowledge of the genetic control of

APR is limited in comparison to that of the seed-

ling resistances. Of the 33 catalogued stripe rust

resistance genes, only eight (Yr11, Yr12, Yr13,

Yr14, Yr16, Yr18, Yr29 and Yr30) confer APR

(McIntosh et al. 1995). Given the ephemeral na-

ture of seedling resistance, there is an increasing

need to expand our knowledge of the genetics of

APR to expedite its incorporation into commercial

wheat cultivars.
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In a previous study, stripe rust resistance was

assessed in a selection of 105 European wheat

cultivars (Pathan 2004). Several cultivars were

identified in this study that carried potentially new

sources of seedling resistance and APR. The cur-

rent study was undertaken to determine the num-

ber of genes controlling seedling resistance and

APR to stripe rust in three of these cultivars

(Pegaso, Victo and Aztec) and in four cultivars

from New Zealand (Weka, Kopara, Kokart and

Takahe) that were also identified as carrying APR

to stripe rust (Pathan 2004). The seven cultivars

were selected because they displayed levels of

APR ranging from very high to low/moderately

low, suggesting the presence of different resis-

tance genes.

Materials and methods

Host and pathogen materials

Plant materials included the European wheat

cultivars Aztec (France), Pegaso (Italy) and Victo

(France), and the New Zealand wheat cultivars

Kopara, Takahe, Kokart and Weka (Table 1).

Two Australian cultivars, Avocet R (a selection of

the cultivar Avocet, carrying the seedling stripe

rust resistance YrA) and Nyabing 3 (a stripe rust

susceptible selection from the Australian wheat

cultivar Nyabing) were used as susceptible con-

trols and were also used as susceptible parents in

generating segregating populations. The differen-

tial wheat genotypes used to characterise

pathotypes of Pst in Australia (McIntosh et al.

1995) were included as controls in seedling tests.

For inheritance studies, seven hybrid populations

(F3 and/or BC1F2) were used, and 10 F2 popula-

tions were used for allelism studies (Table 1).

The pathogen isolates used included 10 Pst

pathotypes from the Plant Breeding Institute (PBI)

collection (Table 2). All field tests were conducted

at PBI using a single pathotype, 110 E143 A+

(PBI Accession Number 861725).

Greenhouse studies

Multipathotype tests of the cultivars using up to

10 pathotypes of Pst were conducted in the green-

house to postulate the identities of any seedling

rust resistance genes present. From 10 to 15 seed-

lings were raised in 9cm diameter pots in a coarse

potting mix comprising composted pine bark

(4 parts) and coarse sand (1 part). Pots were ferti-

lised at sowing with a complete fertiliser

(Aquasol®, 25 g 10 L–1 water), and after 6–7 days,

with a nitrogenous fertiliser (Nitram®, 25 g 10 L–1

water). Seedlings were inoculated with each rust

pathotype at the two leaf stage by atomising

urediniospores suspended in a light mineral oil

(Pegasol®, 10 mg urediniospores/10 mL oil per

200 pots) using a hydrocarbon propellant pressure

pack. Inoculated seedlings were placed on trolleys

with in-built water baths, covered with polythene

hoods, and then incubated at 10–12oC for

18–24 hours in a dark temperature controlled cool

room. The condensation generated under the

hoods during incubation was sufficient to allow

infection. Infected seedlings were transferred to

greenhouse growth rooms in which temperature
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Table 1. Details of parental cultivars and hybrid populations used for the genetic analysis of resistance to Puccinia

striiformis f. sp. tritici in seven wheat cultivars

Cultivar Pedigree Cross Population
type

Azteca Moulin/NRPB 84-4226 Aztec/Avocet R BC1F2

Pegasoa Z 1/Rubin Pegaso/Avocet R BC1F2 and F3

Victoa NK-79-W-810/W-0010-E//W-1051-A[1790];NK-79-W-810/W-0010//
W-1051-A[000];

Victo/Avocet R F3

Kokartb Grano/Claudius//Caribo/3/Kolidri Kokart/Nyabing 3 F3

Koparab Arawa/Gabo/Atson/Selkirk/3/Arawa/Selkirk//Aotea/Hilgendorf Kopara/Nyabing 3 BC1F2 and F3

Takaheb 1066.1/7/Aotea/AFederation/5/Aotea//RedAotea/3/Aotea Takahe/Nyabing 3 BC1F2 and F3

Wekab Opal/1056.01//Kloka/1018.01 Weka/Nyabing 3 BC1F2

Avocet 'R'c,d WW19/Raven//24/43

Nyabing 3c,e WT329/IW753, WD194

a Culitvars developed in Europe
b Cultivars developed in New Zealand
c Australian cultivars susceptible to stripe rust
d Avocet ‘R’ is a selection of the cultivar Avocet, carrying the seedling resistance YrA (McIntosh et al. 1995)
e Nyabing 3 is a selection from the Australian wheat cultivar Nyabing



was maintained within the range 17–18oC. Dis-

ease assessments followed the 0–4 infection type

(IT) scoring system outlined by McIntosh et al.

(1995). Infection types of 3 or higher were re-

garded as compatible (high infection type; high

IT), whereas ITs lower than 3 were regarded as in-

compatible (low infection type; low IT). The pres-

ence or absence of genes in the test cultivars was

postulated by correlating their responses to control

differential genotypes against a given pathotype.

