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Race Ug9g9, or TTKSK, of fungus Puccinia graminis tritici, causing stem or black
rust disease on wheat (Triticum aestivum), first identified in Uganda in 1998 has
been recognized as a major threat to wheat production. Its spread in 2006 to
Yemen and Sudan and further spread towards North Africa, Middle East and
West-South Asia is predicted -aided by predominant wind currents and large
areas of wheat varieties that are susceptible and grown under environments
favorable for survival and multiplication of the pathogen. This has raised serious
concerns of major epidemics that could destroy the wheat crop in these primary
risk areas. Detection in Kenya of a new variant TTKST in 2006 with virulence to
gene Sr24, which caused severe epidemics in 2007 in some regions of Kenya and
rendered about half of the previously known Uggg-resistant global wheat mate-
rials susceptible, has further increased the vulnerability globally. Rigorous
screening since 2005 in Kenya and Ethiopia of wheat materials from 22 countries
and International Centers has identified low frequency of resistant materials that
have potential to replace susceptible cultivars. Diverse sources of resistance,
both race-specific and adult-plant type, are now available in high-yielding wheat
backgrounds and are being used in breeding. The proposed strategy is to deploy
spring wheat varieties possessing durable, adult plant resistance in East Africa
and other primary risk areas to reduce inoculum and selection of new virulences
capable of overcoming undefeated race-specific resistance genes. Race-specific
resistance genes can then be deployed in secondary risk areas preferably in
combinations. We believe that Uggg threat in most countries can be reduced to
low levels by urgently identifying, releasing and providing seed of new high
yielding, resistant varieties.

1. INTRODUCTION

Wheat, one of the most important staple food crops, is grown on

about 225 million ha worldwide from the equator to latitudes of 60°N and
44°S and at altitudes ranging from sea level to more than 3000 m. Approxi-
mately 600 million tons of wheat is produced annually, roughly half of
which is in developing countries (Aquino ef al., 2002). The only limitation
to production is humid and high-temperature areas in the tropics and high-
latitude environments where fewer than 90 frost-free days are available for
crop growth. The world’s largest producers of wheat are China, India, and
the USA, producing annually 100, 70, and 64 million tons with productivities
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of 3.8, 2.6, and 2.9 t/ha, respectively (Aquino ef al., 2002). Only 10% of total
wheat produced is sold on the export market, the primary exporting countries
are USA, Canada, Australia, and France, and developing countries consume
most of the wheat sold on the export market (Aquino et al., 2002). In some
countries, such as those in North Africa, per capita consumption of wheat is as
high as 240 kg (FAO, 2001).

Globally important fungal diseases of wheat, caused by biotrophs (obli-
gate parasites), include the three rusts, powdery mildew, and the bunts and
smuts; whereas, those caused by hemibiotrophs (facultative parasites) include
Septoria tritici leaf blotch, Septoria nodorum blotch, spot blotch, tan spot, and
Fusarium head blight (scab). The obligate parasites are highly specialized
and significant variation exists in the pathogen population for virulence to
specific resistance genes. Evolution of new virulence through migration,
mutation, recombination of existing virulence genes and their selection has
been more frequent in rust and powdery mildew fungi. Therefore, enhance-
ment of the knowledge on the genetic basis of resistance and breeding-
resistant cultivars to these diseases has received larger attention.

Stem or black rust of wheat, caused by fungus Puccinia graminis Pers. f. sp.
tritici Eriks. & E. Henn., historically is known to cause severe devastation
periodically and was most feared disease in various countries in all continents
where wheat is grown. The fear from stem rust is understandable because an
apparently healthy looking crop of a susceptible cultivar about 3 weeks prior
to harvest could reduce to a black tangle of broken stems and shriveled grains
by harvest. There are several major wheat production areas worldwide in
which stem rust can cause severe losses due to environments that are condu-
cive to disease development. According to Saari and Prescott (1985), 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). Although the last major stem rust
epidemics occurred in Ethiopia during 1993 and 1994 (Shank, 1994) when
a popular wheat variety “Enkoy’” suffered major losses, the rest of the world
has practically remained unhurt from stem rust for over three decades.
Because worldwide epidemics of other two rust diseases, leaf (or brown)
rust caused by P. triticina and stripe (or yellow) rust caused by P. striiformis,
were more frequent in recent years, there has been a major shift in priority
and resources away from stem rust research and breeding to such an extent
that in some countries testing and breeding for stem rust resistance have been
suspended. Consequently, it is not surprising to find new wheat pathologists
and breeders who have not even seen stem rust infection in the field.

