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Abstract Stripe rust, caused by Puccinia
striiformis f. sp. tritici, is an important disease of
wheat (Triticum aestivum) in New Zealand and
throughout the world. The wheat cultivar ‘ Otane’
carries durable resistance to stripe rust that has
remained effective in New Zealand since the
cultivar’'s release in 1984. To determine the mode
of inheritance of this durable adult plant resistance
tostriperust, ‘ Otane’ was crossed with the stripe rust
susceptible ‘Tiritea’, and 140 F;-derived double
haploid (DH) lineswere evaluated in glasshouse and
field experimentsfor their reaction to the stripe rust
pathogen. Transgressive segregation occurred,
indicating that both cultivars possess resistance
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genes. Genetic gain as a percentage of the
moderately resistant parent for the most resistant 5%
of the DH lineswas statistically significant (83% and
68% in the glasshouse and field experiments,
respectively). Thedistribution of DH lines assessed
through infection types (IT) in the glasshouse
supported adigenic ratio, whereby resistance genes
from both parental cultivars act additively to produce
resistant DH lines. Moderately resistant DH lines
were produced when only the genefrom ‘ Otane’ was
present, and the absence of the ‘Otane’ gene
produced susceptible DH lines. The distribution of
reaction of DH linesinthefield fitted atrigenic ratio.
This model proposed that resistant DH lines were
produced when at least two genes from both parents
interact; moderately resistant DH lines were
produced when either two genes (one modifier) or
one genefrom ‘Otane’ were present, and susceptible
DH lines were produced when either resistance
genes from both parents or the major gene from
‘Otane’ were absent. Segregation of final disease
severity measured in the field also supported the
segregation of three genesin the DH population. The
demonstrated durability of stripe rust resistance in
‘Otane’ in New Zealand, which is influenced by
environment, may be the result of a combination of
resistance aleles at two loci at |east.

Keywords Triticum aestivum; durable disease
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INTRODUCTION

Stripe rust (also called yellow rust), caused by
Puccinia striiformis West. f. sp. tritici, is generally
considered one of the most damaging diseases of
wheat (Triticum aestivum L.) throughout the world,
especially in moist and cool environments. This
disease can cause up to a50% yield reductionin an
infected crop due to the shrivelling of grains and
reduction in the number of spikes, whilein extreme
situationslosses can reach 100% (Roelfset a. 1992).
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Fig. 1 Distribution of adult plant stripe rust reactions
which were resistant (R), moderately resistant (MR), and
susceptible (S) from the double haploid (DH) linesin the
glasshouse and field experiments. Datawere obtained from
a'Tirited x ‘Otane’ wheat (Triticum aestivum) population
inoculated with pathotype 106E139A* of Puccinia
striiformis f. sp. tritici.

In New Zealand, where yield losses of up to 60% in
susceptible cultivars have been reported (Beresford
1982), stripe rust has become a threat to the wheat
industry because of the occurrence of new virulent
races (Cromey 2000). Stripe rust is controlled
primarily by genetic resistance or the use of
fungicide chemicals and, to a lesser extent, by
cultural practices. Of these, breeding for disease
resistanceisan economical and environmentally safe
measure to reduce crop losses. However, the
development of cultivars that confer durable
resistance to stripe rust requires the availability of
the desired genetic resources, abetter understanding
of the genetics of the host-pathogen interaction, and
suitable techniques to utilise the desired genes.
Genetic resistance to stripe rust can be divided
into seedling and adult plant resistances. Seedling
resistance is usually effective throughout the plant
growth cycle and is assumed to follow a gene-for-
gene relationship (Flor 1959). Plants that are
susceptible at the seedling stage, but resistant at the
adult plant stage, are described as possessing adult
plant resistance (Allan et a. 1966). Some lines and
cultivars express intermediate infection types as
seedlings and at the adult plant stage (Zwer &
Qualset 1994). Plant breeders are mostly interested
in adult plant (non-specific) resistance, which
usualy lastslonger, but the genetics of non-specific
resistance have been studied by only a few

researchers (Chen & Line1993; Bariana& Mclntosh
1995; Borner et al. 1999). Understanding the
genetics of resistance to disease is valuable for
planning crosses in breeding programmes,
identifying resistance genes, understanding genetic
diversity, and developing genetic markers to assist
in selection. The genetic basis of resistance in the
New Zealand wheat ‘ Otane’, which has conferred
durable adult plant resistance sinceitsreleasein 1984
(Cromey & Munro 1992), has not been studied. This
study was conducted to characterise the genetics of
durable adult plant resistance conferred by ‘ Otane’,
and to determine the expression of this resistance
under glasshouse and field environments using a
double haploid (DH) population.

