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Abstract The rust fungi especially emergence of new
rust races has serious threat to global wheat production.
This is mainly due to the widespread use of race-specific
seedling resistance genes and evolution of new virulence
races like Yr9, Yr27, and Sr31. Several quantitative disease
resistance (QDR) or durable resistance genes i.e.
Lr34/Yr18/Pm38/Sr57, Lr46/Yr29/Pm39/Sr58, Lr67/Yr46,
Lr68 providing resistance to rust diseases at either high or
low temperatures have been identified. But, changing
climatic conditions affect the level of resistance in cultivars,
as at high temperature Lr34/Yrl8 genes which confer
durable resistance in wheat become less effective and at
low temperature it provides high resistance. While in
contrast, yellow rust resistance genes; Yr36 and Yr39
confer resistance at high temperature and later growth
stages. This review provides a detailed discussion on, the
different aspects of climate change that how it affect host
resistance and pathogenic variability and its sustainable
control by developing cultivars with high level durable
resistance.

Keywords  Adult Plant Resistance, Bread Wheat,
Climatic Conditions, Environmental Variability, Host
Resistance, Virulent Races

1. Introduction

Climate change has important implications for nearly
every aspect of life on earth particularly food crops.
Therefore, the task of fulfilling the increasing demand for
food in general and wheat in particular is very challenging
under the current scenario of climate change [2]. Wheat is

widely grown and consumed cereal in the world and its
demand is expected to grow due to increasing population,
change in food habits in favor of wheat and nutritional
requirements [22]. Despite adverse effect of biotic and
abiotic stresses, Pakistan stands at 9™ position in the world
wheat production and considered 4th largest producer of
wheat in Asia [7]. Among the various limiting factors
affecting wheat yield, the rust fungi especially emergence
of new rust races proved serious threat to global wheat
production. The intensity of yield losses due to all three
rusts of wheat, viz. black, brown and yellow caused by
Puccinia graminis tritici, P. triticina and P. striiformis
respectively, depends upon the resistance level of the
germplasm. In case of highly susceptible varieties, losses
may escalate as high as 80 % [11]. According to Saari and
Prescott [20] stem rust was historically a major problem in
all of Africa, the Middle East, all of Asia except Central
Asia, Australia and New Zealand, Europe, and the
Americas (both North and South). Stem rust resistance in
wheat cultivars with Sr3/ remained effective and durable
for more than 30 years. New isolates of Puccinia graminis f.
sp. tritici with virulence to Sr31 were detected in Uganda in
1999 [27] with changing climatic conditions.

Wheat rusts can be controlled worldwide by planting
resistant varieties. Use of fungicides for wheat rust is not
economically feasible and only recommended as an
emergency control measure until resistant wheat varieties
are again available. Some very effective chemicals are now
available for the control of rusts, especially stripe rust and
leaf rust, and with timely application effective stem rust
control can also be achieved. However, among all disease
management strategies, the use of resistant cultivars is the
best disease control strategy, since it comes at no extra cost
to the farmer and is environmentally safe [24]. But the



32 Impact of Environmental and Pathogenic Variability on Breaking of Host Rust Resistance in
Wheat Cultivars under Changing Climatic Conditions

breeding small grain crops for rust resistance is not like
breeding for better grain quality, higher yield, or even
tolerance to physical stresses such as drought or heat.
Breeding gains made in those traits remain for as long as a
variety is grown but it is not true for gains in rust resistance.
Resistance built into a wheat variety over 15 years of
breeding work can be totally wiped out by a shift in
pathogenic races in the rust fungus population. According
to the scientists of Cereal Disease Laboratory, University
of Minnesota, USA, many major genes confer resistance
against all three types of wheat rust, but none of them can
be expected to work against all races. Resistances based on
single, major, race specific genes often become ineffective
within five years of their development, producing “boom
and bust” cycles in wheat production. The “bust” cycles
(when rust resistance has been overcome) are caused either
by pathogens mutating to acquire virulence, a virulent race
migrating into a new region or sexual and asexual
recombination in the pathogen. The early detection of new
virulences in pathogen population makes it possible to
replace susceptible cultivars with resistant cultivars in time
to avoid large-scale epidemics [24]. This review not only
presents basic and recent information on the changes in
host resistance and pathogen virulence but also discuss the
successful host resistance breeding program under
changing climatic conditions.