In 1998, severe stem rust infections were observed on wheat in Uganda,
and a race, designated as Ug99 with virulence on Sr31, was detected
(Pretorius ef al., 2000). Race Ug99 was subsequently detected in Kenya
and Ethiopia in 2005 (Wanyera et al., 2006), and in Sudan and Yemen in
2006 (Jin et al., unpublished data). A new variant of this race with virulence
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to Sr24 was detected in Kenya in 2006 ( Jin et al., 2007a). It is predicted that
these races will migrate to North Africa, Middle East, Asia, and beyond and
challenge wheat scientists and policy makers to identify, develop, and
replace most of the wheat varieties currently grown in these areas that are
susceptible. Although major losses to stem rust have already occurred in
Kenya during the 2007 crop season in the “Narok’ area and fungicides had
to be used heavily to protect the wheat crop in other later-sown areas, the
authors strongly believe that the major threat of stem rust once again
destroying the vast span of wheat crops in its predicted migration path can
be mitigated. This optimism arises from the fact that wheat scientists and
policy makers worldwide have begun to respond positively to the alarm
raised by Noble Laureate Dr. Norman E. Borlaug in 2005 (CIMMYT,
2005), which resulted in the formation of the “Global Rust Initiative”
(www.globalrust.org).

2. STEM RuST DISEASE, PATHOGEN,
AND EPIDEMIOLOGY

Stem rust is caused by fungus P. graminis Pers. f. sp. tritici Eriks &
E. Henn and belongs to one of several formae speciales in P. graminis. Stem
rust appears as elongated blister-like pustules, or uredinia, most frequently
on the leaf sheaths of a wheat plant, but also on true stem tissues, leaves,
glumes, and awns. Stem rust pustules on leaves develop mostly on the lower
side, but may penetrate and produce limited sporulation on the upper side.
On the leaf sheath and glumes, pustules rupture the epidermis and give a
ragged appearance. Masses of urediniospores produced on the pustules are
brownish red in color, and easily shaken off the plants. As infected plants
mature, uredinia convert into telia, changing color from red into dark
brown to black, thus the disease is also called black rust. Teliospores are
firmly attached to plant tissue.

The fungus is heteroecious, alternating between a telial host in Poaceae
and an aecial host in Berberidaceae, and macrocyclic, with five spore states
that are distinct in morphology and function. Crop species as primary hosts
include bread wheat, durum wheat, barley, and triticale. There are a large
number of species in Berberis and Mahonia that are susceptible to P. graminis
(Roelfs, 1985), but the common barberry, B. vulgaris, is considered to be the
most important alternate host. Aeciospores arising from an alternate host can
be asource of inoculum. Historically, the source of inoculum from B. vulgaris
was important in North America and northern and eastern Europe. This
source of inoculum has generally been eliminated or greatly reduced by
removal of common barberry from the proximity of wheat fields.
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Urediniospores disseminate to newly emerged tissues of the same plant
or adjacent plants to cause new infections, or can be transported through
wind in long distances. Long-distance transport through prevailing winds is
known to occur across the North American Great Plains (Roelfs, 1985),
from Australia to New Zealand, and rarely to a distance of about 8000 km
from southern Africa to Australia (Luig, 1985). In the case of long-distance
dispersal, spore depositions on crops in a new area are often associated with
rain showers. Stem rust urediniospores are rather resistant to atmospheric
conditions if their moisture content is moderate (20-30%). The minimum,
optimum, and maximum temperatures for urediniospore germination are 2,
15—24, and 30 °C; and for sporulation 5, 30, and 40 °C (Roelfs et al., 1992),
thus providing a vast range of favorable environmental conditions. Uredi-
niospores initiate germination within 1-3 h of contact with free moisture
over a range of temperatures. In field conditions, 6-8 h of dew period or
free moisture from rains is required for the completion of infection process.

After two devastating stem rust epidemics in North America in 1904
and 1916, an important finding came from the pioneering work of
E. C. Stakman (Stakman and Piemeisel, 1917) who showed that the stem
rust pathogen had various forms or races. These races varied in their ability to
infect different wheat varieties which later were found to carry distinct
resistance genes or combinations thereof. At present wheat scientists use
wheat lines that usually carry a single race-specific resistance gene to deter-
mine avirulence/virulence characteristics of a race. Mutation toward viru-
lence in existing populations followed by selection on susceptible hosts is at
present considered to be the most important evolution mechanism for stem
rust pathogen to acquire new virulence to overcome resistance conferred by
race-specific resistance genes. Where an alternate host is present, it is possible
to have new combinations of virulences through sexual recombination;
however, it is limited at present to few areas of the world. Rare asexual
recombination is also known to occur through exchange of nuclei between
conjugating hypha of two races that have by chance infected same tissues.