MATERIALS AND METHODS

Host

To study the inheritance of adult plant resistance in
‘Otane’ asegregating population comprising 140 DH
lines was produced by crossing ‘ Otane’ with the
stripe rust susceptible ‘Tiritea’ as described by
Imtiaz et al. (2003).

Pathogen

Stripe rust (P. striiformis f. sp. tritici) pathotype
106E139A* was used in this study. The collection
of inoculum and method of inoculation have been
described by Imtiaz et al. (2003).

Experimental design

Three replicates of one seed of each DH line, two
seeds of the F;, and four seeds of both parents were
sown on 20 August 1999 in individual potsin a
glasshouse following the design outlined by Imtiaz
et al. (2003). After c. 63-66 days, when the plants
had afully expanded flag leaf, they wereinocul ated
using the method described for seedling inoculation
(Imtiaz et al. 2003). For the field trial, seeds of the
140 DH linesand their parents, ‘ Tiritea’ and ‘ Otane’,
were sown on 3 August 2000 at the New Zealand
Institute for Crop & Food Research Limited,
Lincoln, Canterbury. Six g (3 g per row) of seeds
weredrilled in rows 1.28 mlong with 18 cm spacing
between rows. Each test plot consisted of two 1.28 m
rows of two DH lines with a disease spreader row
of ‘Tiritea on each border of the plot. Thetrial was
a randomised block design with three replicates.
The susceptible ‘Tiritea’ was also sown at the end
of each replicate. The susceptible line 96WFM5568
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was sown on the border of the field trial to further
facilitate the spread of stripe rust within the trial.

Field inoculation

Thefield plotswerefirst inocul ated on 9 September
2000 when thefirst leaves on plantshad emerged and
the second leaves were just appearing. Glasshouse-
grown ‘Tiritea® plants infected with pathotype
106E139A* of P. striiformis f. sp. tritici were planted
in the middle of the spreader rows on the border of
each experimental plot. To ensure good epidemic
development, the entire experimental area was
further spray-inoculated with 106E139A* on 27
September 2000, 18 days after the first inoculation.
For the spray inoculation, a suspension of
106E139A* uredospores in distilled water with 50
mg Tween 20/litre was prepared. The suspension
was sprayed using a battery-powered, hand-held
boom sprayer (Y ellow 02) with low volume nozzles
(08 nozzle size; 3litre/min) in thelate evening when
there was no wind or cloud. Uredospores were
applied at arate of 5.6 g/ha, which equates to 1000
spores per plant (Stubbs et al. 1986).

Disease assessments

All 140 DH lines and the two parents were evaluated
in the glasshouse for infection types (IT), and in the
field for IT and final disease severity (FDS).
Infection types produced by the host-pathogen
interaction were recorded 18 days after glasshouse
inoculation using the 0-9 infection type scale (Line
et a. 1974) as tabulated previously (Imtiaz et a.
2003). Infection type scores from 0 to 3 were
interpreted as resistant (R), 4 to 6 as moderately
resistant (MR), and 7 to 9 as susceptible (S).
However, in aseparate analysis, infection typeswere
also grouped into two classes: 0—6 were considered
resistant and 7-9 were susceptible. Furthermore, in
thefield, IT wasrecorded on fivefully expanded flag
leaves of each row (growth stage (GS) 41-45;
Zadok’ s scale modified by Tottman & Makepeace
1979). The FDS, defined as the maximum disease
ontheflagleaf of each DH line, wasrecorded before
senescence of each flag leaf. In most instances data
for severity at GS 61-69 were used, but in some
susceptiblelines|eaf senescence had occurred before
this stage, and hence FDS was recorded earlier.

