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Introduction
Rice, maize and wheat provide 60% of the energy consumed 
as food in the world making them the most important food 
crops. the world consumption of wheat was 687 million tons 
in 2005. Wheat accounted for 19% of total production among 
major cereal crops. this was exceeded only by coarse grains 
and maize. Among the most important diseases in wheat that 
significantly reduce wheat production are those caused by the 
rusts (leaf, stem, and stripe) (Fig. 1). the rusts of wheat are 
among the most important plant widespread pathogens that can 
be found in most areas of the world where wheat is grown.

new pathogenic races are usually developed by mutation 
and selection for virulence against rust resistance genes in 
wheat. in recent years, new races of wheat leaf rusts, wheat 
stripe rust and wheat stem rust have been introduced into wheat 
growing areas in different continents. these introductions have 
complicated the efforts of breeders to develop wheat cultivars 
with durable resistance and have significantly reduced the 
number of the effective rust resistance genes available at 
present. This high degree of specificity has made for example 
durable rust resistance in wheat difficult to achieve because the 
virulence of wheat rust fungi against wheat resistance genes 
is highly diverse, resulting in the existence of many different 
pathogenic races. The specific interactions between resistance 
genes in wheat and avirulent genes in the pathogen serve as 
extremely useful markers for characterizing rust populations.

The most efficient, cost-effective and environment-friendly 
approach to prevent the losses caused by rust epidemics is the 

development of genetic resistance to biotic stress. the use of 
cultivars with single-gene resistance permits the selection of 
mutations at a single locus to render the resistance effective 
in a relatively short time. however, due to loss of variation 
and selection pressure, and evolution, new virulent races of 
the fungus appear, which increase the need to develop durable 
resistance. hence, the use of combinations of resistance genes 
has been suggested as the best method for genetic control of 
leaf and other rusts (74). this can be achieved by pyramiding 
effective resistance genes, but expression of individual 
resistance genes is difficult to monitor in the field.

With the advent of molecular marker technology now it 
seems to be possible to solve such complex problems. DnA-
based molecular markers have several advantages over the 
traditional phenotype trait selection. Molecular markers can be 
used to tag rust resistance genes and further, they can serve for 
improvement of the efficiency of selection in plant breeding 
by so called, marker-assisted selection (MAS). the potential 
benefits of MAS have been widely discussed (2, 63), especially 
for the solutions that are provided by them to overcome some 
of the problems faced by classical phenotypic screening 
approaches in plant breeding programs.

the current review shows that most of the wheat cultivars 
do not have an adequate level of resistance to leaf rust, 
indicating the need for incorporating more effective  and stem  
rust resistance genes into the local bread wheat cultivars.

Leaf and stem rust resistance in wheat
Wheat leaf rust is caused by Puccinia triticina eriks, wheat 
stem rust by Puccinia graminis f. sp. tritici, and wheat stripe 
rust by Puccinia striiformis f. sp. tritici. leaf rust occurs more 
regularly and in more world–wide regions than stem rust or 
stripe rust of wheat. Yield losses in wheat from P. triticina 
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infections are usually the result of decreased number of kernels 
per head and lower kernel weight and it may reach 40% in 
susceptible cultivars (32). Yield losses caused by the stem rust 
pathogens in the mid of 20th century reached 20-30% in eastern 
and central europe (95) and many other countries including 
Australia, china and india (42). the yield losses caused by 
the most virulent stem rust race Ug99 emerged first in Uganda 
and after that in Kenya, ethiopia, Yemen, in Middle east and 
South Asia and losses were estimated to approximately USD 
$ 3 billions (http://www.seedquest.com/news/releases/2007/
january/18117.htm).

the disease-causing wheat rust fungi are spread in the 
form of clonally produced dikaryotic urediniospores, which 
can be dispersed by wind for thousands of kilometers from 
initial infection sites across different continents and oceans. 
epidemics of wheat rusts can occur on a continental scale due 
to the widespread dispersal of urediniospores (74) Wheat rust 
fungi are highly specific obligate parasites. Their avirulent 
genes interact with resistance genes in wheat in a gene-for-
gene manner (24, 70).

Rust populations can be characterized by distribution 
of races and the frequencies of virulence against specific 

rust resistance genes on a defined set of wheat differential 
hosts. The avirulence genes that are present reflect only a 
small proportion of the total genetic variation found in rust 
populations, but this variation is subject to intense selection 
by the resistance genes in commonly grown wheat cultivars. 
Selectively neutral markers such as isozymes or more recently 
developed molecular markers, such as random amplified 
polymorphic DnA (RAPD), simple sequence repeat (SSR) 
and amplified fragment length polymorphism (AFLP), can 
also be used to characterize and compare rust populations. 
As the wheat rust fungi are spread easily within and between 
continents, it is essential to document the genetic changes 
in rust populations over large geographic areas in order to 
facilitate the development of rational strategies or durable 
resistance.