Wheat rust pathogens are biotrophs and therefore need living wheat
plants or other secondary hosts for survival in the absence of alternate
hosts. They produce large numbers of urediniospores during the crop season
and wind dispersion transmits these urediniospores onto the same or
new host plants in the vicinity or distantly. Typically, most spores will be
deposited close to the source (Roelfs and Martell, 1984); however, long-
distance dispersal is well documented with three principal modes of dispersal
known to occur. The first mode of dispersal is single event, extremely long-
distance (typically cross-continent) dispersal that results in pathogen coloni-
zation of new regions. Dispersion of this type is rare under natural conditions
and by nature inherently unpredictable. It is also difficult to specifically
attribute long-distance dispersal. However, rusts are one pathogenic group
with reasonably strong evidence for unassisted, long-distance dispersal under



276 Ravi P. Singh et al.

natural airborne conditions. Several examples of long-distance dispersal have
been described by Brown and Hovmgller (2002), including the introduction
of sugarcane rust into the Americas from Cameroon in 1978 and a wheat
stem rust introduction into Australia from southern Africa in 1969. Both
these examples provide strong evidence for being unassisted natural long-
distance wind-borne dispersals. The enabling factor in this mode of dispersal
for rusts is the robust nature of spores ensuring protection against environ-
mental damage (Rotem ef al., 1985). Deposition in new areas is primarily
through rain-scrubbing of airborne spores onto susceptible hosts (Rowell
and Romig, 1966).

Assisted long-distance dispersal, typically on travelers clothing or infected
plant material, is another increasingly important element in the colonization
of new areas by pathogens. Despite strict phytosanitary regulations, increas-
ing globalization and air travel both increase the risk of pathogen spread.
Evidences strongly support an accidental introduction of wheat stripe rust
into Australia in 1979, probably on travelers clothing, from Europe (Steele
et al., 2001). More recently, concerns over nonaccidental release of plant
pathogens as a form of “‘agricultural bio-terrorism’ have arisen, with wheat
stem rust considered one pathogen of concern (Hugh-Jones, 2002) primarily
due to its known ability to cause devastating production losses to a major
food staple (Leonard, 2001).

The second major mode of dispersal for pathogens like rusts is stepwise
range expansion. This typically occurs over shorter distances, within a coun-
try or a region, and has a much higher probability than the first described
dispersal mode. This probably represents the most common or normal mode
of dispersal for rust pathogens. A good example of this type of dispersal
mechanism would include the spread of a Yr9-virulent race of P. striiformis
that evolved in eastern Africa and migrated to South Asia through the Middle
East and West Asia in a stepwise manner over about 10 years, and caused
severe epidemics along its path (Singh et al., 2004b).

The third mode of dispersal, extinction, and recolonization, could
perhaps be considered a sub-mechanism of stepwise range expansion. This
mechanism occurs in areas that have unsuitable conditions for year-round
survival. Typically these are temperate areas where hosts are absent during
winter or summer. A good example of this mechanism is the ** Puccinia path-
ways” of North America—a concept that arose from another pioneering
work of Stakman (1957) in which rust pathogens over winter in southern
USA or Mexico and recolonize wheat areas in the Great Plains and further
north following the prevailing south-north winds as the wheat crop season
progresses. The second well-documented extinction—recolonization exam-
ple is that of wheat stripe rust survival and spread from mountains in the
Gansu province of China (Brown and Hovmgller, 2002) and wheat rusts in
the Himalayas and Nilgiri Hills in northern and southern India, respectively
(Nagarajan and Joshi, 1985) where susceptible hosts can be found year
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round and environmental conditions are favorable for the pathogen to
survive. Urediniospores from these areas are then blown to wheat fields in
other areas and initiate disease.

3. BREEDING FOR RESISTANCE

3.1. Historical account

It was not until the beginning of twentieth century and soon after the
rediscovery of Mendel’s laws, that Biffen (1905) demonstrated that inheri-
tance of resistance to wheat stripe rust followed Mendel’s laws. Strong
emphases to identify resistance to stem rust and to breed resistant wheat
varieties were initially given in the USA, Canada, Australia, and Europe.
Although the major epidemic of 1916 in the USA and Canada had already
triggered extensive research on stem rust, efforts in the USA, Canada, and
Australia were intensified further with subsequent epidemics in the follow-
ing decades. Although resistance present in some hexaploid wheat sources
were used in breeding during early years, the most successful control of stem
rust came when H. K. Hayes in the University of Minnesota and E. S.
McFadden in South Dakota State University transferred the stem rust resis-
tance from tetraploid sources “‘lumillo” durum and “Yaroslav’” emmer,
respectively, into bread wheat that gave rise to hexaploid wheat varieties
“Thatcher” and “Hope” (Kolmer, 2001). Although several race-specific
genes are present in Hope and Thatcher, the most effective component of
the resistance in these two varieties is due to adult plant resistance. Thatcher
and Hope, Hope sib “H44-24a,” and other varieties derived from these
parents such as “Selkirk™ and “Chris” that combined resistance to stem rust
from other sources including gene Sr6 found to be present in a plant selection
by J. McMurachy in 1930. “Kenya 58" and other Kenyan varieties carrying
the same gene Sr6 were also used extensively in Australia by [. A. Watson and
in Mexico by N. E. Borlaug. Efforts to find a solution to the stem rust
problems facilitated global collaboration amongst wheat scientists who
shared, grew, and evaluated wheat germplasm in the quest of finding difter-
ent sources of resistance to stem rust. R esistant wheat materials developed at
Njoro, Kenya through the support from Canadian scientists in 1960s and
1970s contributed substantially to international breeding efforts. Resistance
from Hope and Chris formed the foundation of the high-yielding, semi-
dwarf wheat varieties that led to ““Green Revolution™ in the 1970s.