Statistical analysis

Chi-square (32)-goodness of fit was used to compare
the observed distribution in the DH population
with those predicted by various genetic models
for each measure of resistance. Models used were

single-, two-, and three-gene model s, aswell asgene-
interaction models. Contingency table 2 analysis
was used to compare sets of data from the two
environments (glasshouse and field). Least
significant difference (L SD) was used to comparethe
means of parentsand DH lines. The mean of the 140
DH lineswas a so compared with that of the parents.
The most resistant DH line aswell as the 5% of DH
lines showing the highest resistance to the pathogen
(low IT values) were compared with the resistant
parent. To measure genetic variability in the DH
population, percent genetic gain (El Attari et al.
1998) was calculated as follows:

GG = 100 (BDH - BP)/BP and

GG = 100 (SDH - BP)/BP

where GG is the genetic gain; BDH is the best DH
line; SDH is the most resistant 5% of the DH lines;
and BP is the best parent.

RESULTS

Disease eva uations were made under the hypothesis
that gene(s) involved in the resistance of ‘Otane
would be identified at the adult plant stage. The
genetic model hypothesis for the DH population
disease reaction was based on the classification of
three phenotypes—R, MR, and S. Analysis of
variance of the 140 DH lines and their parental
cultivars, ‘Tiritea® and ‘Otane’, showed a highly
significant (P < 0.001) genotype effect both in
glasshouse and field experiments.

Glasshouse studies

Cultivar ‘Tiritea’ had amean IT of 7.7 whereas that
for ‘Otane’ was 6.3. The F, phenotype fell in a
category near to resistant with a mean IT of 3.9.
Three distinct phenotypic classes, R, MR, and S,
were observed in the DH progeny of ‘Tiritea x
‘Otane’ against pathotype 106E139A* (Fig. 1).

Transgressive segregation was apparent in the
DH progeny of the cross. The mean DH pop-
ulation IT was5.8, but DH-119 had alow I T value
of 0.3. At the other extreme, DH-96 was S, with
an IT of 9 (Fig. 2). The numbers of DH lines that
showed R, MR, and S ITs were 37, 36, and 67
respectively. This segregation fitsa 1:1:2 digenic
ratio (Table 1), suggesting an additive/modifying
action of two genes, and does not fit the other
models tested.

This model suggests that R lines were produced
when genes from both parents were present. MR
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Table 1 ‘Tiritea/'Otane’, F, infection types (IT), double haploid (DH) segregation, and Chi-square (x?) fit to
genetic modelsfor adult wheat (Triticum aestivum) plantsinoculated with Puccinia striiformis f. sp. tritici, pathotype

106E139A* under glasshouse and field conditions. (R,

MR, and S refer to resistant, moderately resistant, and

susceptible respectively. MR* represents an I'T which was closer to R than MR and recorded in the glasshouse only.)

Number of plants

Cultivar/ Obs. infection Tested ratio

generation Phenotype types R MR S R:MR:S x2 Probability

Glasshouse

Tiritea S 8

Otane MR 6

Fi MR* 4

DH lines R 1,23 37 36 67 1:1:2 0.27 0.86
Mr 4,56
S 7,8,9

Field

Tiritea S 8

Otane MR 4

DH lines R 1,23 57 34 49 1:1:2 20.15 <0.00001
MR 4,56
S 7,8,9

DH lines R 1-6 a1 49 53(RS 037 0.55
S 7-9

lines were produced when only the resistant genes  Field studies

from ‘Otane’ were present, while S plants were
produced when the resistance genefrom ‘ Otane’ was
absent. Thisisthe ssimplest model to fit these data.
Other models tested (which did not fit the data)
included simple one-, two-, or three-gene models,
and various other gene-interaction models.