A high IT on the test cultivar indicated that it did

not have any of the resistance genes effective

against that pathotype.

Field studies

Adult plant resistance was assessed in parents as

well as hybrid populations by creating artificial

epidemics in the field. Plots of the parental

cultivars and of segregating populations derived

from these culitvars were established with a bor-

der of the stripe rust susceptible wheat cultivars

Avocet and Morocco as a spreader row. A suspen-

sion of urediniospores of pathotype 110 E143 A+

in Pegasol® (ca. 0.10 g L–1) was misted over the

spreader rows using an ultra-low-volume applica-

tor on at least three mid-winter evenings when

there was a high likelihood of dew formation over-

night. A modified Cobb scale (Peterson et al.

1948) was used to score disease response in the

field, incorporating both percent leaf area affected

and host response (R – no uredinia present and ne-

crotic areas without pustules; MR, small uredinia

with slight sporulation, chlorosis and/or necrosis

surrounding small uredinia as a result of an incom-

patible reaction; MRMS, small to moderate sized

uredinia with moderate to heavy sporulation, some

chlorosis may be visible; MS, medium size

uredinia with moderate to heavy sporulation, some

chlorosis may still be present; and S, large uredinia

with abundant sporulation, uredinia often co-

alesced to form lesions without any visible

chlorosis or necrosis).

The stripe rust responses of the parental

cultivars were scored in three different field nurs-

eries (years 2000, 2001 and 2002). Disease assess-

ments using the modified Cobb scale were made

on at least four occasions in the 2002 field nursery.

Area under the disease progress curve (AUDPC)

was calculated from these scores using the expres-

sion [yi = (yi+1)/2] [�t], where yi and yi+1 were

successive assessments and t was the time interval

between individual assessments.

F3 and/or BC1F2 lines generated from F1 hy-

brids were derived from crosses between the resis-

tant and susceptible parents. F2 seeds were

harvested from at least two F1 plants on which
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Table 2. Pathotypes of Puccinia striiformis f. sp. tritici used to characterise stripe rust resistance and also in

genetic studies of adult plant resistance in three European and four New Zealand wheat cultivars

Pathotype Accession number Virulence/Avirulence

104 E137 A+ 821552 Yr2, Yr3, Yr4, YrSDa, YrSOb, YrAc / Yr1, Yr5, Yr6, Yr7, Yr8, Yr9, Yr10, Yr17, Yr27,
YrCVd, YrSPe

104 E9 A+ 881534 Yr3, Yr4, YrSD, YrSO, YrA / Yr1, Yr2, Yr5, Yr6, Yr7, Yr8, Yr9, Yr10, Yr17, Yr27,
YrCV, YrSP

104 E137 A–, Yr17+ 991584 Yr2, Yr3, Yr4, Yr17, YrSD, YrSO / Yr1, Yr5, Yr6, Yr7, Yr8, Yr9, Yr10, Yr27, YrCV,
YrSP, YrA

106 E139 A–, Sk+ 911582 Yr2, Yr3, Yr4, Yr7, Yr27,YrSD, YrSO / Yr1, Yr5, Yr6, Yr8, Yr9, Yr10, Yr17, YrCV,
YrSP, YrA

108 E141 A– 832002 Yr2, Yr3, Yr4, Yr6, YrSD, YrSO / Yr1, Yr5, Yr7, Yr8, Yr9, Yr10, Yr17, Yr27, YrCV,
YrSP, YrA

110 E143 A+ 861725 Yr2, Yr3, Yr4, Yr6, Yr7, YrSD, YrSO, YrA / Yr1, Yr5, Yr8, Yr9, Yr10, Yr17, Yr27,
YrCV, YrSP

111 E143 A– 881732 Yr1, Yr2, Yr3, Yr4, Yr6, Yr7, YrSD, YrSO / Yr5, Yr8, Yr9, Yr10, Yr17, Yr27, YrCV,
YrSP, YrA

111 E143 A–, Sk+ 991710 Yr1, Yr2, Yr3, Yr4, Yr6, Yr7, Yr27, YrSD, YrSO / Yr5, Yr8, Yr9, Yr10, Yr17, YrCV,
YrSP, YrA

134 E16 A+ 021510 Yr6, Yr7, Yr8, Yr9, YrA / Yr1, Yr2, Yr3, Yr4, Yr5, Yr10, Yr17, Yr27, YrSD, YrSO,
YrCV, YrSP

238 E143 A+ 951504 Yr2, Yr3, Yr4, Yr6, Yr7, Yr9, YrSD, YrSO, YrA / Yr1, Yr5, Yr8,Yr10, Yr17, Yr27,
YrCV, YrSP

a Uncharacterised resistance in differential genotype Strubes Dickkopf (McIntosh et al. 1995)
b Uncharacterised resistance in differential genotype Suwon Omar (McIntosh et al. 1995)
c Uncharacterised resistance in differential genotype Avocet (McIntosh et al. 1995)
d Uncharacterised resistance in differential genotype Carstens V (McIntosh et al. 1995)
e Uncharacterised resistance in differential genotype Spaldings Prolific (McIntosh et al. 1995)



the backcrosses were made, and were sown in the

field to observe segregation in the F2 generation

and to ensure that the F1 plants on which back-

crosses were made were not selfs. The F2 plants

were also scored in the 2001 disease nursery,

and those that were susceptible were marked with

coloured spray paint that was identifiable

at threshing. The progeny of the susceptible F2

plants identified in this way were then critically

assessed for stripe rust response in the following

generation.