3.2. International cooperation

Although germplasm exchange was common among wheat scientists,
the International Spring Wheat Rust Nursery Program, initiated in 1950
by B. B. Bayles and R. A. Rodenhiser of USDA-ARS (United States



278 Ravi P. Singh et al.

Department of Agriculture—Agricultural Research Services), Beltsville,
formed the basis of a true international collaboration and operated continu-
ously until the mid 1980s. The objectives of the program were (1) to find
new genes or combinations of genes in wheat which condition field resis-
tance to rusts throughout the world, and (2) to test new varieties and
promising selections of wheat developed by plant breeders and pathologists
for resistance to rusts. The germplasm and information generated were
made available to the global wheat community. This nursery was the foun-
dation of numerous other international nurseries and led to global coopera-
tion to achieve resistance to diseases and pests of several crops. CIMMY T
(International Maize and Wheat Improvement Center) and several other
international research centers continue to use this methodology to not only
distribute improved germplasm they develop but also to evaluate their
performance for agronomic and disease resistance attributes.

3.3. Spread of semidwarf wheats with resistance to stem rust

The semidwarf wheat varieties developed by Dr. N. E. Borlaug in Mexico
during early 1960s under the program sponsored by the Mexican Govern-
ment and the Rockefeller Foundation were also resistant to stem rust and
earlier in maturity compared to tall varieties grown previously. The two
semidwarf “Green Revolution” mega-varieties, “‘Sonalika” and ‘“‘Siete
Cerros,” continue to have moderate levels of resistance to race Ug99 even
today; however, they were mostly replaced as they succumbed to leaf and
yellow rusts and better varieties became available. These semidwarf varieties
significantly reduced stem rust incidence in many areas, which is often
attributed to a combination of resistance and early maturity that avoided
stem rust inoculum buildup (Saari and Prescott, 1985). The tall variety
“Yaqui 50,” released in Mexico during the 1950s, and other Sr2-carrying
semidwarf varieties released since then had stabilized the stem rust situation
in Mexico and possibly in many other countries where modern semidwarf
wheats were adopted. Changes in stem rust races have not been observed in
Mexico for almost 40 years and natural infections are nonexistent.
Successful transfers and utilization of alien resistance genes Sr24 and
Sr26 from Agropyron elongatum (Thinopyrum ponticum), Sr31 located in the
1BL.1RS translocation from ‘“Pektus” rye and an undesignated gene on
1AL.1RS translocation from “Insave” rye, Sr36 from T. timopheevi and more
recently Sr38 from T. ventricosum further reduced stem rust incidence in
various countries around the world in 1970s and 1980s. The alien resistance
gene Sr31 has been used in agriculture on the largest scale since 1980s in
spring, facultative and winter wheat breeding programs worldwide except
Australia. Its use in CIMMY T wheat improvement resulted in the release of
several popular cultivars worldwide. The use of 1BL.1RS translocation was
initially associated with increased grain yields and resistance to all three rusts
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and powdery mildew as it carried resistance genes for all these diseases on the
same translocation. Large-scale deployment of Sr31 surprisingly did not
result in its breakdown until the detection of race Ug99 in Uganda. In fact
this gene probably further reduced the already low stem rust survival to
almost nonexistent levels in most wheat growing regions to the extent that
stem rust started to become a forgotten curse.

The decrease in incidence of stem rust to almost nonsignificant levels by
the mid-1990s throughout most of the wheat producing areas worldwide
were coincident with a decline in research and breeding emphasis to such a
level that in many countries breeding was done in the absence of this disease.
CIMMYT scientists continued to select for stem rust resistance in Mexico
using artificial inoculation with six P. graminis tritici races of historical impor-
tance. New stem rust races have rarely occurred since the “Green Revolu-
tion” in Mexico (Singh, 1991). Moreover, a majority of wheat lines selected
in Mexico remained resistant at international sites either due to absence of
disease, inadequate disease pressure, or presence of races that lacked necessary
virulence for the resistance genes contained in CIMMY T wheat germplasm.