Infection type

‘Otane’ expressed amoderate level of resistancewith
anIT of 3.7 inthefield compared withan IT of 6.3
in the glasshouse. The reaction of ‘Tiritea’ was
almost the samein the field and glasshouse with IT
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valuesof 8.3 and 7.7 respectively. Thefield ITsfor
DH linesranged from aminimum of 1 to amaximum
of 9, with a mean value of 4.8. The mean IT vaue
was 5.8 in the glasshouse (Fig. 2). When glasshouse
disease reactions were compared with field reactions
(Fig. 2), in the field 57 DH lines were in the R
category compared with 37 DH lines in the
glasshouse. The number of DH linesinthe MR and
S classes changed from 36 to 34 and 67 to 49
respectively for the glasshouse and field. Eight DH
lines were categorised S in the glasshouse, but R in
the field. Five DH lines were R under glasshouse
conditions but categorised MR in the field. DH-57
was MR (IT 6.3) when sown in the glasshouse, but
was Sinthefield (IT 7). Out of 67 DH lineswhich
were categorised S in the glasshouse, eight were R
and 11 were MR in the field.

The Chi-square for independence (2= 95.65 with
4 d.f.) was highly significant (P < 0.001) with a
correlation (r) value of 0.68 for glasshouse versus
field data. The segregation for IT under field
conditions was 57R:34MR:49S. This was a mgjor
deviation from the simple 1:1:2 digenic ratio
proposed under controlled conditions, but this
observed segregation closely fitted a 3:2:3 trigenic
ratio (Table 1). Thismodel proposesthat R DH lines
were produced when either three genes (ABC), or
at least two genes (AB), from both parents interact,
while MR DH lines are produced when either two
genes (BC) or one gene (B) of ‘Otane’ are present.
S DH lines are produced when either R genes (AB)
from both parents or aR gene (B) from *Otane’ are
absent. The R gene “C” of ‘Otane’ acts only as a
modifier. To further validate this model, the DH
progeny were grouped into just two phenotypic
classes, those having infection types of 06 (R)
versus those having infection types of 7-9 (S), for
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Fig.3 Distribution of final disease severity of striperust
in the field for ‘Tiritea® x ‘Otane’ wheat (Triticum
aestivum) double haploid lines after inoculation with
Puccinis striiformis f. sp. tritici. Severity scores are based
on the modified Cobb scale (Peterson et al. 1948).

which asegregation ratio of 91R:49S occurred. This
segregation also fitted a5:3 trigenic ratio, indicating
involvement of three genes under field conditions
(Table 1).

Final disease severity (FDS)

‘Tiritea had amean FDS of 76.7% whereas‘ Otane’
had amean FDS of 7.7%. DH-96 and DH-100 were
the most severely infected lines with FDSs of 96.7
and 90% respectively. DH-22, DH-81, and DH-139
also had FDS values higher than the S parent
‘Tiritea'. The distribution of the mean FDS was
skewed towards the MR parent, as shown in Fig. 3
with 85 DH lines having mean FDSs between 0.7
and 10%. Most of the lines that had low I Tsin the
field had alow FDS, which meansthe measureswere

Table 2 Ratios of resistant (R) to moderately resistant (MR) to susceptible (S) plants and 2 values of observed
against expected 5:1:2 or 5:3 ratios, based on final disease severity (FDS) of the double haploid (DH) population
obtained from ‘Tiritead x ‘Otane’ wheat (Triticum aestivum) inoculated with Puccinia striiformis f. sp. tritici,

pathotype 106E139A*.
Cultivar/ FDS No. of planits observed Tested ratio
generation division point R MR S R:MR:S x2 Prob.
DH lines (FDS) 0.7-10% (R) 85 17 38 5:1:2 035 085
11-30% (MR)
31-100% (S)
DH lines (FDS) Similar to Otane (MR) - 20 50 5:3 0.19 0.60

Different from Otane (S)
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related (r = 0.78; data not presented)). Conversely,
ITs recorded under glasshouse conditions were
poorly correlated with FDS (r = 0.48; data not
presented).

The DH lines were grouped into three classes:
those having mean FDSs of 0.7 to 10% being R,
those with mean FDSs of 11 to 30% being MR, and
those with mean FDSs of 31 to 100% being S. This
produced 85 DH linesin the first group, 17 linesin
the second group, and 38 lines in the third group.
Thissegregation of 17MR:38S:85R againfitsa1:2:5
trigenic ratio, suggesting involvement of three genes
(Table2). Totest thevalidity of thismodel, DH lines
were divided into two groups—those having mean
FDSs statistically similar to ‘Otane’, and those
having mean FDSs statistically different from
‘Otane’. Thisproduced 90 DH linesin thefirst group
and 50 DH linesin the second group (Table 2). This
observed segregation ratio of 90:50 is close to the
expected ratio of 87.5:52.5 for a 5:3 ratio of three
segregating loci (x2 = 0.19; P > 0.60).