2. Host Resistance under Changing
Climatic Conditions

It is extremely difficult to breed a variety that will show
resistance to all the races and bio-types of all three rust due
to changing climatic conditions that increases the problem
of varying races of pathogens that ultimately break the
resistance of host [9]. Singh et al. [24] reported that the
existence of pathogen genotype by host genotype
interactions can have a profound impact on the rate at
which pathogens evolved and increased virulence on host
plants and the durability of resistance. Lillemo [11]
concluded that partial resistance genes with different
mechanisms need to be combined to achieve a stable
resistance performance across different environments.
Some resistance gene combinations, such as the ‘Sr2
complex’ for stem rust resistance [12, 15], the ‘Frontana
complex’ for leaf rust resistance ([16], a resistance of Anza
and Little Joss varieties for yellow rust [8], have shown
long time durability. Changing climatic conditions also
affect the level of resistance in a cultivar, which expresses
when the weather becomes warm and plants grow old. For
example Yr5-mediated associated with race specific and
Yr39-mediated race non-specific adult plant resistance
under high temperature condition vary with changing
climatic conditions [11]. In wheat expression of many
resistance genes to leaf, stripe and stem rust is determined

by temperature and/or plant developmental stage and
resistance either breaks down or becomes less effective at
high temperature. For example, rust reaction of wheat
varieties with the stem rust resistance gene Sr/5 can
change from resistant at 15°C to nearly fully-susceptible at
20°C [10].

The successful host resistance breeding program is
mainly based both on understanding of virulence variation
in pathogen population as well as identification of new
resistant breeding sources. The most important step in
successful rust resistance breeding is the understanding
virulence variation in pathogen population due to changing
climate because without knowledge this variation in cereal
rust populations, success in genetic control could not be
achieved. Therefore, the plant pathologists and plant
breeders have long understood the importance of pathogen
variation to the effectiveness and durability of host
resistance. Samborski and Roelf suggested that the
approach to monitoring pathogen populations has been
tremendously valuable in the development and deployment
of host resistance [17, 20].

According to different rust pathologists, the
identification, characterization and introgression of new
resistant breeding sources to cereal rust (plants that may be
less desirable in other way, but which carry a useful disease
resistance traits) is the second most important step in
successful rust resistance breeding followed by crossing of
desirable parents for combining major and minor resistance
genes in a cultivar as well as testing of breeding
populations (filial generations from F1 to F7 and advanced
lines) both at seedling and adult plant stages under artificial
rust epidemic conditions [20]. But during testing of
breeding populations, careful attention must be paid to the
types of pathogen isolates that are present, as there can be
significant variation in the effectiveness of resistance
against different isolates of the same pathogen. Also try to
increasing the diversity of resistance genes in our cereal
and staying ahead of these “shifty” pathogens. Ancient
plant varieties and wild relatives are very important to
preserve because they are the most common sources of
enhanced plant disease resistance. McIntosh [13]
demonstrated that seventy one leaf rust resistance genes in
wheat have been mapped to chromosomal locations and
given gene designations.

Most resistance genes i.e. Lr, Lr10 & Lr21 are the good
examples of race specific resistance as it remains effective
both in seedling and adult plant stage. While race
non-specific resistance genes i.e. Lr34, Lr46, Lr67 and
Lr68 showed a partial type of resistance. This type of
resistance has provided long-term durable resistance that
optimally expressed in adult plants, as seedlings remained
susceptible. The semi dwarf and dwarf varieties developed
at CIMMY T, Mexico in the early days of green revolution
retained their resistance until they were displaced from
commercial cultivation of new high yielding varieties due
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to their genetic potential [3]. It was found that pleiotropic
resistance genes i.e. Lr34/Yr18/Pm38 and Lr46/Yr29/Pm39
confer APR and can be identified through morphological
markers i.e. leaf tip necrosis [1]. High levels of resistance
can be acquired by combining multiple adult-plant
resistance genes in the same cultivar [23]. Under changing
climatic conditions, High Temperature Adult Plant (HTAP)
resistance contributes to sustainable control of stripe rust
by reducing inoculum from season to season in a large
scale region, a phenomenon that can be referred as

“inoculum decline”. Through such inoculum decline,
partially resistant HTAP resistant cultivars can be
protected from yield losses. High levels of HTAP
resistance can be achieved by pyramiding different genes
for HTAP resistance. HTAP resistance genes also can be
combined with effective all-stage resistance genes to
develop cultivars with high-level and durable resistance
[26]. An overview of durable wheat rust resistance with
respect to changing climatic conditions is described in
Table 1.