Frequency of 1BL.1RS translocation went up to ~70% at one stage in
CIMMYT’s spring wheat germplasm but has declined to about 30% in
more recent advanced lines. Such alien chromosome segments on the one
hand are very useful for controlling multiple diseases, but on the other hand
could lead to “‘vertifolia” or a masking effect (Vanderplank, 1963) resulting
in decrease in frequency or even loss of other useful genes, especially minor
types, in breeding materials. All wheat lines of CIMMYT origin evaluated
in Kenya since 2005, irrespective of the presence or absence of 1BL.1RS
translocation, were highly resistant to stem rust in Mexico and remain
highly resistant in other parts of the world, indicating that the high
frequency of this translocation in 1980s and 1990s cultivars explains only a
portion of the current susceptibility of wheat germplasm to race Ug99 in
Kenya. Jin and Singh (2006) compared seedling reactions of US wheat
cultivars and germplasm with highly virulent races present in the USA
and race Ug99. Several wheat lines, especially spring wheat that were highly
resistant to US races and did not carry the1BL.1RS translocation, were also
found to be susceptible to Ug99. This further supports the hypothesis that
race Ug99 carries a unique combination of virulence to known and
unknown resistance genes present in wheat germplasm. The major suscep-
tibility is due to the specific nature of avirulence/virulence combination
that Ug99 possesses, which had led to the susceptibility of many wheat
materials irrespective of where they were developed.

3.4. Current knowledge of resistance to stem rust

At present 46 different stem resistance genes are catalogued and multiple
alleles are known for three gene loci (Table 1). There are a few additional
resistance genes that need further research before they can receive designation
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Table 1 Origin and usefulness of designated Sr-genes in conferring seedling and/or
adult plant resistance to Uggg race of stem rust pathogen Puccinia graminis f. sp. tritici

. Stem rust resistance (Sr) genes
Origin of
Sr genes Ineffective Effective
Triticum aestivum 5, 6, 7a, 7b, 8a, 8b, 9a, 9b, 9f, 287, 29b Tmp*
10, 15, 16, 18, 19, 20, 23,
30, 41, 42, Wld-1
Triticum turgidum 9d, 9e, 9¢g, 11, 12, 17 2b 13ab 144
Triticum monococcum 21 22,35
Triticum timopheevi 367, 37
Triticum speltoides 32, 39
Triticum tauschii 33045
Triticum comosum 34
Triticum ventricosum 38
Triticum araraticum 40
Thinopyrum elongatum 249 25, 26, 43
Thinopyrum intermedium 44
Secale cereale 31 27°, 1A.1R%, R

¢ Virulence for the gene is known to occur in other races.
b Level of resistance conferred in the field usually not enough.

(Mclntosh et al., 1995). Several of these genes were incorporated into wheat
from alien wheat relatives (Table 1). All designated genes, except Sr2, are race
specific and are expressed in both seedling and adult plants. Race specificity
derives from the gene-for-gene relationship between the host plant resistance
gene and corresponding avirulence genes in the pathogen. With avirulent
races a majority of stem resistance genes allows formation of tiny- to medium-
sized uredinia, with limited sporulation, which are surrounded by a necrosis or
chlorosis (McIntosh ef al., 1995). Genes that allow development of only
microscopic or macroscopic hypersensitive reactions include Sr5, Sr17,
Sr27, Sr36, and Sr6 at cooler temperatures.