Molecular markers provide opportunities to tag rust 
resistance genes and as part of MAS to be used in improvement 
the efficiency of selection in plant breeding. For example, 
to facilitate breeding for durable resistance to stem rust, 
molecular markers are useful tools for the development of 
resistant cultivars and, especially, for pyramiding of resistance 
genes for several diseases (2).

Fig. 1. Relative resistances of wheat to stripe (left) and leaf rust (right). R: resistant; MR: moderately resistant; MS: moderately susceptible; and S: susceptible. 
Source: Rust Scoring Guide, Research institute for Plant Protection, Wageningen, netherlands
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As a major tool for advanced selection purposes - MAS 
can be used at an early stage of plant development in order to 
screen several genes simultaneously. to date more than 120 
lr and Sr genes have been found in wheat. Molecular markers 
linked to race-specific and slow leaf rusting resistance genes: 
lr1, lr3, lr9, lr10, lr13, lr19, lr21 lr23, lr24, lr25, 
lr27, lr28, lr29, lr31, lr34, lr35, lr37, lr39, lr46, lr47, 
lr50 and lr51 (9) (http://maswheat.ucdavis.edu), have been 
identified. Molecular markers are also available for some Sr 
genes such as: Sr9a, Sr24, Sr25, Sr36, Sr 40 (88, 89, 93) (http://
maswheat.ucdavis.edu).

Some of these are StS markers that can be directly used 
for MAS, and facilitate the pyramiding of lr genes (6), while 
others have the potential to be converted into StS markers. 
The identified markers are valuable for breeding durable leaf 
rust resistant cultivars by combining race-specific and race-
nonspecific resistance genes.

Distribution of leaf and stem rust pathogens  
and disease cycles
Wheat leaf rust (Puccinia triticina)
Wheat leaf rust is the most common and widely distributed 
of the three wheat rusts. extensive annual surveys of wheat 
leaf rust virulence phenotypes are conducted in both canada 
(53) and the US (39). Up to 70 different P. triticina races are 
identified in the US using a standardized set of near-isogenic 
lines of thatcher wheat (37). Annually 30-50 races are 
identified in France, (26), while 10-15 races are detected in 
Australia (65).

in the US, virulent leaf rust resistance races increase very 
quickly in response to the widespread use of wheat cultivars 
with race specific resistance genes. As the leaf rust population 
is very large it would be expected that random mutations occur 
in a sufficient number to produce new virulent races. Soft red 
winter wheats from the southeastern US bearing the leaf rust 
resistance genes lr9, lr11, lr18, lr24 and lr26 are infected 
by selected races that have virulence against these genes (36). 
Similarly, races with virulence against lr3ka, lr11, lr24, and 
lr26 have been selected by the hard red winter wheat cultivars 
from the southern Great Plains region of texas, oklahoma, 
and Kansas since the late 1980s (45, 46). Races with virulence 
against lr2a and lr16 have been found in the northern 
Great Plains, where hard red spring wheats with these genes 
are grown. introduction from distant sources of new races 
with virulence to resistant genes in commonly grown wheat 
cultivars can also occur. Races with virulence to lr17, lr3bg 
and lrB became common in the southern Great Plains of the 
US in the mid of 1990s. A combination of the molecular data 
and the virulence data supported the hypothesis that these races 
have been introduced to the Great Plains of US, most probably 
from Mexico or the Pasific Northwest and have not been 
derived by mutation from previously existing populations (35). 
in 2001, a new race of leaf rust with high virulence to durum 
wheat has been detected in northwestern Mexico (81). this 

leaf rust race is avirulent against many of the resistance genes 
present in common hexaploid wheat but it is virulent to most 
durum wheat cultivars from europe, South America, Mexico 
and california. the high degree of virulence and the observed 
simple sequence repeat (SSR) genetic similarity among the P. 
triticina isolates from the world-wide durum wheat collection 
suggested that this race might have been introduced to Mexico 
from other durum-growing areas of the world or might have 
evolved by mutation and selection in the durum wheat fields 
of Mexico (41).