Table 1. The influence of temperature on the effectiveness of leaf, stripe and stem rust resistance genes

Scientist Contributions

Some genes express a partial type of resistance that is manifested by fewer uredinia of variable size that are surrounded by varying
amounts of chlorosis. This type resistance is optimally expressed in adult plants, as seedlings can be susceptible. A key characteristic
of these genes is that they confer resistance to all known races of P. triticina, with no demonstrated race specificity, although these
genes singly do not provide complete resistance that is manifested by hypersensitive infection types with no uredinia produced. These
genes have provided long-term durable resistance since virulent forms of P. triticina have not yet been detected. The best known and
characterized of these genes is Lr34 that is found in wheat germplasm around the world. Wheat cultivars with Lr34 also have a distinct
phenotype of leaf tip necrosis that is expressed independently of rust infection. Lr34 has a resistance phenotype of smaller and fewer
uredinia compared to a susceptible genotype and codes for an ABC drug resistant transporter protein. Other leaf rust resistance genes
Lr46, Lr67, and Lr68 also confer adult plant-partial resistance, however these genes have not yet been cloned and sequenced.

Reference

(8]

It was identified that yellow rust resistant gene, Y736 is effective at 18 °C, refining the lower range of temperature at which resistance
against Pst is conferred compared to previous studies. Some yellow rust resistant genes appear to be sensitive to temperature change
and resistance conferred by Yr36 is not reliant on high temperatures as previously thought. Therefore, characterization and
understanding of vulnerable periods is essential to control disease outbreaks under an increasingly unstable climate.

[18]

High-temperature adult-plant (HTAP) resistance expressed when plants grow old and the weather becomes warm. The
high-temperature, adult-plant (HTAP) resistance, is temperature sensitive, but not all temperature-sensitive resistance is HTAP
resistance because some resistances express in seedling stage at high temperature. Likewise, not all adult-plant resistances are of
HTAP type, although most if not all, adult-plant resistance may be temperature sensitive.

[24]

Several leaf rust QDR genes as sensitive to temperature whilst other QDR genes appeared insensitive, maintaining a constant
resistance phenotype across temperature regimes, confirming that plants naturally have both temperature and non-sensitive resistance
mechanisms.

(3]

The temperature sensitivity of R genes must be due to the ability of the gene to recognize the pathogen considering they saw
differences between isolates but again, this hypothesis assumes that Sr9b is involved in recognition.

(4]

Several major sources of wheat resistance to Pst have broken down in recent years. These developments hasten the need to identify
more effective and durable sources of resistance.

[11]

Several yellow rust QDR genes have also been identified in wheat as temperature-sensitive in that they perform better at higher or
lower temperatures. Yellow rust resistance genes;Yr36 and Yr39 were initially designated high temperature adult plant (HTAP) genes
due to evidence that higher temperatures are crucial to their function but can only confer resistance at later growth stages.

[18]

Roelf revealed a possible reason for temperature sensitivity of Y736 resistance to Pst, may be ability of START domine to bind lipids
from Pst at high temperatures and that a subsequent change in confirmation of the domain could initiate a signal cascade leading to
programmed cell death.

(17]

Kolmer suggested that Lr34/Yri8 provides stronger resistance at lower temperatures, although the scope of how these resistance
mechanisms relate to temperature is poorly-understood. Due to resistance of this gene being linked to cooler temperatures, it may be
more suited to the UK climate, although it is not currently deployed here.

[11]

Wanyera Proposed that temperature sensitivity in QDR genes contributes to longer durability by reducing selection pressure on the
pathogen population due to variability in disease levels between the hot and cold growing season. However, durability may also be due
to the fact that they cannot be overcome by point mutations in the pathogen.

[27]

Hypotheses about the evolutionary development of QDR mediated defence at specific temperatures have been advanced. The wheat
host may have evolved to take advantage of the warm weather conditions later in the growing season with resistance traits to win the
battle against pathogen attack

(4]

The ability to modulate defence expression could provide enhanced resilience during the co-evolution between plants and their
pathogens, due to evidence that some virulence factors are secreted most readily at temperatures below the optimum growth
temperature for the plant.