The adult plant resistance gene Sr2 confers slow rusting (Sunderwirth
and Roelfs, 1980). Combination of Sr2 with other unknown slow rusting
resistance genes possibly originating from Thatcher and Chris, commonly
known as the “Sr2-Complex,” provided the foundation for durable resis-
tance to stem rust in germplasm from the University of Minnesota in the
United States, Sydney University in Australia, and the spring wheat germ-
plasm developed by Dr. N. E. Borlaug (Mclntosh, 1988; Rajaram et al.,
1988). Unfortunately, not much is known about the other genes in the Sr2
complex and their interactions. Knott (1988) has shown that adequate levels
of multigenic resistance to stem rust can be achieved by accumulating
approximately five minor genes.
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US wheat cultivar Chris, which is not known to carry Sr2 but possesses
several seedling resistance genes including Sr7a (Singh and Mclntosh, 1987)
displayed adequate level of resistance to Ug99 in the field in Kenya.
Preliminary studies of inheritance of seedling resistance to Ug99 in Chris
indicated that Ug99 resistance in Chris is controlled by two complementary
recessive genes (Jin, 2007), and the same seedling resistance is present in
AC Barrie (a Canadian spring wheat cultivar), Thatcher, and Bonza 65
(a CIMMY T-derived cultivar). Singh and Mclntosh (1987) indicated the
possibility that the adult plant resistance to Sr7a-avirulent Australian races
may involve interaction of the moderately effective gene Sr7a and other
unknown adult plant resistance genes. Seedling tests indicated that Ug99 is
virulent on the Sr7a-tester line (Jin et al., 2007b) although Chris did show
seedling resistance. Singh and McIntosh (1987) indicated that resistance
conferred by Sr7a is difficult to evaluate both in seedlings and adult plants
when the gene is present alone. Therefore, at this stage we cannot deter-
mine the role Sr7a may have played in resistance of “Chris” observed in
Kenya. Even though seedling tests indicate that Sr23, another gene whose
expression is difficult to evaluate in seedlings and adult plants when present
alone, may be ineffective against Ug99, adequate resistance in ““Selkirk”
may involve interactions of moderately effective genes Sr2 and Sr23 (linked
to leaf rust resistance gene Lr16) and perhaps additional unknown adult
plant resistance genes. These observations, although they still require
validation through genetic analyses, indicate that complex resistance to
stem rust present in some tall cultivars developed in the 1960s and 1970s
continue to remain effective.

4. RACE UG99 AND WHY IT IS A POTENTIAL THREAT
TO WHEAT PRODUCTION

4.1. Avirulence/virulence genes in Ugg9

Race Ug99, that emerged in Uganda in 1998 and was identified in 1999
(Pretorius et al., 2000), is the only known race of P. graminis tritici that has
virulence for gene Sr31 known to be located in the translocation 1BL.1RS
from rye (Secale cereale). It was designated as TTKS by Wanyera et al. (2006)
using the North American nomenclature system (R oelfs and Martens, 1988)
and more recently as TTKSK after a fifth set of differentials was added to
further expand the characterization (Jin ef al., 2008). The most striking
feature of race Ug99 is that it not only carries virulence to gene Sr31 but
also this unique virulence is present together with virulence to most of the
genes of wheat origin, and virulence to gene Sr38 introduced into wheat
from Triticum ventricosum that is present in several European and Australian
cultivars and a small portion of new CIMMY T germplasm (Table 1, Jin ef al.,
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2007b). This virulence combination might have accounted for the wide-
spread Ug99 susceptibility in wheat varieties worldwide. A variant of Ug99
with added virulence to Sr24 was detected in 2006 in Kenya. It is anticipated
that mutation toward more complex virulence will likely occur as the fungal
population size increases and selection pressure is placed on the population
by resistant varieties.

4.2. Current distribution of race Uggg

As described by Singh ef al. (2006) Ug99 was first identified in Uganda in
1998, although there is some evidence indicating that the race may have
been present in Kenya since 1993, and had spread to most of the wheat
growing areas of Kenya and Ethiopia by 2003. In 2005, Ethiopian reports
confirmed its presence in at least six dispersed locations (Fig. 1). The East
African highlands are a known “hot-spot” for the evolution and survival of
new rust races (Saari and Prescott, 1985). The favorable environmental
conditions and the presence of host plants year-round favor the survival
and buildup of pathogen populations. Available evidence emerging from
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the East African countries indicates that Ug99 has exhibited a gradual
stepwise range expansion, following the predominant west-east airflows.

The confirmed range of Ug99 continues to expand, with new sites being
recorded beyond the previously confirmed three East African countries
Uganda, Kenya, and Ethiopia. In early 2006 (February/March), stem
rust—tentatively caused by the Ug99 race—was reported from a site near
New Halfa in eastern Sudan. Later the same year (October/November),
reports were obtained from at least two sites in western Yemen (Fig. 1).
Subsequent race analysis of samples from these sites, undertaken by the
USDA-ARS Cereals Disease Laboratory, St. Paul, MN, USA confirmed
the presence of Ug99 in these countries. The observed expansion into new
areas is in-line with previous predictions on the likely movement of Ug99
(Hodson et al., 2005; Singh et al., 2006) and fits the stepwise dispersal model
following prevailing winds as outlined by Singh et al. (2006). The exact
route taken by Ug99 to reach Yemen is unknown, but neither the possibil-
ity of transfer from south-eastern/eastern Ethiopia on the fringes of the
southwestern monsoon system nor the transfer from eastern Sudan/Eritrea/
northern Ethiopia can be excluded (Fig. 2).