the distribution of leaf rust races over continents has been 
confirmed also by the observation of the new races in Australia 
and new Zealand which are geographically separated from 
other major wheat-producing areas of the world. new leaf 
rust races from other continents have been introduced into 
these countries numerous times. two new leaf rust races 
have been introduced subsequently in 1981 and 1984 in new 
Zealand and Australia. Additional races obtained by mutation 
from the original introduction increased rapidly in frequency 
throughout eastern and western Australia and new Zealand, 
displacing races that had been common before 1984. of the six 
leaf rust races identified in 2003 or 2004 in Australia, all were 
derived by mutation from the race introduced in 1984. in 2000, 
a leaf rust race with virulence against lr24 has been detected in 
Australia for the first time (64) although wheat cultivars caring 
the resistance gene had been grown since 1983. the emergence 
of the lr24-virulent race could be explained by mutation and 
selection from a previously existing race. it is remarkable that 
lr24- virulent races were not detected previously in Australia. 
in the US, virulence against lr24 appeared within a few years 
after the introduction of winter wheat cultivars with lr24 
in the southern Great Plains (47). in Australia, almost all 
released wheat cultivars are highly resistant to leaf rust, and 
the effective population size of P. triticina in which mutation 
might occur is greatly reduced. the delay of the emergence 
of Lr24-virulent leaf rust races in Australia might reflect to 
a reduced probability of mutation to lr24 virulence in the 
Australian population. Many of the winter wheats grown in the 
southern US are susceptible to leaf rust, which allows a very 
large leaf rust population to survive, creating a reservoir for 
mutation and selection.

there was evidence for long-distance transfer of P. triticina 
in europe, since four races accounted for 64% of all isolates 
in collections from Western europe (66). Multiple isolates 
of the same race from different countries have been found to 
have identical RAPD banding patterns (67) providing further 
evidence of the long-distance transport of P. triticina isolates in 
Europe. A number of 105 races have been identified in France, 
hungary, italy, Bulgaria and Poland in 1998 (61) with very 
few races in common between countries. Regional populations 
of P. triticina races can arise within a continent due to use 
of wheat cultivars with different leaf rust resistance gene 
composition in different regions. isolates from central europe 
were found to have high frequencies of virulence against the 
lr3, lr3ka, lr3bg, and lr26 genes, whereas most isolates from 
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Western europe were avirulent in relation to these genes (38). 
cluster analysis of RAPD markers indicated that isolates from 
Great Britain, italy, and Spain were more closely related to 
each other than to isolates from hungary and Slovakia, which 
is an indication for the existence of at least two major groups of 
P. triticina in europe. isolates from South America had RAPD 
phenotypes that were nearly identical to those of isolates from 
western canada, yet the two populations had different patterns 
of virulence (38). Similarity of RAPD phenotypes suggest 
that the Western canadian and South American isolates of P. 
triticina might have derived from introductions of the same 
source, pesumably from europe, but the subsequent selection 
of these introductions by wheats that had different resistance 
genes might account for the dissimilarities in the virulence of 
P. triticina isolates from Western canada and South America. 
Recently, the newly developed locus –specific and co-
dominant SSR markers have been extensively used to study 
the P. triticina populations.

Puccinia triticina is a macrocyclic and heteroecious rust 
fungus with five spore stages and two taxonomically unrelated 
host species: telial such as wheat (hexaploid wheat - T. aestivum 
l., durum wheat - T. turgidum ssp. durum, wild emmer - T. 
dicoccoides, domesticated emmer wheat - T. dicoccon, 
triticale, common goatgrass - Ae. cylindrica and sometimes 
Ae. speltoides) and alternate, such as meadow rue - Thalictrum 
spp. As heteroecious rust fungus. P. triticina has an asexual and 
sexual life cycle. to complete its sexual life cycle P. triticina 
requires a second, alternate host - Thalictrumn spp. which the 
parasite uses to overwinter. in places where Thalictrum does 
not grow, such as Australia and north America the pathogen 
will only undergo its asexual life cycle and will overwinter 
as mycelium or uredinia. in this case the disease spreads as 
windborne urediniospores which give rise the speculation that 
most probably the adaptations of the north American leaf rust 
races (virulences) occur only through genetic mutations. the 
sexual stage of P. triticina has been found on T. speciosissimum 
in southern europe (8, 13, 14, 94). infections on the alternative 
host I. fumaroides appear to be restricted to a region in Siberia 
(10). Allen (1) reported in 1932 that flexuous hyphae most 
commonly extend through stomatal guard cells of the lower 
leaf and that fertilization typically takes place on the lower 
leaf surface. Puccinia triticina is heterothallic and therefore 
pycniospores and flexuous hyphae originating from the same 
pycnium are not sexually compatible. Pycniospores emanate 
from the tip of the pycnium in a liquid ‘nectar’ exudate that 
attracts insects. the pycniospores are disseminated to different 
pycnia by insects and by movement in water such as dew and 
rain splashing. P. triticina can cycle indefinitely as uredinial 
infections on telial hosts such as wheat. in the southern Great 
Plains of the US, leaf rust infections that over-summer on 
volunteer wheat can serve as resevoirs of inoculum for the 
autumn-planted winter wheat. in winter wheat, leaf rust can 
over-winter as mycelial or uredinial infections in areas with 
suitable temperature conditions (74).