[24]

Watson point out that there is no evidence that defence against necrotrophs is affected by temperature. Temperature modulation of
resistance may therefore be a host strategy to deal with different types of pathogen with different virulence types attacking at different
times. There is already evidence that plant resistance is tied into the circadian clock and that plants may be able to perceive an attack at
dawn when pathogens are more likely to strike.

[28]
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3. Pathogenic Variability under
Changing Climatic Conditions

Rust fungi are important components of ecological
communities and in ecosystem function. Their unique life
strategies as biotrophic pathogens with complicated life
cycles could make them vulnerable to global
environmental change. While there are gaps in our
knowledge, especially in natural plant—rust systems, this
review of the exposure of rust fungi to global change
parameters revealed that some host-rust relationships
would decline under predicted environmental change
scenarios, whereas others would either remain unchanged
or become more prevalent [25].

According to James Kolmer [7], variation in cereal rusts
has traditionally been assessed by testing isolates on host
genotypes that differ for resistance. The early differentials
for wheat stem rust and wheat leaf rust were collections of
cultivars and varieties that had different infection types on
seedling plants to the most commonly found isolates of
both rust pathogens. These early differential sets were
genetically undefined as there was no information on the
resistance genes present in the cultivars. Many of the early
differentials had more than one resistance gene and also
had genes in common which reduced their effectiveness in
distinguishing rust races. Later as knowledge was gained
about the genetics of rust resistance in wheat, cultivars with
identified single genes for rust resistance were used as
differentials. As an increased number of rust resistance
genes were characterized in wheat germplasm, single
resistance genes were transferred into single wheat
genotype backgrounds by backcrossing. Isogenic
differential lines have been developed for all three rusts of
wheat and also for oat crown rust. Single gene differentials
that are not isogenic lines are still used in Australia for
wheat stem rust and wheat leaf rust virulence surveys.
Virulence surveys of the three wheat rusts and oat crown
rust are conducted annually in the US, Canada, Australia
and other countries as well. Races of rust are determined
based on qualitative infection types of the isolates on each
differential line that are classified as avirulent or virulent.
The goals of the surveys are to determine pathogenic
variation present in the rust populations and to detect any
new races of rust that may pose a threat to the commonly
grown cultivars. Furthermore, rust isolates obtained from
the surveys can be used in testing cereal germplasm for rust
resistance. The most common stem rust races are avirulent
to the most wheat cultivars and do not represent any threat
to wheat production, yet some winter wheat cultivars are
susceptible to these avirulent races. Occasionally stem rust
races with increased virulence are detected; however these
races have not increased in frequency. In contrast many
different races of P. triticina are found in North America;
in the US between 50 and 60 races are identified annually.
P. coronata is likely the most variable of the cereal rusts in
North America due to the prevalence of buckthorn and the

production of sexually derived aeciospores with new
combinations of virulence on an annual basis.

Since rusts are obligate parasites, any resistance genes in
host cultivars that curtail or eliminate rust reproduction will
place tremendous selection pressure on variants that are
virulent to the resistance genes. The widespread use of
wheat cultivars with different leaf rust resistance genes has
resulted in different leaf rust races being found in the major
wheat production regions of the US. Soft red winter wheat
cultivars are grown in the southern states, eastern states,
and in the Ohio Valley region. The soft red winter wheat
cultivars in these states commonly have leaf rust resistance
genes Lr9, Lril, Lri8 or Lr26, which have selected for
races with virulence to these genes. Similarly the hard red
winter wheat cultivars grown in the southern-mid Great
Plains region from Texas to Nebraska have been selected
for races with virulence to Lri17, Lr24, Lr26, and Lr39/41
due to the presence of these genes in the hard red winter
wheat cultivars. The hard red spring wheat cultivars grown
in Minnesota, North Dakota and South Dakota have
resistance genes Lr2a, Lrl6, Lr23, and Lr2l. Leaf rust
races with virulence to these genes are commonly found in
the Northern Great Plains.