Genetic gain was measured in this population to
assess genetic variability for resistanceto stripe rust
caused by P. striiformis f. Sp. tritici. The comparison
between the best DH line and the best parent
(‘Otane’) showed a statistically significant
difference for resistance to stripe rust in both
experiments, with genetic gains of 95 and 73% in
the glasshouse and field experiments respectively
(Table 3). The same trend was observed when the

best parent was compared with the mean of the most
resistant 5% of the DH lines; genetic gains were 83
and 68% in the glasshouse and field experiments
respectively (Table 3).

DISCUSSION

Inheritance of resistance to striperust hasfrequently
proved to be complex (Bariana & Mclntosh 1995).
The objective of the present research was to study
the inheritance of resistance in ‘Otane’, which
closely fitsthe Johnson (1983) durability definition,
i.e., resistance that has remained effective while a
cultivar possessing it has been widely cultivated in
an environment favouring the disease for a long
sequence of generations or period of time. In an
attempt to separate simple major gene resistance
from adult plant resistance the DH progeny from a
‘Tiritea’ x ‘Otane’ cross were evaluated under
controlled glasshouse aswell asfield conditions. To
limit environmental variation a multi-inoculation
strategy was applied to the field experiment. * Otane’
had a moderate level of resistance at the adult stage
and ‘Tiritea’ was susceptible, but transgressive
segregation occurred in the DH popul ation.

Plants that are susceptible to P. striiformis f. sp.
tritici a the seedling stage may develop adult plant
resistance during the post-seedling phases. This
resistance may be described as adult plant resistance

Table 3 Genetic gain (GG) for resistance to stripe rust in double haploid (DH) lines of wheat
(Triticum aestivum). V aues represent the mean of the host infection types for a scale ranging from
0to9, fromthreereplicates. (NS, not statistically significant (P > 0.05); XDH, mean of all DH lines;
BP, best parent (‘ Otane’); GG, genetic gain when the best DH line or 5% of the selected DH lines
were compared with the best parents (‘ Otane’).)

Parents or DH lines Glasshouse expt Field expt
Otane (P1) 6.3 3.7

Tiritea (P2) 7.7 8.3

P1-P2 -1.4NS -4.6 P <0.05
XP=(P1+P2)/2 7.0 6.0

XDH 5.8 4.8

XDH - XP 1.2NS 1.2NS
Best DH (BDH) 0.3 1.0

BDH - best parent (BP) —-6.0P <0.05 —2.7P <0.05
GG = 100(BDH - BP)/BP -95.2P <0.05 —72.9P <0.05
5% Selected DH (5% SDH) 11 12

5% SDH — BP -5.2P<0.05 —25P <0.05
GG =1-(5% SDH - BP)/BP -82.6 P <0.05 —67.6 P <0.05
Least significant difference (LSD) 17 13
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or post-seedling resistance (Bariana & Mclntosh
1995). Adult plant resistance can be race-specific or
race non-specific (Johnson 1988). In contrast to
seedling resistance, littleis known about the genetic
basis of adult plant resistance. Studies on the
inheritance of adult plant or race non-specific
resistance in whest to stripe rust have been reported
(Zwer & Qualset 1994; Boyd & Minchin 2000;
Johnson et al. 2000). However, in these studiesit is
generaly not clear whether resistanceisdueto genes
effective at the seedling stage, to genes effective only
at the adult stage, or to combinations of both types.
Adult plant resistanceto striperust in wheat has been
used widely (Johnson 1992); in some cases it has
eroded (Johnson 1988, 1992) whereasin othersit has
proved durable (Milus & Line 1986). Race-
specificity for P. striiformis f. sp. tritici was also
observed for adult plant resistance as reported in
‘Brock’ in New Zealand (Cromey 1992).