Leaf rust resistance genes in wheat

The first world-wide genetic studies of leaf rust resistance 
in wheat have been conducted about a century ago by wheat 
researchers. The first one, (48) determined that the wheat 
cultivars Malakof and Webster had a gene that conditioned leaf 
rust resistance, later designated as lr1 and lr2, respectively 
(3). later Soliman et al. in 1964 (85) mapped lr genes through 
identification of the chromosomes that carried leaf rust 
resistance genes lr1, lr3 and lr11. Allelic variation in lr genes 
(three alleles at the Lr2 locus) has been firstly demonstrated by 
Dyck and Samborski in 1968 (20).

currently there are 60 leaf rust resistance genes with 
permanent gene designations from lr1 to lr 60 (59). these 
genes have been found and characterized in common hexaploid 
wheat, tetraploid durum wheat and many diploid wild wheat 
species.

A significant number of Lr resistance genes originate from 
Triticum aestivum cultivars, but some resistance genes were 
initially introduced into common wheat cultivars from wild 
species accessions: Aegilops umbellulata – lr 9, Aegilops 
squarrosa – lr 21, lr 22, lr 32, lr 39, lr 40, lr 41, lr 42, 
lr 43, Agropyron elongatum – lr 19, lr 24, lr 29, Aegilops 
speltoides – lr 28, lr 35, lr 36, lr 47, or Aegilops ventricosa 
– lr 37.

in hexaploid wheat, leaf rust resistance genes are widely 
distributed across the genome, being present on nearly 
everyone of the 42 chromosome arms. Four allelic variants 
have also been described and mapped to a specific loci on 
different chromosome arms. Genes lr2a, lr2b and lr2c have 
been mapped on chromosome 2DS (56) while lr3a, lr3ka and 
lr3g on chromosome 6Bl (27). Genes lr17a and lr17b have 
been mapped to chromosome 2AS (19), and lr22a and lr22b 
on 2DS (78). the extremely tightly linked lr14a and lr14b 
(7Bl) have been considered as alleles for all practical purposes 
by Dyck and Samborski (16).

it is thought that there is a gene-for-gene relationship 
between the leaf rust pathogen and the wheat host meaning 
that for a single resistance gene in wheat there is a single gene 
in the pathogen that makes it either virulent or avirulent on the 
host (40). leaf rust resistance in wheat is due to major genes, 
which can provide adult or seedling resistance, and minor 
genes. Seedling resistance genes are effective for the whole 
lifecycle of the plant. Adult plant resistance genes are effective 
only in adult plants, but have been shown to be an important 
part of durable leaf rust resistance. Minor genes have effects 
that are too small to be identified individually, but are thought 
to be more durable than these of the major genes. they result in 
fewer, smaller pustules and longer latent periods (40).