Leaf rust races with virulence to resistance genes in the
hard red winter wheat cultivars are also found in the
southeastern states and in the spring wheat region of the
northern plains, even though cultivars in these regions did
not directly select for these races. In the last 20 years DNA
based markers have been used to characterize cereal rust
populations, and thus have given new insights into the
origin and spread of rust genotypes. DNA markers are not
directly selected by host genotypes, and are thus unbiased
markers that can be used for population genetic analyses.
Markers based on random amplified DNA polymorphism
(RAPD), amplified fragment length polymorphism (AFLP)
and simple sequence repeat (SSR) polymorphism have
been used and developed for studies of P. triticina
populations in North America. Although the markers differ
in ability to detect polymorphism among different groups
of P. triticina, the results between the different studies
were very consistent. Of the three markers, SSRs likely
offer the optimal combination of sufficient levels of
polymorphism, ability to distinguish multiple alleles at
single locus, ease of scoring allele molecular weights, and
repeatability across experiments. Currently in North
America, there are six groups of P. triticina races based on
SSR genotype groupings. Isolates within the SSR groups
are identical or highly related for SSR genotype, and are
also related to virulence to key leaf rust resistance genes.
Isolates in different SSR groups are distinct for SSR
genotype and are usually highly different for virulence as
well. Two SSR groups that are found throughout the Great
Plains region and the southern and eastern states, NA-3 and
NA-5, account for 95% of the isolates in the current P.
triticina population. One small group of isolates, NA-2 is
found mainly in the soft white wheat regions of upstate
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New York and Washington State. Isolates from California,
Arizona, and Mexico that are virulent to durum wheat are
also distinct for SSR group and are in NA-6. The P.
triticina population in the US and worldwide has
characteristics of highly clonal populations as evidenced
by high levels of observed heterozygosity relative to
expected levels under random mating, high levels of
linkage disequilibrium between SSR markers, and a
general correlation between virulence and SSR genotypes.
If aeciospores derived from sexual recombination
contributed regularly to epidemic development it would be
expected that observed heterozygosity levels would be
close to expected levels, most SSR markers would be in
equilibrium, and that there would be no relationship
between virulence and SSR genotype. Molecular markers
and virulence have also been used to characterize
worldwide P. triticina populations in order to determine
their genetic relationships and possible migration between
continents. Collections of P. ftriticina from Uruguay,
Argentina, Chile, and Brazil were highly similar or in a few
cases identical for SSR genotype to the NA3 and NAS SSR
groups in North America. Isolates in the NA3 SSR group

and the related SA3 group in South America were likely
introduced from the same origin, as both were detected and
become common in the mid and late 1990s in North
America and South America, respectively. Similarly
collections of P. triticina from durum wheat in Europe,
South America, Mexico and the Middle East were nearly
identical for SSR genotype and for virulence, which
implied a common origin of these isolates [25].