All F3 and BC1F2 field plots were grown as

a single row 1–1.5 m long at 20–30 cm spacing us-

ing 30–40 seeds for each line. F2 seeds were space

planted (3–4 cm apart) in 15–20 m long rows.

Field evaluations of segregating populations were

carried out 3–4 times at 10–15 day intervals during

adult plant growth stages. However, data are pre-

sented for the final disease scorings only, which

were made when the susceptible parent exhibited

a disease response of 100S.
BC1F2 lines were classified as segregating

(SegS) or homozygous susceptible (HS). F3 lines
from all crosses, except Victo/Avocet R, were
scored and classified as described by Singh and
Rajaram (1992). The four classes were homozy-
gous resistant for the resistant parental type re-
sponse (HPTR), either segregating or homo-
zygous resistant for disease levels higher than that
of the resistant parent but less than that of the sus-
ceptible parent (SegI), segregating with disease
levels reaching the susceptible parent (SegS), and
homozygous susceptible (HS). F3 lines derived
from the cross Victo/Avocet R were classified as
homozygous resistant (HR), segregating (SegS)

or HS because segregation for a single locus only
was observed in this population.

In tests of allelism, resistant parents were

intercrossed (without reciprocal combinations)

and F2 populations were generated from the resul-

tant F1 hybrids. Time constraints precluded ad-

vancing the F2 plants to the F3 generation. For F2

populations derived from crosses between resis-

tant parents, only one disease estimate was made

when the susceptible controls (parents used in re-

sistant by susceptible crosses) exhibited a re-

sponse of 100S. Variation in resistance phenotype

and the number of susceptible plants within each

F2 population were recorded in these studies.

Chi-squared analyses were carried out to test

the distribution of observed phenotypic frequen-

cies against those expected from theoretical segre-

gation models. Within each population, a test of

heterogeneity was performed for individuals de-

rived from a cross to establish homogeneity

of data before pooling data from different crosses

for further analysis.

Results

Seedling stripe rust resistance genes

Multipathotype tests using up to 10 pathotypes of

Pst enabled postulation of seedling resistance

genes in each test cultivar (Table 3). Cultivars

Pegaso, Victo, Weka and Kopara displayed high

infection types with all Pst pathotypes, indicating

that they lacked detectable seedling stripe rust re-

sistance genes. The identical infection type pattern
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Table 3. Postulation of seedling genes conferring resistance to Puccinia striiformis f. sp. Tritici in three European

and four New Zealand wheat cultivars based on multipathotype tests

Cultivar Genes
postulated

Pathotypea

A B C D E F G H I J

Kopara None 3+ 33+ 3+ 33+ 33+ 3– 3 33+ –b –

Pegaso None 3+ 3+ 3++ 3+ 3 33+ 33+ 3+ 3+ 33+

Victo None 33+ 33+ 3+ 3+ 33+ 3 33+ 33+ 3+ 3++

Weka None 3+ 3+ 3+ 33+ 3 3 3+ 3+ – –

Aztec Yr7 ;;C 1C ; 33+ 33+ 3 3 33+ 2++ 2–C

Kokart Yr6 0; ; 00; 33+ 33+ 33+ 3 3– – –

Takahe UGIRc 3– 3 3– 3 2+3 2– 3– 3– – –

Kalyansonad Yr2 3 3+ 3 3+ 3+ 3+ 3 3 3+ 3+

Heines Kolbend Yr2, Yr6 ;C1 ; ;C1 3+ 33+ 3 3 33+ – –

Heines Pekod Yr2, Yr6 ; ;N ; 33+ 33+ 33+ 3 3 ;;N 33+

Leed Yr7 ;N1– ;N1– ;N 3 3 3– 33+ 33+ 33+ 1=C

Reichersbergd Yr7 ;CN 1C ;CN 3+ 3 33+ 3+ 3 33+ 1–C

aA = 104 E9 A+; B = 104 E137 A+; C = 104 E137 A–, Yr17+; D = 110 E143 A+; E = 238 E143 A+; F = 111 E143 A–;

G = 111 E143 A–, Sk+; H = 134 E16 A+; I = 106 E139 A–, Sk+; J = 108 E141 A–
bData not available
cUncharacterised gene(s) conferring intermediate infection type
dDifferential genotypes used to characterise Puccinia striiformis f. sp. tritici in Australia



of Aztec to that of the Yr7-differentials Lee and

Reichersberg enabled postulation of this gene in

this cultivar. Yr6 was postulated in cultivar Kokart

based on the similarity of its infection type pattern

to that of the Yr6 differentials Heines Kolben and

Heines Peko with eight pathotypes. Although the

three pathotypes avirulent for Yr6 were also

avirulent on Yr7, Yr6 (104 E9 A+, 104 E137 A+

and 104 E137 A–, Yr17+) was postulated in

Kokart because the Yr7-linked stem rust resistance

gene Sr9g was not detected in supplementary stem

rust tests (data not presented). The results obtained

for Takahe were unusual. Although the infection

types observed on this cultivar were consistently

higher with all of the pathotypes tested, they were

not fully compatible with most. This suggested the

presence of an uncharacterised gene(s) conferring

an intermediate infection type in this cultivar.