Most leaf rust resistance genes determine effective 
resistance to specific races of P. triticina. Race-specific 
resistance is usually manifested by a hypersensitive response 
(hR) of rapid cell death that occurs at the interface between 
fungal haustoria and host cells in the epidermal and mesophyll 
layers. Different resistance genes determine specific resistance 
phenotypes or infection types. For instance, the resistance 
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response of wheat lines with lr3 is characterized by clearly 
defined hypersensitive flecks while lines with Lr2a have only 
very light flecks that are difficult to see. Other race-specific 
resistance responses, such as those conditioned by wheat with 
lr3ka, lr3bg and lr11, are manifested by small uredinia 
surrounded by chlorosis, and lines with lr16 have small 
uredinia surrounded by necrosis. Resistance conditioned by 
these last genes is probably expressed at a later point in the 
infection and colonization process of P. triticina. Race-specific 
lr genes are effective in seedling plants and remain effective 
in the adult plant stage. however, the resistance conditioned by 
some genes, such as lr12, lr13 and lr22a, is best expressed in 
adult plants. in wheat lines that have combinations of resistance 
genes, the gene with greatest resistant infection type is epistatic 
to genes with less resistant infection types. to date, three genes 
that confer race-specific resistance have been cloned: Lr1 and 
lr10, originated from from common wheat, and lr21, from T. 
tauschii (11, 23, 29). these genes condition an hR response 
to isolates of P. triticina that carry matching avirulence genes, 
and encode proteins with nucleotide binding site-leucine rich 
repeat (nBS-lRR) regions typical for most disease resistance 
genes in plants. not all leaf rust resistance genes determine 
race-specific resistance. Gene Lr34 was first described as a 
modifier of adult plant resistance in the cultivar Frontana (22). 
this gene was found in a number of wheat lines from around 
the world (21) and was later mapped to chromosome arm 7DS 
(17). the resistance response conditioned by lr34 does not 
involve hR, but instead is characterized by fewer and smaller 
uredinia with no chlorosis or necrosis on flag leaves of adult 
plants, often with a decreasing gradient of uredinia density 
from the leaf base to tip. lr34 conditions the same resistance 
response to all isolates of P. triticina that have been tested (i.e. 
non race-specific resistance), and is associated with non-HR 
resistance to stripe rust and powdery mildew (87). Gene lr46 
is another adult plant resistance gene originally found in the 
cultivar Pavon 76. lr46 confers a resistance response of fewer 
and smaller uredinia, but with varying amounts of chlorosis 
in adult plants (84). Genes that confer non-hR resistance will 
probably differ both in DnA sequence and protein function 
compared with race-specific, NBS-LRR resistance genes. 
Genetic aspects of leaf rust resistance in wheat were previously 
reviewed by Kolmer (34).

Wheat stem rust (Puccinia graminis)
Wheat stem rust epidemics occurred regularly from 1900–
1955 in north America (33). heavy epidemics in different 
years such as 1916, 1935, 1937, 1950–1954 and others caused 
massive yield losses in wheat. Since then, wheat stem rust has 
successfully been controlled in north America and most parts 
of the world by the use of highly resistant wheat cultivars, and 
by eradication of the barberry (Berberis vulgaris) alternate 
host. this has greatly reduced the number of stem rust races 
and the effective size of the P. graminis population, therefore 
directly reducing the chances of a virulence mutation occurring 
in an adapted P. graminis genotype. in recent years, relatively 
few races of wheat stem rust have been found in north 

America (60). in the US, six highly discrete virulence groups 
of P. graminis have been described in the asexual population 
from the Great Plains using 16 host differential single gene 
lines (75). these virulence groups correlated very highly with 
patterns of isozyme variation at 13 loci (7). in 1989, a stem rust 
race that had high virulence against the stem rust resistance 
gene Rpg1 in barley appeared in the Great Plains region of the 
US and canada (77). this race was avirulent to nearly all of 
the spring and winter wheats grown in north America, yet was 
virulent to nearly all of the barley cultivars that were tested. 
the new race differed for virulence against the resistance genes 
Sr6, Sr12, Sr13, and Sr33 when compared to the previously 
characterized virulence groups, and was virulent to the cultivar 
Mcnair. the stem rust isolates virulent to Rpg1 also differed 
from other stem rust races in their isozyme genotypes at two 
loci. it is likely that the stem rust race with virulence to Rpg1 
was wind disseminated to the Great Plains region from a sexual 
population of P. graminis in the Pacific Northwest. The stem 
rust populations in north and South America are speculated 
to have originated by introductions from the same or similar 
sources in europe because there is no clear difference between 
isolates from these regions for virulence patterns or RADP 
markers (52). Many wheat cultivars throughout the world have 
the stem rust resistance gene Sr31, which was introgressed 
into wheat on a translocated chromosomal fragment from rye. 
this gene has provided highly effective resistance for many 
years. Stem rust races with virulence against Sr31 were not 
detected despite the extensive cultivation of wheat with this 
gene. in 1999, high levels of stem rust infections caused by a 
new race of stem rust, Ug99 (also called ttKK) were found 
in Uganda on wheat genotypes that had the rye translocation 
and Sr31 (72). Subsequent tests confirmed that a new race of 
P. graminis with virulence against Sr31 had been found in 
central Africa (Kenya, ethiopia, Yemen). the new phenotypes 
were also virulent against Sr38, for which virulence had never 
been previously detected. in 2004, heavy stem rust infections 
were observed on international center for Wheat and Maize 
improvement (ciMMYt)-derived lines of wheat in Kenya. 
the stem rust infections in Kenya were caused by the same race 
that had virulence against Sr31 and Sr38 originally detected 
in Uganda. More recently, Ug99 has spread to major wheat 
production areas of the Middle east, such as iran, Afghanistan, 
india, Pakistan, turkmenistan, Uzbekistan and Kazakhstan 
(http://www.fao.org/newsroom/en/news/2008/1000805/). the 
possible route of stem rust spread is proposed as east Africa - 
Middle east - West Asia - South Asia. the stem rust race from 
central Africa is also virulent to many of the wheats currently 
grown in canada and the US. to overcome such infections 
and their distribution it is essential to develop germplasm 
that has effective resistance to this dangerous new race in all 
potentially affected regions.