Many spring wheat cultivars in the US and Canada have
leaf rust resistance genes Lr/3 and Lr34. In recent years,
cultivars with these resistance genes have suffered higher
levels of rust infection since many P. triticina genotypes
are now virulent to Lr/3 and produce intermediate levels of
infection on lines with Lr34. Wheat cultivars from North
America and other parts of the world are genetically
examined to determine their leaf and stem rust resistance
genotype. Effective genes on rust resistance from different
sources can then be transferred to locally adapted wheat
germplasm. The impact of environment and pathogenic
variability on wheat leaf rust resistance genes in wheat
describe by Mclntosh et al. [13] is given in Table.2.
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Table 2. Influence of environmental and pathogenic variability on host leaf rust resistance genes present in wheat
Chromosomal i
Genes Patl}ogfel}lc Environment variability
Location | Linkage Variability
Lrl SDL - Globally polymorphic with respect to host lines possessing Lr1. Low variability. S.h.owed high 1nf‘ec‘t ion types at very low Femp erature Le. 5°C
conditions were sufficient to produce full resistance.
Lr2a DS Population tends to be polymorphic worldwide. Lr2a is effective against predominant Medium variability. Low infection type response varied with pathogen isolate and
) pathotypes in eastern Australlia. temperature. Lr2a is slightly more effective at higher temperatures.
Lr2b 2DS - Pattern of response is similar to Lr2a. Medium variability. Similar to Lr2a.
Lroe DS Both avirulence and virulence to Lr2c occurs in most geographical regions. Avirulence in Moderate variability. Temperature from 10 °C to 25 °C had little effect on low
) Australlia is limited to a single pathotype. infection type.
Pathogen populations are polymorphic in most geographic areas, but because this gene is L . . s . .
. . - . . . . Low variability. Low infection type showed variability with decreasing
Lr3a 6BL Sril present in cultivated wheats in many geographic regions the frequencies of virulence are often .
. temperatures in respect to one pathogen culture.
very high.
This allele produces IT 0; to cultures avirulent on seedlings with LR3a, and produces L
Lribg 6BL Sril intermediate reactions to certain additional cultures. Low variability.
Lr3ka 6BL Sril Lr3Ka confers a wide range of resistance than other Li3 alleles. Low. Assumed to be.lr.lﬂuenced by pat'hogen cultur§ and observed temperature
sensitive responses with one of their cultures.
Lr9 6BL - Virulence for Lr9 was found in the USA in 1971, four year after its use in soft red winter wheats. Low variability.
Pathogenic polymorphisms for Lr/0 occur in North America and some variation is apparent in
Lri0 1AS - the UK, Europe, Africa, South and East ASIS and South America. With one recent exception, Medium.
Lr10 has not been effective in Australasia since formal testing was initiated in the 1920s.
P. recondita tritici populations are widely polymorphic on seedlings with this gene. Virulence
11l A . for Lr11 increased in texas from 1985 to 1990 (Marshall, 1992), in the USA generally in High (William and Johnson, 1956).more effective at lower temperature.
1988-1990 and in Canada from 1990 to 1999. Virulence was less frequent in Mexico and South Background genotypes also have an important influence on low infection type.
Affica.
L2 4BS } Variability probably occurs in most geographl.c areas. erulence occurs in a related group of Presumed to be stable, but no information is available.
pathotypes in Australia.
Ne2m Because of the temperature sensitivity, pathogenic variability is uncertain. However virulence is
Lri3 2BS L2 3’ known to occur in North America, South Africa, the Indian subcontinent, and Australia where a | High. Seedling resistance conferred by Lr13 is more effective at higher temperature.
single pathotype is virulent.
Lril4a 7BL - Lr14a is no longer widely effective in any geographical area. High variability. Lr14a was observe to be more effective at temperature below 20°C
Lri4b 7BL - Comparatively little is known of pathogenic variability on wheats with Lr/4b. Less effective at warmer temperature
Iris DS Lr2, Sr6 Pathogenic variability occurs in most geographlc areas. Frequencies of avirulence are very high Low variability.
in Australia.
1r16 IBS 23 Variation occurs in most geographic areas, but the frequency of virulence is usually relatively Lrl6 is more effective at higher temperature and the environmental sensitivity
low. varied with pathogen isolates.
Lr37, . . . . .
Irl7 2AS 538, Variation occurs in most geographic areas. Seedling with Lr/7 becomes more resistant to avirulent cultures at higher
temperature.
Yri7
Lri8 SBL - Pathogenic variation on seedlings with Lr/8 with avirulence usually predominating. High variability. Lr/8 becomes 1ncreas21;10géy ineffective as temperature increase to
Lri9 7DL Sr25 Virulence is rare Low variability.
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1120 TAL Pml, S15, Pathogenic variation only occur in Indian subcontinent Lower response occurs at lower temperatuore. Lr20 become completely ineffective
Sr22 at 30°C.
1121 IDL Virulent isolates have not been found in North America or Australia. Despite claims of L iabilit
’ ) ineffectiveness in seedlings, adult plants with Lr21] are resistant on the Indian subcontinent oW vanabiuty.
Lr22a 2DS Tg, W2 Virulence unknown. Observations are from field sowings Low variability.
Lr22b 2DS Tg, W2 Virulence occur Low variability.
Lr23 is no longer widely effective in most geographic areas except Europe. Virulence for Lr23
Lr23 2BS Lri3, Sr9 | is common in Australia and Mexico. In most areas pathogenicity for Lr23 shows a wide range of High variability. Lr23 is more effective at temperature above 20°C.
variation over space and time.
Virulence for Lr24 occurs in North America, South America and South Africa. Virulence for
Lr24 3DL Sr24 Lr24 occurs at low frequencies in most other geographical areas but has not been found in Moderate variability. Showed higher IT at low temperature
Australia or India.
1525 4BS Pm7 Virulence has been detected in Canada, Algeria, Cbma, Bulgaria, Egypt, Ethiopia, Hungary, Low variability.
Israel and Pakistan.
Although variation in the avirulence phenotype is common, full virulence has emerged in most
Lr26 IBL Sr31, Yr9 | wheat-growing areas; for example, Europe, the Indian subcontinent, North America and South There is no response on the effect of environment.
Africa
Lr27 3BS Sr2 Pathogenic variability occurs in Australia, Mexico and most other geographic regions. Probably moderate. At high temperatu-re Chl.o rosis associated with Sr2 can obscure
the low infection type.
Several spontaneous mutants with virulence for Lr28 have been isolated in Australia. The
frequency of virulence for this gene is extremely high in North America. Virulence has not been L
Lr28 AL ) found in India but Huerta-Espino (1992) found virulence among isolates from Pakistan and Low variability.
from most other major geographic areas.
1529 DS ) In a global survey Hue-na—Espmo (1992) founfi only three isolates with virulence on seedlings Low variability.
with Lr29; one from Pakistan and two from Turkey.
Lr30 4BL - Virulence for Lr30 is infrequent in Australia, Mexico and Canada Higher responses to avirulent pathotypes are obtained at higher temperature.
Lr3l 4BS - Lr31 acts as a complementary gene with Lr27. See Lr27. Lr31 acts as a complementary gene with Lr27. See Lr27.
Lr32 3D - Appears to be effective against all pathotypes in Australia and Mexico. Unknown; presumed to be stable.
All Australian isolates appear virulent on seedlings with Lr33, but a degree of resistance was
expressed on adult plants in the greenhouse. Pathogenic variability on seedlings of the line with
Lr33 1BL Lr26 Lr33 occurred in most geographical areas. In some instances low responses were recorded for Unknown
the Lr33 + Lr34 stock, whereas the respective Lr33 and Lr34 single gene lines gave high
responses.
Presumably not common. Dyck and Samborski (1982) reported a unique culture (10-77) iniec?on :ypes' calm varty fr:)im 0,1 dF?' 3 de;}e‘r‘ldmlgton tempteraturedalnd hlgh}tlt
Yris, isolated from cv. Tobari 66 (Lr! Lr13 Lr34) and virulent on seedlings of R.L.6050 (Lr34). This | . " -ec”lon ype 1s fowest under conditions 00 €001 temperature an (?W teht
Lr34 7D . . e . intensity”. Showed lower responses at 18 -22 "C compared with 24-27 "C.Seedling
Bdvl culture was also virulent on seedlings of Frontana and four additional lines produced at resistance has been very difficult to detect under the normal ranee of e
CIMMYT, but was not virulent on adult plants with Lr34. esistance has been very cuttto eﬁ? . under the no £¢ ol greenhouse
conditions.
Lr35 2B Sr32 Not reported, but not widely tested. Unknown
Lr36 6BS - None reported. None reported
Sr38, Seedling resistance is more effective at lower temperature, for example 17°C ;
Lr37 2AS Yri7 Unknown Temperature above 20°C resulted in infection types ranging from X' to 3 (Bariana
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1991)
Lr38 2AL Unknown Low.
Lr39 2DS - -
Lr40* . .
Lrdl* . .
Lr42 1D - -
Lr43* - -
Lrdd4 1BL . .