Adult plant stripe rust resistance

The seedling stripe rust resistance genes postu-

lated in all cultivars were ineffective against

pathotype 110 E143 A+, used in the field nurser-

ies. Any resistance observed in these cultivars

at adult plant growth stages in field nurseries could

therefore be attributed to APR. APR was assessed

in three field nurseries over three growing seasons

on at least three occasions. The final disease sever-

ity data are presented in Table 4. Cultivars Aztec,

Pegaso and Weka displayed very high levels of

APR (10–20R), and Kopara and Kokart displayed

moderately high to high levels of APR (20–40R)

(Table 4, Figure 1). The adult plant disease re-

sponse of Takahe, whilst higher than that of these

cultivars, was nonetheless moderately resistant.

Among the cultivars tested, only Victo displayed

a low to moderate level of APR.

The level of resistance observed in these

cultivars increased generally as the season pro-

gressed. It was evident from the data collected

from the field nursery in 2002 (Table 5) that of all

the resistant cultivars tested, the highest AUDPC

values were obtained for Victo. However, these

values were substantially lower than the suscepti-

ble controls, indicating the presence of APR

in each cultivar (Table 5).

Inheritance of APR to stripe rust

The inheritance of APR in Victo was determined

using 139 F3 lines derived from two different F1

families from the cross Victo/Avocet R. Before

pooling the data from the two different F1 families,

heterogeneity �
2 was calculated (Table 6).

The data from the two families were homogenous

(heterogeneity �
2 = 4.78 P > 0.05 at 2 d.f.),

and hence pooled. Chi-squared analysis of the

pooled data conformed to segregation at a single

resistance locus (�2
1:2:1 (34 HR : 72 SegS : 33 HS)

= 0.19, P > 0.90 at 2 d.f.). It was concluded that

a single gene (temporarily designated YrVi) con-

ferred the moderately low APR to stripe rust in

Victo. The F1 plant derived from the cross

Victo/Avocet R displayed a higher stripe rust re-

sponse (60–80MS) than that observed on Victo

(40–60 MR/MS), indicating that the gene was in-

completely dominant.

Table 7 lists the segregation pattern for BC1F2

families derived from crosses of cultivars Aztec,

Pegaso, Weka, Kopara and Takahe with either Av-

ocet R or Nyabing 3.
Genetic analysis based on 147 families from

the cross Aztec/2*Avocet R indicated the presence
of two independent genes in Aztec (Table 7).
In this cross, 112 lines were scored as segregating
and 35 lines were scored homozygous susceptible,
giving a good fit to a model for the segregation of
two APR genes (Table 7). The presence of two
genes each in Kopara and Takahe was estimated
based on segregation ratios of 73 Seg : 19 HS and
68 Seg : 30 HS, respectively. The APR in Weka
and in Pegaso was controlled by three and four
genes, respectively, in the BC1F2 lines.
The Pegaso/2*Avocet R lines segregated in a 129
Seg : 10 HS ratio, conforming to a genetic model
based on four independent genes. The Weka/2*
Nyabing 3 lines segregated in the ratio 138 Seg :
23 HS, giving a good fit for segregation at three in-
dependent loci.

Although an excellent fit for segregation of 2–4

resistance genes was obtained in crosses involving

Aztec, Kopara, Takahe, Weka and Pegaso, the dis-
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Table 4. Terminal adult plant field stripe rust

responses of seven wheat cultivars over three years

at field site Lansdowne, Australia

Cultivar Gene Year

2000 2001 2002

Aztec Yr7 15R 10R 15R

Pegaso None 10R 15R 5R

Weka None 15R 10R 20R

Kopara None 30R 20R 20R

Kokart Yr6 40R 30R 40R

Takahe UGIR 20MR 40MR 30MR

Victo None 40MR
–MS

60MR
–MS

40MR
–MS

Avocet R YrA 100S 100S 100S

Nyabing 3 None 100S 100S 100S



ease severity of some of the lines scored HS in in-

dividual populations did not reach that of

the susceptible parents in initial scorings. These

lines were initially classified as HS1 (indicating

some doubt about the initial classification), be-

cause they could not be put into the segregating

class with any degree of confidence. Furthermore,

some of the BC1F2 lines also segregated for matu-

rity because of the winter habit of the resistant par-

ent and the spring habit of the susceptible parents.
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Table 5. Area under the disease progress curve values for seven wheat cultivars grown in

the field in 2002 and infected with Puccinia striiformis f. sp. tritici pathotype 110 E143 A+

Cultivar
Date

AUDPC
20 Aug. 2 Sept. 22 Sept. 7 Oct.

Resistant genotypes

Aztec 15R 10R 15R 5R 56

Pegaso 20R 15R 10R 5R 59

Victo 70MS 60MR–MS 40MR–MS 40MR 1570

Weka 10R 15R 20R 10R 74

Kopara 30MR 20R 20R 10R 124

Kokart 60MS 40MR 40R 20R 445

Takahe 30S 30MR–MS 30MR 20R 713

Susceptible control genotypes

Avocet R 40S 60S 90S 100S 3575

Nyabing 3 60S 70S 100S 100S 4045

Figure 1. Typical terminal stripe rust field responses of flag leaves of three European and four New Zealand wheat

cultivars carrying adult plant resistance and the susceptible genotype Avocet ‘R’



Differences in maturity made it difficult to make

simultaneous evaluations of disease severity in

some lines. It is possible that these lines were seg-

regating for a gene of minor effect, the expression

of which was subtle but nonetheless apparent.