Stem rust pathogen and disease cycles
the parasitic fungus Puccinia graminis f.sp. tritici, causing 
stem rust of wheat is heteroecious which means that two 
unrelated hosts, such as wheat and barberry, are required to 
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complete its life cycle (http://www.apsnet.org/education/
lessonsPlantPath/StemRustWheat/default.htm) (42). Wheat is 
the primary host where the pathogen spends most time, while 
barberry is the secondary host. the fungus can reproduce itself 
only in living host plants. The fungus has five types of spores 
at different developmental stages: pycniospores (speramatia), 
aeciospores, urediniospores (uredospores), teliospores, and 
basidiospores (43). the disease cycle starts with the exposure 
of the new wheat crop to stem rust inoculum. the source of the 
inoculum is different under different environments. in regions 
with warm climates, the volunteer plants carry the spores over 
summer and urediniospores from the infected volunteer wheat 
are the source of initial inoculum for wheat planted in the next 
fall to start a disease cycle (42). in the regions with a cold 
winter, aeciospores are the main source of initial inocula for 
wheat stem rust. Aeciospores are produced on barberry, the 
most common alternate host in the United States (http://www.
apsnet.org) (42).

in wheat, rust infection mainly occurs on stems and 
leaf sheaths. Within two weeks after inoculation, a brick-
red structure, called a rust pustule also known as a uredium 
containing urediospores, appears at the point of inoculation. 
in heteroecious rusts, urediospores can reproduce themselves 
and re-infect wheat multiple times (42), which can lead to 
severe damage on wheat production. in a later developmental 
stage, another type of spore called teliospore, which is a black 
overwintering spore, is produced in telia (12) to conclude 
the disease cycle of stem rust in wheat and to start a new life 
cycle in barberry. in the United States, barberry eradication 
has significantly reduced the number of epidemics for many 
years. Since common barberry has been largely removed 
after the 1920s, barberry bushes have not been a major source 
of disease inoculum (37) (http://www.ars.usda.gov/Main/
docs.htm?docid=10755). in recent years, barberry plants 
have reappeared in a few original eradication sites in south-
eastern Minnesota, and it is still necessary to monitor the 
barberry’s population and avoid rust infection from barberry 
(37). however, since P. graminis can survive in wheat in 
southern part of USA and Mexico, stem rust epidemics can 
still occur without the help of barberry. Urediniospores, as the 
major inoculum source can spread by wind along the coast of 
the Gulf of Mexico to infect the winter wheat in the central 
Great Plains, and eventually the spring wheat in the north 
Great Plains (42). in the southern areas, urediniospores from 
volunteer wheat plants infect local winter wheat seedlings in 
the fall to start a new disease cycle.

the development of stem rust in wheat is favored by 
warm temperature (18-30°c) with high relative humidity. 
the symptoms of the disease are visualized as erumpent 
uredia pustules mainly on the stems and leaf sheaths about 
7 to 10 days after infection (43). the shape of pustules is 
oval or spindle-shaped, and the color is reddish brown. the 
symptoms on resistant plants range from no uredia to small or 
medium uredia surrounded by chlorosis or necrosis, while the 

symptoms on susceptible plants include large uredia with or 
without chlorosis or necrosis (76).

Stem rust resistance genes in wheat
To date, about fifty stem rust resistance genes have been 
identified and some of them have been mapped on different 
chromosomes in wheat and its relatives (57). All these genes 
are race specific except Sr2 that has provided durable non-
race-specific plant resistance to slow rusting adult (58, 79, 81, 
85). Among these resistance genes, some genes deployed in 
commercial cultivars worldwide were effective individually or 
in combination with other Sr genes until recently. Sr2, derived 
from Triticum turgidum and located on chromosome 3BS, has 
been widely used in the wheat program in ciMMYt, Mexico 
for global improvement of wheat stem rust resistance and hard 
winter wheat breeding programs in the USA (85). Moreover, 
the Sr2 complex in combination with other resistance genes 
showed effective protection against Ug99 (79).