The New Zealand spring wheat ‘Otane’ has
conferred a quantitative and durable adult plant
resistance since its release in 1984 (Cromey &
Munro 1992). Understanding the genetics of ‘ Otane’
resistance should be helpful for exploiting the
resi stancein gene deployment, gene pyramiding, and
multi-line development. If observations of cultivar-
race interactionswith different cultivarsare used in
combination with the results reported here, then
further understanding of the genetic basis for
virulencein stripe rust races could be developed. In
this study, transgressive segregation was observed
for resistance and susceptibility at the adult plant
stage under both glasshouse and field conditions,
which isin complete agreement with the comments
of Wallwork & Johnson (1984) that transgressive
segregation isnot an occasional phenomenon; rather
it should be obtainable from many if not al crosses.
In our study, under controlled conditions, IT
segregation fitted the 1:1:2 digenic ratio, suggesting
that genesfrom ‘Otane’ arelikely to confer moderate
resistance when present alone but interact in an
additive manner when present together with a
resistance factor from ‘Tiritea . The heterozygote
major gene would probably condition an MR
reaction by itself, but with the modifying influence
of the resistance factor it appeared to condition the
IT near to an Rtypeinthe F, of ‘Tiritea’ x ‘Otane’.
This kind of additive and major/minor gene
resistance has been reported by many workers
(Lewellen et al. 1967; Milus & Line 1986; Ma &
Singh 1997) for resistance to stripe rust in wheat.

The segregation of DH lines in the field
environment did not fit a 1:1:2 digenic ratio; rather

it fitteda3:2:3 or a5:3 trigenic ratio, suggesting the
involvement of three genes. Environmental influence
on thereaction of wheat to P. striiformis f. sp. tritici
has been found in several studies (Lewellen et al.
1967; Lewellen & Sharp 1968; Milus & Line 1986)
and this probably occurred in the present study.
Sharp (1965) observed that cultivars showed
characteristic responses to increasing temperature
profiles. An improvement in the parental resistance
of ‘Otane’ to pathotype 106E139A™ of P. striiformis
f. sp. tritici was observed under thefield environment
in the present study. However, the high IT on
‘Tiritea’ indicates that temperatures in the field
environment were suitable for stripe rust infection
to occur. When the FDSs were grouped into two
classes, similar to ‘Otane’ and different from
‘Otane’, the distribution of DH lines fitted a 5:3:1
trigenic ratio for R to S. When stripe rust IT is
divided into R and S classes, only the major genes
are recognised, and no information on important
minor genes is gained (Lewellen et al. 1967).
Therefore, for studies on minor gene action, more
resistance categories would be helpful. Asin the
present study, Ghannadha (1993) observed
transgressive segregationin the F, and F; at the adult
plant stage involving ‘Tiritea' in different crosses.

Shiftsin resistance level of some susceptible DH
lines between the glasshouse and field environments
observed are common (Hooker 1967). The number
of DH linesin the R category increased under field
conditions, mainly due to shifts of MR lines to the
R category. This could be due to a genotype x
environment interaction favouring the better
expression of resistance of MR lines under these
conditions. An association in the genetic
mechanisms was found between adult-seedling and
adult-adult reactions under both environments. The
greatest relatedness between seedling and adult
reactions occurred in the glasshouse (2 = 102.23,
d.f. = 4, P < 0.005), which indicated that the loci
governing seedling and adult reactions may be
closely linked or identical. The same relationship
was observed under field conditions, but the
association waslessstrong (x2=69.20, d.f.=4,P <
0.005), probably because some DH lines were
susceptible at the seedling stage (Imtiaz et al. 2003)
but resistant at the adult stage. This indicates that
some loci conditioning adult plant resistance
probably do not influence seedling resistance under
field conditions. Allan et al. (1966) observed a
similar association between adult plants and
seedlings in the glasshouse and field. Under
glasshouse and field environments, the dependency
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was stronger for seedling-seedling (2= 121.70, d.f.
=4, P < 0.005) than adult-adult (y2 = 95.65, d.f. =
4, P < 0.005) reactions. This might be due to the
involvement of minor genesin adult plant resistance,
whose expression is strongly affected by
environmental changes, especially temperature
(Dyck et a. 1966) and light (Wellings et al. 1988).
The different results obtained from the controlled
and field environments in this study suggest that
‘Otane’ possesses at |east two genes, one major and
one minor, operating at the adult plant stage when
the minor geneis more vulnerable to environmental
conditions, possibly temperature (Sharp 1965).