If so, these lines would have been misclassified

as HS1.
Among the 35, 10, 23 and 19 lines scored as HS

in crosses involving Aztec, Pegaso, Weka and
Kopara, at least 12, 8, 1 and 8 lines were initially
classified as HS1, respectively. If these lines were
in fact segregating for resistance, it would indicate
the presence of at least one more resistance gene in
these cultivars. The BC1F2 population derived
from the cross Takahe/2*Nyabing 3 was among
the most difficult to score because the genes segre-
gating conferred intermediate to low levels of re-
sistance only, and if partially dominant, may have
conferred even lower levels of resistance when
heterozygous. At least eight of the 68 segregating
lines from this cross were misclassified as HS in
initial scorings. In the final scorings of these lines
at later growth stages, some moderately resistant
individuals were observed and hence they were
re-classified as segregating.

The segregation ratios for individual BC1F2

populations were partitioned further into different

categories depending on the estimated number of

genes segregating within individual segregating

lines (Table 8). The number of genes present in in-

dividual segregating lines was assessed by esti-

mating the proportion of susceptible plants within

each as well as by observing the segregation for

different levels of resistance (e.g. a very high pa-

rental type response, a moderate response or a low

response) within these lines. A line with very few

or no susceptible plants (depending on the number

of resistance genes in the donor parent), and/or ex-

hibiting segregation for the parental type resis-

tance, was considered as segregating for two

or more genes from the resistant parent. Similarly,

a segregating line that included a resistant re-

sponse between the two parents was considered as

segregating for one gene or for fewer genes than

the resistant parent. Although such classification

is not precise and may assume additivity of resis-

tance, it provided a useful indication of the number

of genes segregating within a particular line.
In the Pegaso/2*Avocet R population, lines pu-

tatively segregating for three or four genes were
pooled because the number of plants sampled for
each line was too small to permit reliable detection
of susceptible plants. Similarly, lines putatively
segregating for one or two genes were pooled be-
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Table 6. Disease responses of F3 lines derived from two different F1 families from the cross Victo/Avocet R when

infected with Puccinia striiformis f. sp. tritici pathotype 110 E143 A+ in a field nursery

F2 genotypea Expected
proportion

Observed frequency

Family 1 Family 2 Combined Family 1 �
2 Family 2 �

2 Combined �
2

AA 1 14 20 34 0.31 0.12 0.02

Aa 2 30 42 72 0.19 0.68 0.09

aa 1 21 12 33 1.39 2.28 0.09

Total 4 65 74 139 1.89 3.08 0.19

aA = adult plant stripe rust resistance gene (YrVi) in Victo

Family 1�
2
1:2:1 (14:30:21) = 1.89, P > 0.25 at 2 d.f.

Family 2 �
2
1:2:1 (20:42:12) = 3.08, P > 0.10 at 2 d.f.

Family 1 and 2 combined �
2
1:2:1 (34:72:33) = 0.19, P > 0.90 at 2 d.f.

Heterogeneity �
2 = 4.78 P > 0.05 at 2 d.f. ([1.89+3.08] – 0.19)

Table 7. Disease responses of BC1F2 lines of five hybrid wheat populations when infected with

Puccinia striiformis f. sp. tritici pathotype 110 E 143 A+ in the field during 2002

Cross

Number of BC1F2

lines Tested
ratio

�
2 value P value Estimated

number of genesSegSa HSb

Aztec/2*Avocet R 112 35 3 : 1 0.11 < 0.50 2

Pegaso/2*Avocet R 129 10 15 : 1 0.21 < 0.50 4

Weka/2*Nyabing 3 138 23 7 : 1 0.47 < 0.25 3

Kopara/2*Nyabing 3 73 19 3 : 1 0.93 < 0.93 2

Takahe/2*Nyabing 3 68 30 3 : 1 1.68 < 0.10 2
aSegS = segregating
bHS = homozygous susceptible



cause differences were insufficient to separate
these classes with any degree of confidence.
Hence, a modified genetic model was tested for
this cross.

In all crosses except Takahe/2*Nyabing 3, sat-
isfactory fits were obtained for the genetic models
implied by BC1F2 data (Table 8). The population
based on Takahe was consistently difficult to
score and errors in scoring may have occurred due
higher disease responses conferred by the genes
present and/or partial dominance and
heterozygosity.