1LrB ) Although LrB is ineffective in Australia, the Thatcher near-isogenic line with LB provided
differential responses in most geographic areas.
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4. Conclusions

This review covers all successful steps for enhancing
host rust resistance in wheat under changing climate
condition. From this it is concluded that both the changes in
environment and pathogen population affect the resistance
level of host plant. The long-term success of breeding for
disease resistance is influenced by three factors, firstly the
nature of the pathogen and diversity of virulence in the
population, secondly the availability, diversity and type of
genetic resistance and thirdly the screening methodology
and selection environment for tracking resistance. Due to
the highly variable nature of rust pathogen, durable leaf
rust resistance in wheat cultivars has been difficult to
achieve. Additional effective resistance genes are required
for wheat genotypes to reduce the probability of
simultaneous pathogen mutations to virulence and should
avoid stepwise erosion of the pyramid by preventing
significant reproduction of any new race that is virulent on
component genes. Combination of major genes with
minor/adult plant resistance genes is the best strategy for
long lasting resistance. At least 10-12 different genes are
involved in group of CIMMYT germplasm, and by
accumulating 4-5 minor genes, the resistance level near to
immunity can be achieved. However 2-3 genes in a line
provide moderate level of resistance as shown in Figure
below presented by Ravi Singh from International Maiz
and Wheat Improvement Center (CIMMYT), Mexico.
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