Figure 2 Updated potential migration routes of Ug99 based on historical precedence
and recent studies of actual wind movements.
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4.3. Predicting Uggg migration to other wheat areas

Crossing of the Red Sea into Yemen by Ug99 is regarded as being particu-
larly significant, as the pattern of regional airflows, combined with historical
recorded migration of Yr9-virulent stripe rust race (Singh ef al., 2004b),
both support the potential for onward movement from Yemen into signifi-
cant wheat production areas of the Middle East and West-South Asia.
On the basis of airflow patterns, Fig. 2 updates the potential migration
routes A and B described in Singh ef al. (2006). Nothing in the current
observed spread of Ug99 indicates any basis for changing this hypothesis.
Given this situation, the buildup of significant levels of Ug99 urediniospores
in Yemen would be a cause for concern.

More detailed analysis of further potential onward movements under-
taken using the HYSPLIT (HYbrid Single-Particle Lagrangian Integrated
Trajectory) airborne particle trajectory model developed by NOAA
(Draxler and Rolph, 2003) supports the hypothesis that Yemen could be a
staging post for onward movement into the Middle East and Asia. Figure 3
illustrates 72-h airborne particle trajectories, derived from HYSPLIT, using
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Figure3 Air-borne particle trajectories, derived from the HYSPLIT model, originating
from the confirmed Ug99 site of Al Kedan, Yemen (trajectories represent weekly 72-h
movements for the period 1st December 2006 to 28th February 2007).



Stem Rust Threat to Wheat 285

the confirmed Ug99 site Al Kedan in Yemen as a source. The trajectories
shown are for weekly intervals during the period 1st December 2006 to
28th February 2007—a period in which wheat would be present and at a
potentially susceptible growth stage in areas north of Yemen. During this
period there was a clear tendency for airborne trajectories, originating at Al
Kedan, to follow a north-easterly routing heading toward the wheat pro-
ducing areas of Saudi Arabia, Iraq, and Iran. Similar results were obtained
from an identical analysis covering the period 1st December 2005 to 28th
February 2006, supporting the notion that the possibility of onward move-
ments from sites in Yemen in the direction of key wheat areas occurs on a
regular basis.

Immediate onward movements from eastern Sudan are potentially less
problematic as airflow models indicate that direct movements in a northerly
direction into the important wheat areas of the Nile valley are unlikely.
However, given the uncertainty and complexity of airflows in this region
the possibility of spores reaching these areas can never be totally excluded.
In addition, there is a very real risk that spores could move northwards up
the Arabian Peninsula from Yemen, enter the Nile Delta and then cycle
back south down the Nile Valley. The Yr9-virulent stripe rust race did reach
Egypt soon after its detection in Yemen (Singh ef al., 2004b). Sudan had
escaped stripe rust because wheat is grown under relatively warm condi-
tions, which is unfavorable for stripe rust survival.

At present, no known long-distance, single event “‘random jump” type
movement (assisted or natural) has been recorded for Ug99. But with an
expanding known range for the pathogen and the high mobility of people
both regionally and internationally, there is a clear need for continued
monitoring and surveillance in wheat areas beyond the immediate at risk
region. Presence of the Sr24-virulent variant of Ug99 first identified in
Kenya in 2006 has not yet been detected beyond Kenya, even though it was
widespread in epidemic form in Kenyan highlands on the Sr24 carrying
variety “Kenya Mwamba.”

4.4. Resistance/susceptibility of current wheat germplasm

Reynolds and Borlaug (2006) estimated that the potential area under the
risk from Ug99 along the natural migration path in North Africa, Middle
East and Asia (excluding China) might amount to 50 million ha of wheat,
that is, about 25% of the world’s wheat area and accounting for an estimated
19% of global production amounting to about 117 million tons. An
estimated 1 billion people live within these wheat production areas.
Extensive screening of global wheat varieties for resistance to Ug99
has been undertaken at key sites in Kenya and Ethiopia (principally Njoro,
Kenya and Kulumsa, Ethiopia) and results summarized by Singh et al. (2006).
Available screening data has been linked via known pedigrees to databases
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on areas planted to known varieties (CIMMY T, unpublished data). Prior
to 2006, data were available for 10 countries in the Africa/Asia region
with limited susceptibility ratings for Ug99 recorded for wheat varieties
covering an estimated 44 million ha. By the end of 2006, the screening
dataset had been extended to include germplasm from 18 countries in the
region, including China, with more detailed resistance/susceptibility
ratings obtained on varieties covering an estimated 75 million ha (Fig. 4).
A summary of the area by susceptibility rating data is given in Table 2.
Varieties exhibiting any observed resistance to Ug99 only account for 5%
of the total estimated area in the 18 countries. The huge areas observed in
India and Pakistan result from the predominance of “‘mega-cultivars”
“PBW343” and “Inqualab 91" in the two countries, both of which are
susceptible to Ug99. Further screening of additional varieties from 22
countries undertaken in Kenya during 2007 indicated a similar low
frequency of resistant materials; however, the database mentioned above
has not been updated yet.
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Figure 4 Summary of areas planted to known wheat varieties from 18 countries by
their resistance/susceptibility groupings to Ug99 from screening results in Kenya and
Ethiopia during 2005 and 2006 (symbols are scaled according to recorded areas by
country).
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Table 2 Estimated areas planted to wheat varieties in 18 African and Asian countries
by resistance/susceptibility grouping to Uggg, based on screening data 2005, 2006 in
Njoro, Kenya