F3 populations derived from crossing Pegaso,

Kopara, Kokart or Takahe with Avocet R or Nya-

bing 3 were also tested to estimate the number of

genes, and to compare and confirm the results ob-

tained from the BC1F2 analysis (Table 9). Segrega-

tion ratios in all crosses, except Takahe/Nyabing

3, gave a good fit to the genetic models determined

from BC1F2 analyses. The Takahe/2*Nyabing 3

cross did not fit the two gene model determined in

the BC1F2 analysis satisfactorily because the num-

ber of lines classified as SegI was lower than ex-

pected. Once again, this may have resulted from
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Table 8. Classification of BC1F2 populations based on estimation of the number of resistance

genes to Puccinia striiformis f. sp. tritici segregating within individual lines

Cross
Number of BC1F2 linesa

Tested ratio �
2 value P value

A B C D E

Aztec/2*Avocet R – – 83 29 35 1 : 2 : 1 2.95 > 0.10

Pegaso/2*Avocet R 43b 86b 10 5 : 10 :1 0.21 > 0.95

Weka/2*Nyabing 3 – 17 52 69 23 1 : 3 : 3 : 1 3.29 > 0.25

Kopara/2*Nyabing 3 – – 2 44 19 1 : 2 : 1 2.35 > 0.25

Takahe/2*Nyabing 3 – – 3 37 30 1 : 2 : 1 5.90 > 0.025
aA = 4 genes segregating, B = 3 genes segregating, C = 2 genes segregating,

D = 1 gene segregating, E = absence of resistance genes (homozygous susceptible)
ba ratio of 5:10:1 was used instead of 1:4:6:4:1 (segregating for 4,3,2,1, and 0 genes, respectively) because the population

size of individual BC1F2 lines was too small to detect susceptible plants when 3 or 4 genes were segregating. Similarly,

lines segregating for 1 or 2 genes were also combined

Table 9. Disease response of F3 lines when infected with Puccinia striiformis f. sp. tritici pathotype 110 E

143 A+ in the field during 2002

Cross
Number of F3 linesa

Tested ratios �
2 value P value

Estimated
number
of genesHPTR Segl SegS HS

Pegaso/Avocet R 1 71 16 1 1 : 190 :64 : 1b 4.57 > 0.10 4

Kopara/Nyabing 3 11 41 47 4 1 : 6 : 8 : 1 4.7 > 0.10 2

Kokart/ Nyabing 3 5 30 29 4 1 : 6 : 8 : 1 1.68 > 0.50 2

Takahe/ Nyabing 3 5 11 50 7 1 : 6 : 8 : 1 16.13 > 0.005 2?c

aHPTR – homozygous resistant for the parental type response (homozygous for all resistance genes)

SegI – either segregating or homozygous for disease levels higher than that of the resistant parent but less than that of the susceptible

parent (homozygous for at least one resistance gene)

SegS – segregating with disease levels reaching the susceptible parent (heterozygous for at least one locus and homozygous for sus-

ceptible alleles at other loci)

HS – homozygous susceptible (homozygous, lacking all resistance genes)
bbecause the population size of individual F3 lines was too small to detect susceptible plants (homozygous susceptible) within the seg-

regating lines, the ratio was modified (the original ratio would be 1:174:80:1 with a �
2 value of 9.29, P> 0.025 at 3 d.f.)

cat least 15 SegI lines may have been misclassified as SegS

Table 10. Misclassification of stripe rust resistant F2 plants from four populations based on progeny

tests of derived F3 lines

Cross

Classification based on
scoring of F2 plants Total Number of F2 plants

misclassified as susceptible
Percent

misclassifiedResistant Susceptible

Pegaso/Avocet R 85 4 89 3 3.4

Kopara/Nyabing 3 89 14 103 10 9.7

Kokart/Nyabing 3 49 19 68 15 22.1

Takahe/Nyabing 3 40 33 73 26 35.6



incorrectly classifying plants with a disease sever-

ity that although high was still lower than that of

the susceptible parent or susceptible (imparted by

a minor gene and/or due to incomplete dominance/

heterozygosity). This hypothesis was supported

by the results of a progeny test on susceptible F2

individuals, in which a misclassification of 3 to 35

percent was detected (Table 10).

Misclassification of heterozygous F2 plants

Disease scores were made on individual F2 plants

derived from crosses between four resistant

cultivars (Pegaso, Kopara, Kokart and Takahe)

and either Avocet R or Nyabing 3 in the 2001 field

nursery. Susceptible plants within each population

were marked with coloured spray paint, harvested

separately, identified and recorded at threshing,

and then progeny tested in 2002 in a field nursery

to confirm the F2 classifications. A number of F2

plants classified as susceptible in the F2 generation

were resistant in the F3, demonstrating that they

had been misclassified and suggesting that some

of the APR genes identified are incompletely

dominant in action (Table 10).

The lowest level of misclassification was in the

cross Pegaso/ Avocet R (3%), and the highest

level of misclassification was in the cross Taka-

he/Nyabing 3 (36%). Pegaso displayed a much

higher level of APR than Takahe (Table 4).

The lower level of F2 misclassification in Pegaso,

and the higher level of misclassification in Taka-

he, suggests that gene(s) conferring higher levels

of resistance are easier to classify reliably even

when heterozygous. In the case of genes confer-

ring lower levels of resistance, such as those pres-

ent in Takahe, the heterozygotes presumably

developed more disease, leading to mis-

classification. These results support the earlier

conclusion that some of the F3 and BC1F2 lines de-

rived from crosses involving Takahe were

misclassified when a gene of small effect was

present in a heterozygous form.

Tests of allelism between APR gene(s) in the

wheat cultivars Weka, Kopara, Kokart, Takahe

and Victo

The genetic relationships between the APR genes

identified in the New Zealand cultivars Weka,

Kopara, Kokart and Takahe were investigated in

field evaluations of F2 populations derived from

a series of half-diallele intercrosses. The European

cultivars Aztec and Pegaso were not crossed with

any resistant cultivars due to a lack of pollen, how-

ever, successful intercrosses were made between

the French cultivar Victo and the four New Zea-

land cultivars. Individual F2 plants within each

population were scored and classified as resistant

or susceptible. Variations in disease responses ob-

served within each population were also recorded

(Table 11).