The present study indicates that high genetic
variability for resistance to stripe rust caused by P.
striiformis f. sp. tritici can be obtained in DH lines
from F; progeny of a MR and S cultivar, and thus
significant genetic gain can be obtained by selecting
the most resistant lines. DH lines resistant to
fusarium head blight in wheat (Simmonds et al.
1993) and resistant to stem rust, leaf rust, powdery
mildew, and bacterial leaf streak in barley
(Steffenson et al. 1995; El Attari et al. 1998) have
been reported. Therefore, DH production can be used
as an efficient method of breeding for disease
resistance.

ACKNOWLEDGMENTS

We thank the Foundation for Research, Science and
Technology, Lincoln University, New Zealand, and the
New Zealand Seed Technology | nstitute for funding this
part of the project on the improvement of stripe rust
resistance durability in wheat. Mohd Imtiaz thanks the
Islamic Development Bank (IDB) for providing his PhD
scholarship.

REFERENCES

Allan, R. E.; Purdy, L. H.; Vogel, O. A. 1966: Inheritance
of seedling and adult reaction of wheat to stripe
rust. Crop Science 6: 242-245.

Bariana, H. S.; Mclntosh, R. A. 1995: Genetics of adult
plant stripe rust resistance in four Australian
wheats and the French cultivar ‘Hybride-de-
Bersée'. Plant Breeding 114 485-491.

Beresford, R. M. 1982: Stripe rust (Puccinia striiformis),
anew disease of wheat in New Zealand. Cereal
Rust Bulletin 10: 35-41.

Boyd, L. A.; Minchin, P. N. 2000: Adult plant resistance
to Puccinia striiformis f. sp. tritici in wheat
mutants. Acta Phytopathlogica et Entomologica
Hungarica 35: 105-111.

Chen, X.; Line, R. F. 1993: Inheritance of stripe rust
(yellow rust) resistance in the wheat cultivar
Carstens V. Euphytica 71: 107-113.

Cromey, M. G. 1992: A new pathotype of Puccinia
striiformis in New Zealand with increased
pathogenicity to wheat cultivars with the adult
plant resistance gene Yri4. Australasian Plant
Pathology 21: 172-174.

Cromey, M. G.; Munro, C. A. 1992: Striperust resistance
in New Zealand wheat cultivars. Vortrdige
fiirPflanzenziichtg 24: 276-278.

Dyck, P. L.; Samborski D. J.; Anderson, R. G. 1966:
Inheritance of adult plant leaf resistance derived
from the common wheat varieties Exchange and
Frontana. Candian Journal of Genetics and
Cytology 8: 665-671.

El Attari, H.; Rebai, A.; Hayes P. M.; Barrault, G.;
Dechamp-Guillaume, G.; Sarrafi, A. 1998:
Potential of double haploid lines and localization
of quantitative trait loci (QTL) for partial
resistance to bacterial leaf streak (Xanthomonas
campestris pV. hordei) inbarely. Theoretical and
Applied Genetics 96: 95-100.

Flor, H. H. 1959: Genetic control and host parasite
interactions in rust diseases. /n: Holton, C. S. et
a. ed. Plant pathology problems and progress
1908-1958. Madison, Wisconsin, University of
Wisconsin Press. Pp. 137-144.

Ghannadha, M. R. 1993: Quantitative inheritance of
resistance to stripe rust (Puccinia striiformis
West.) in wheat (Triticum aestivum L.).
Unpublished PhD thesis, Massey University,
Palmerston North, New Zealand.

Hooker, A. L. 1967: The genetics and expression of
resistancein plantsto rusts of the genus Puccinia.
Annual Review of Phytopathology 5: 163-182.