Prevention of the diseases caused by leaf and stem rust 
pathogens
two main approaches are currently used to prevent the diseases 
caused by leaf and stem rust. Destruction of previous wheat 
plants and volunteer wheat, by tillage or herbicides (triazoles 
and strobilurins), is an important step in prevention of several 
diseases, including wheat streak mosaic, high Plains virus, 
barley yellow dwarf, and leaf and stem rusts. eliminating 
the ‘green bridge’ between wheat crops will help prevent 
mechanisms of carryover from one growing season to the next. 
crop rotation is also very helpful at reducing disease carryover 
because many diseases are host specific and proliferate when 
the same crop is planted year after year. Most disease cycles 
can be disrupted by as little as one year of rotation or fallow 
conditions. Several locations on the Southern high Plains 
have been ‘re-infected’ from one year to the next by spores 
moving into the region from distant, more southerly areas 
where summer survival of rust is more likely. therefore, even 
growers who take precautions to eliminate green bridge plants 
may experience infected fields due to the prolific spreading 
characteristic of the spores through wind.

one of the only, early prevention methods for avoiding rust 
diseases or minimizing their impact is to plant a variety with 
known resistance. Variety resistance is the most economical 
and environmentally safe method of control. to date more than 
120 resistance genes to leaf, stem and stripe rust have been 
found in wheat. Many of them confer race-specific resistance 
in a gene-for-gene manner, and several are currently used by 
breeders to develop new cultivars. however, the resistance 
provided by these genes can be short-lived as new races of the 
rust pathogens, continuously evolving and acquire virulence 
against these genes. For example, varieties, formerly rated 
as ‘resistant’, have in recent years, begun to show signs 
of susceptibility at various locations. in many situations, 
the varieties remained resistant for only three to four years 
before showing signs of susceptibility. large differences in 
susceptibility exist among wheat varieties. Some of them that 
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have exhibited resistance to leaf and stripe rust have been 
released in the breeding programs worldwide. this is not to 
imply that these varieties will always resist infection in every 
situation or that other varieties will exhibit susceptibility every 
time. considering the high adaptability and rapid distribution 
of virulent isolates of rust pathogens over long distances 
the best strategy is to develop cultivars with good levels of 
protection under high disease pressure. For such purpose 
several “slow rusting” gene complexes such as lr34 (19) and 
Lr46 (84) need to be combined with the race-specific genes. 
Although lr34 and Lr46 provide durable and non-specific 
adult plant resistance their effect is more reduced than that 
of race-specific genes. Lr34 was recently cloned and it was 
shown that it is the same gene as Yr18 (resistance to adult 
plant stripe rust), powdery mildew resistance (Pm38) and 
leaf tip necrosis (Ltn1). this gene codes for a putative ABc 
transporter. A similar tight linkage or pleiotropic effect was 
observed between lr46 and Yr29, also a slow rusting gene 
for stripe rust. Lr34 was first described in cultivar Frontana 
in 1966. it is located on the short arm of chromosome 7D, 
close to locus Xgwm295. the resistance phenotype displayed 
by this gene includes longer latent period, fewer uredina 
and smaller uredina size. lr34 is tightly linked to the leaf 
tip necrosis (ltn) locus, and it is also possible that the ltn 
phenotype could be a pleiotropic effect of lr34 itself. the 
lr34 gene has been widely used in wheat breeding programs 
because of its durable resistance to leaf rust, its association 
with Yr18, a stripe rust resistance gene, and its association with 
tolerance to Barley yellow dwarf virus infection (55, 79). the 
combination of Lr34 with other genes, such as Lr12 and/or 
Lr13, provided durable leaf rust resistant cultivars worldwide 
(4, 51). In facts most of the identified durable leaf resistant 
cultivars carry Lr 34 genes, and other race-specific gene(s). 
The South American cultivar Frontana, which has been 
regarded as one of the best sources of durable resistance to 
leaf rust to leaf rust carries lr 34, lr13 and lrt3 (21). chinese 
Spring, a popular wheat cultivar whose resistance to leaf rust 
has lasted for about a century in north America (40), carries 
Lr34, Lr12 (18), and Lr31 genes for leaf rust resistance (83). 
Adult plant resistance is of high importance in field resistance 
to leaf rust. For example, other genes such as Lr11, Lr12, 
lr13, lr22b, lr35, and lr37 have been reported also as as 
adult plant resistance (APR) genes (37, 53, 62). Winzeler et al. 
(91) reported that 55% of european wheat cultivars had APR 
resulting from the activity of quantitative trait loci (qtl) and/
or Lr34 that enhances resistance. Sixty out of 105 european 
wheat cultivars that were tested showed APR in the field (68). 
these genes could be detected by growing adult plants under 
controlled conditions and testing them by inoculation or by 
growing the genotypes in the field and monitoring disease 
severity in the growth period. Although information about 
the molecular principles of APR to P. triticina is limited, 
qtl studies in segregating populations have been initiated to 
characterize APR genes for leaf and stripe rust (P. striiformis) 
in several wheat genotypes (44, 90). Durable rust resistance 