In intercrosses of Weka with other New Zea-

land cultivars, up to five genes were expected to

segregate if the APR genes present in each were

different. Hence, very large populations would be

required in order to detect a single susceptible

plant only. Because relatively small population

sizes were used, a lack of susceptible plants in the

F2 intercross populations may have not necessarily

indicated the presence of common, allelic

or linked genes. However, variation in the low re-

sponse phenotypes in these populations may have

indicated the presence of different resistance

genes in the cultivars.

In all intercrosses involving Weka, except that

with Victo, disease responses lower (0R) than both

parents were observed, indicating additivity be-
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Table 11. Adult plant stripe rust responses observed in F2 populations derived from various intercrosses between

selected European and New Zealand wheat cultivars

Cross
Number of F2 plants

Tested ratios �
2 value Resistant phenotypes observed

Resistant Susceptible Total

Weka/Kopara 270 0 270 1023 : 1 0.26 0R, 10R, 20R

Weka/Takahe 251 0 251 1023 :1 0.25 0R, 20R, 30R

Weka/Kokart 169 0 169 1023 : 1 0.17 Mostly 0R, 10R, 20R,

Kopara/Kokart 333 0 333 255 : 1 1.31 Mostly 0R, 5R, 20R

Kopara/Takahe 204 0 204 255 : 1 0.80 10R, 20R, 40MR, 60MRMS

Takahe/Kokart 187 2 189 255 : 1 2.16 5R, 20R, 40R, 40MS, 60 MRMS

Weka/Victo 273 0 273 255 : 1 0.80 20R, 40R, 40MR, 60MRMS

Kopara/Victo 252 0 252 63 : 1 4.00 10R, 20R, 40R, 40MR, 60MR

Kokart/Victo 344 2 346 63 : 1 2.18 10R, 20R, 10MR, 20MS, 40MR,
40MRMS

Takahe/Victo 143 0 143 63 : 1 2.27 20R, 40R, 40MR, 60MRMS

Table value of �
2 at P = 0.05 is 3.94 at 1 d.f.



tween the genes present. Similarly, disease re-

sponses lower than the resistant parents were

observed in intercrosses of Kopara with other

cultivars. Most notable in this respect was the

cross Kopara/Kokart, in which most of the F2

plants displayed a highly resistant “0R” pheno-

type.

Kopara and Takahe share the common parent

Aotea in their pedigrees (Table 1). Hence, it is pos-

sible that they carry one or more rust resistance

gene(s) in common. However, a range of resistant

phenotypes was observed in the F2 population de-

rived from intercrossing these cultivars, indicating

that at least some of the APR genes present in them

differ. Definitive conclusions could not however

be made based on the F2 data. In F2 populations de-

rived from the crosses Weka/Kopara and

Weka/Takahe, little variation in the resistant phe-

notype was observed (from 0R–20R) and no resis-

tant phenotype comparable to Takahe was

observed.

No susceptible plants were observed in

intercrosses of Victo with Weka, Kopara and Ta-

kahe. The absence of susceptible plants in the F2

population derived from the cross Weka/Victo

was not unexpected due to the relatively small

population size and the possible segregation of up

to four independent loci. In the Kopara/Victo F2

population, where up to three genes only were ex-

pected to segregate (two from Kopara and one

from Victo), no susceptible plants were observed

as well. These results suggest that Victo

and Kopara share a gene in common. However,

given that the number of resistance genes may

have been underestimated in Kopara, progeny

testing is required to confirm this possibility. No

susceptible plant was observed in the F2 popula-

tion derived from the Takahe/Victo intercross,

again raising the possibility of a gene in common

in the two cultivars. It was noted that a range of re-

sistance phenotypes was observed in this popula-

tion as well, indicating that the cultivars differ for

at least one resistance gene.

Susceptible plants were observed only in F2

populations derived from the intercrosses Taka-

he/Kokart and Kokart/Victo, indicating that these

three cultivars possessed different APR genes.

The F2 population derived from the cross Taka-

he/Kokart segregated in a ratio of 187 resistant

: 2 susceptible, giving a good fit for segregation

at four independent loci (�2
255:1 = 2.16, P > 0.10

at 1 d.f.). Similarly, the F2 population derived from

the cross Kokart/Victo segregated in a ratio of 344

resistant : 2 susceptible, giving a satisfactory fit

for a genetic model based on the segregation of

three independent loci (�2
63:1 = 2.18, P > 0.10

at 1 d.f.).

Discussion

Although some sources of APR to stripe rust have

been shown to be conferred by single genes, others

have been shown to be controlled by two or more

genes with additive effects (Wallwork and John-

son 1984; Singh and Rajaram 1994; Afshari 2000;

Singh et al. 2000; McIntosh et al. 2001). Green-

house and field studies of seven wheat cultivars

from Europe and New Zealand established the

presence of very high (5–20R; Aztec, Pegaso and

Weka), moderately high to high (20–40R; Kopara

and Kokart), or moderate (40–60MR-MS; Victo)

levels of APR to stripe rust. Genetic studies further

established the presence of one (Victo), two (Az-

tec, Kokart, Kopara and Takahe), three (Weka)

and four (Pegaso) genes conferring the APR ob-

served.