Imtiaz, M.; Cromey, M. G; Hampton, J. G.; Hill, M. J.
2003: Inheritance of seedling resistance to stripe
rust (Puccinia striiformis f. sp. tritici) in * Otane’
and ‘Tiritead wheat (Triticum aestivum). New
Zealand Journal of Crop and Horticultural
Science 31: 15-22.

Johnson, R. 1983: Genetic background of durable
resistance. /n: Lamberti, F.; Waller, J. M.; Van
der Graff, A. ed. Durable resistance in crops.
New Y ork, Plenum Press. Pp. 5-26.

Johnson, R. 1988: Durable resistance to yellow (stripe)
rustinwheat and itsimplicationsin plant breeding.
In: Simmonds, N. W.; Rajaram, S. ed. Breeding
strategies for resistance to the rusts of wheat.
Mexico, CIMMYT. Pp. 36-75.

Johnson, R. 1992: Reflection of a plant pathologist on
breeding for disease resistance with emphasis on
yellow rust and eyespot of wheat. Plant Pathology
41: 239-254.



Imtiaz et al.— Durable adult plant resistance to stripe rust 31

Johnson, R.; Cromey, M. G.; Viljanen-Rallinson, S.; Sing,
R. P. 2000: Resistance to yellow (Stripe) rust in
whesats possessing Yr18in England, New Zealand
and Mexico. Acta Phytopathlogica et
Entomologica Hungarica 35(1-4): 3-9.

Lewellen, R. T.; Sharp, E. L. 1968: Inheritance of minor
reaction gene combinations in wheat to Puccinia
striiformis at two temperature profiles. Canadian
Journal of Botany 46: 21-26.

Lewellen, R. T.; Sharp, E. L.; Hehn, E. R. 1967: Major
and minor genes in wheat for resistance to
Puccinia striiformis and other responses to
temperature changes. Canadian Journal of Botany
45: 2155-2172.

Line, R. F.; Konzak, C. F.; Allan, R. E. 1974: Evaluating
resistance to Puccinia striiformis in wheat.
Induced mutations for disease resistance in crop
plan. Proceedings of a Research co-ordination
meeting, IAEA, Austria. Pp. 125-132.

Ma, H.; Singh, R. P. 1997 : Resistance to stripe rust in
five durum wheat cultivars. Plant Disease 81:
27-30.

Milus, E. A.; Line, R. F. 1986: Number of genes
controlling high-temperature, adult plant
resistance to stripe rust in wheat. Phytopathology
76: 93-96.

Roelfs, A. P.; Singh, R. P.; Saari, E. E. 1992: Rust diseases
of wheat: concepts and methods of disease
management. Mexico, CIMMYT.

Sharp, E. L. 1965: Prepenetration and postpenetration
environment and development of Puccinia
striiformis onwheat. Phytopathology 55: 198-203.

Simmonds, J.; Fregeau-Reid, J.; Pandeya, R.; Sampson,
D.; Fedak, G. 1993: Potential of anther culture
in breeding for Fusarium head blight resistance
in wheat. Cereal Research Communications
21:2-3.

Steffenson, B. J.; Jin, Y.; Rossnagel, B. G.; Rasmussen, J.
B.; Kao, K. 1995: Genetics of multiple disease
resistance in a double-haplolid population of
barley. Plant Breeding 114: 50-54.

Stubbs, R. W; Prescott, J. M; Saari, E. E; Dublin, H. J.
1986: Cereal disease methodology manual.
Mexico, CIMMYT. 46 p.

Tottman, D. R.; Makepeace, R. J. 1979: An explanation
of the decimal code for the growth stages of
cereals, with illustrations. Annals of Applied
Biology 93: 221-234.

Wallwork, H.; Johnson, R. 1984: Transgressive
segregation for resistance to yellow rust in wheat.
Euphytica 33: 123-132.

Wellings, C. R.; Mclntosh, R. A.; Hussain, M. 1988: A
new source of resistanceto Puccinia striiformis f.
sp. tritici in spring wheats (Triticum aestivum).
Plant Breeding 100: 88-96.

Zwer, P. K.; Qualset, C. O. 1994: Genesfor resistance to
striperust in four spring wheat varieties. 2. Adult
plant responses. Euphytica 74 109-115.