may be achieved by pyramiding, that is, accumulating several 
effective resistance genes in one cultivar (54, 61). the 
combination of n (number of genes) undefeated resistance 
genes should extent the longevity of each resistance since it 
would require simultaneous mutations in at least n avirulence 
loci to produce a new virulent pathotype (71).

Marker–Assisted Selection (MAS) and resistance gene 
isolation as tool for improving the resistance to leaf  
and stem rust resistance in wheat
Pyramiding of several genes into one cultivar can be an 
effective strategy to use resistance genes to enhance durability 
of wheat resistance to leaf and stem rust (42). Durable 
resistance may be achieved by combination of several 
genes encoding partial resistance. Gene pyramiding through 
conventional methods is difficult and time-consuming because 
it requires simultaneous tests of the same wheat breeding 
materials with several different rust races before a selection is 
made. Usually, it is not feasible for a regular breeding program 
to maintain all necessary rust races needed for this type of 
work. therefore, MAS is a powerful alternative to facilitate 
new gene deployment and gene pyramiding for quick release 
of rust-resistant cultivars.

Molecular markers such as StS or ScAR and cAPS are 
available for leaf rust resistance genes lr1, lr9, lr10, lr 19, 
lr21, lr24, lr 25, lr28, lr29, lr34, lr35, lr37, lr39, lr47 
and lr51. enzymatic marker (endopeptidase ep-D1c) for lr19 
has also been developed (92). Microsatellite (SSR) and AFLP 
markers for some lr genes such as lr3bg, lr18, lr40, lr46 
and lr50 have been developed by Purnhauser et al. (73).

Molecular markers are available also for stem resistance 
genes such as Sr2 (28), Sr 9a (88), Sr22 (31, 69), Sr24 and 
Sr26 (50), Sr31 (15), Sr36 (5, 89) and Sr39 (25). Some of 
the markers have been used in MAS, but markers for some 
of the genes are not diagnostic for the genes and must be 
improved and markers for other genes are not available. 
At the present time, the research of stem rust in wheat has 
focused on identifying more resistance genes to control Ug99. 
According to the Farm and Ranch Guide report, currently 
50% of winter wheat and 70 to 80% of spring wheat used in 
the USA are susceptible to Ug99. Moreover, 75-80% of the 
breeding materials are susceptible to Ug99 and most stem rust 
resistance genes deployed in breeding programs have been 
overcome by this new fungus (http://www.farmandranchguide.com/
articles/2008/03/13/ag_news/production_news/pro10.txt). Microsatellite 
marker closely linked to resistance gene Sr40 have been also 
obtained (93).

to date three genes for leaf rust resistance in wheat lr1 
(11), lr10 (23) and lr 21 (29) have been isolated cloned and 
sequenced. they all have sequences that encode nucleotide 
binding site (nBS)-leucine-rich repeat (lRR) regions, 
which are characteristic of disease resistance genes in plants. 
Molecular description of these genes in wheat provides a 
unique biological system to study the molecular mechanisms 
of wheat-pathogen interaction and transduction as well as 
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the resistance gene function, evolution and diversity. this 
will allow further manipulation of wheat resistance genes to 
increase the resistance durability by genetic transformation of 
wheat.

Conclusions
Biotic stress resistance emerges as principal selection criteria 
in contemporary wheat selection objectives. the discussed 
pathogens (as leaf and stem rust) continue to cause huge losses 
worldwide in wheat production due to reliance on cultivars 
with race-specific resistance and the high level of virulence 
variation in rust pathogens.

the selection of genotypes with combinations of non-race-
specific resistance genes defining durable resistance over year 
as well as race specific genes at seedling stage is a task of 
prime importance for molecular marker assisted selection.

A new approach called “genomic selection” that is based 
on the widespread conventional selection with the use of 
information from the molecular markers will facilitate breeding 
programmes by providing effective achievement of biotic 
stress resistance reduction, in mean time generation interval, 
and also investments in ecological-friendly crop production.
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