While six of the cultivars were shown to be

seedling susceptible to stripe rust, Takahe was

found to carry some seedling resistance that was

referred to as “uncharacterised gene(s) conferring

an intermediate infection type” (UGIR). Previous

studies have shown that leaf rust APR genes like

Lr13 are expressed in seedlings only at appropri-

ate post-inoculation temperatures (Pretorius et al.

1984), and this gene becomes more strongly ex-

pressed and is less environmentally sensitive

at later growth stages. It is possible that the seed-

ling effective UGIR observed in Takahe could

have a similar mode of action. More studies are re-

quired to confirm this hypothesis. In addition, ge-

netic linkage studies to determine relationships

between seedling genes and the APRs observed in

the cultivars will be worthwhile.

Although Victo displayed a moderate level of

APR to stripe rust in Australian field nurseries,

stripe rust epidemics in this cultivar were recorded

in south-west France in 1996–1997 (Bayles 1999;

Vallavieille-Pope et al. 2000). This difference

could be due to differences in climate, pathogen

virulence, or the expression of APR to stripe rust

which is known in at least some cases to be af-

fected by environment (Broers 1993). The APR

observed in Victo under Australian conditions, al-

though low, could be potentially useful to combine

with other stripe rust resistance genes. Hence, ge-

netic analyses were undertaken to analyse and

characterise this resistance, which was shown to
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be conferred by a single dominant gene, tempo-

rarily designated as YrVi.

To determine the number of APR genes present

in a given cultivar, populations comprising F3

lines derived from crosses with a susceptible ge-

notype, and BC1F2 lines obtained by backcrossing

the F1 hybrid to the susceptible parent followed by

selfing of the resultant BC1F1 plants, were used.

Both F3 and BC1F2 populations provided similar

estimates of the number of APR genes in each

cultivar. APR genes may show incomplete domi-

nance, and therefore may exhibit intermediate re-

sponses when heterozygous (Bariana and

McIntosh 1995). Hence, classifying plants into re-

sistant or susceptible classes can require careful

and rigorous observations. Depending on the pop-

ulation tested (e.g. F2, BC1F1 etc.), progeny testing

may be necessary to confirm the responses of indi-

vidual lines. The effect of heterozygosity in F2

populations was observed in some crosses in the

present study, where a number of F2 plants classi-

fied as susceptible were subsequently found to

segregate when progeny tested. The level of this

misclassification was higher for genes conferring

intermediate levels of resistance (e.g. those in Ta-

kahe and Victo) than it was for genes conferring

higher levels of resistance (e.g. those in Pegaso).

The problems associated with incomplete domi-

nance can be overcome if double haploid popula-

tions are used. However, identifying lines carrying

single genes in double haploid populations is not

possible unless further crossing is undertaken.

The genes controlling APR in the cultivars

studied were shown to be additive in many cases.

Disease responses that were lower than the resis-

tant parents, but higher than the susceptible par-

ents, were observed in the segregating populations

derived from resistant × susceptible crosses, indi-

cating that the individual APR genes may confer

a lower level of protection when present singly.

Previous studies by Singh et al. (2000) established

the presence of several partially effective minor

genes for resistance to leaf rust and stripe rust that

when combined, interacted to confer very high

levels of resistance.

The genetic relationships between the APR

genes in some cultivars were investigated by ana-

lysing F2 populations derived from selected

intercrosses. Susceptible plants were observed

only in the F2 populations derived from the crosses

Takahe/Kokart and Kokart/Victo, indicating the

presence of different APR genes in each pair of

cultivars. However, the failure to observe

susceptible plants in the remaining crosses did not

necessarily imply the presence of one or more

common genes because of the small populations

used and the potential number of genes segregat-

ing in each cross. For example, where two, three

and four genes are segregating, F2 populations of

71, 292 and 1,177 plants respectively, are needed

to detect a susceptible plant confidently with

a probability of failure of no more than one in

a hundred (Hanson 1959). Alternatively, the F2

plants generated could be progeny tested to con-

firm the phenotype observed for each. A range of

resistance phenotypes was observed in most of the

resistant × resistant populations examined, indi-

cating that at least some of the genes present in

these cultivars are different. In addition, disease

responses lower than those of the resistant parents

were observed in the intercross involving Weka

and Kopara, probably because of the additive ef-

fects of different APR genes in each cultivar.

No susceptible plants were observed in the

crosses Kopara/Victo (up to three genes) and Ta-

kahe/Victo (up to three genes). In both cases, the

population sizes used were sufficiently large

enough to allow the detection of susceptible segre-

gates, assuming segregation of a maximum num-

ber of three genes. A range of resistance

phenotypes was observed in these populations, in-

dicating that some of the genes in these cultivars

are different. The presence of a common gene in

Kopara and Takahe is possible because both share

a common parent (Aotea) and no susceptible

plants were observed in the F2 population derived

from intercrossing them.

Efforts are currently underway to isolate the

genes detected by developing single gene homo-

zygous stocks, to enable further genetic studies.

Determining the precise relationships between

these genes, their chromosomal locations, and the

level of protection each provides will help in ef-

forts to incorporate them into new commercial

wheat cultivars.
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