Estimated area
Resistance/susceptibility group million ha %
Unknown 30.71 411
Susceptible 38.54 51.6
Moderately susceptible 1.73 2.3
Reesistant 1.04 1.4
Moderately resistant 2.72 3.6

The seemingly favorable environmental conditions, coupled with the
extensive coverage of susceptible wheat varieties is a grave cause of concern
if Ug99 does spread unchecked. Conditions favorable for outbreaks of
epidemics currently exist in the migration path of highest probability.
If an epidemic from Ug99 does occur, extremely large numbers of wheat
farming families may be seriously affected—especially those who have few
alternative livelihoods. In these circumstances, landless laborers dependent
on agricultural jobs would also be seriously affected, and one could antici-
pate an increase in the rural-urban migration of landless laborers and small
farmers. If large production losses occur there would be significant implica-
tions for rural and national economic growth rates in seriously aftected
countries, and could even affect global wheat markets. Given the serious
implications, there is a clear need for improved monitoring, surveillance,
and early warning to directly support the efforts of wheat researchers and
national policy makers working to prevent the spread of the disease and to
alleviate its impacts.

4.5. Can a Uggg pandemic be predicted?

A frequently asked question these days is when will Ug99 cause a major
epidemic? However, the answer is very difficult because combination of
factors occurring together is necessary for any epidemic to build up, and
these could be different in different areas. Obviously susceptible host,
virulent pathogen races, and a conducive environment are primary factors,
but other more important factors in many areas are where and how much
inoculum survives during the off-season, and when disease establishes in
commercial fields.

Let us take a few examples to illustrate this further. In Kenya, where stem
rust is endemic, that is, it is present throughout the year in the vicinity of
wheat crops sown at different times and at different elevations, it took only
one year from the detection in 2006 of the TTKST variant of Ug99 to cause
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epidemics in 2007 on a previously resistant variety “Kenya Mwamba’ and
other varieties that were already susceptible to the original Ug99. Weather
conditions during the 2006/07 period, October-April, were unexpectedly
favorable for stem rust due to higher than normal rainfall, which allowed
multiplication of race TTKST not only on wheat crop but also on off-
season voluntary wheat plants. The specific combination of both changing
virulence patterns and favorable weather conditions may have been the
drivers of the observed epidemic.

Conversely, a Ug99 epidemic has not occurred in Ethiopia even though
it was first detected in 2003 and sporadic infections were found on the
commercial wheat crop. Huerta-Espino (1992) reported the presence of a
Sr36-virulent race from samples collected in 1987 in Ethiopia; however, not
until 1993 did an epidemic occur on the variety Enkoy that was previously
protected by gene Sr36. The 1993 epidemic probably left enough inoculum
to survive during the off-season on susceptible voluntary plants to cause a
repeat second epidemic during 1994. Occurrence of epidemics had stopped
by 1995, as the area under Enkoy was significantly reduced.

Stakman (1957) summarized the difficulties he faced in preventing stem
rust epidemics in North America. It took 11 years for race 15B, first
identified in collections from barberries in Iowa in 1939, to cause a pan-
demic in 1950 in Mexico, and USA, and Canada in 1953, 1954. However,
it may not be necessary for a rust pathogen to take such a long time to cause
epidemics. In northwestern Mexico, an exotic race of leaf rust detected in
2001 on durum wheat was able to cause an epidemic during the same year
and the two subsequent years until the susceptible cultivar was removed
from cultivation (Singh ef al., 2004a).

It is therefore difficult to predict when, or even if, an epidemic will
occur once Ug99 is detected in a country. Since the “Green Revolution,”
agronomic practices have changed in many parts of the world; creating a
more favorable environment for stem rust buildup due to the higher use of
nitrogen fertilizers and irrigation. Expansion of wheat cultivation into new
areas and the expansion of conservation agriculture, allowing survival of
more volunteer plants in the off-season, are all likely to change stem rust
epidemiology that we know at present.

5. BREEDING STRATEGIES TO MITIGATE THE THREAT
FROM UG99 AND ACHIEVE A LONG-TERM CONTROL
OF STEM RusT

Reducing the area planted to susceptible cultivars in ‘“Primary Risk
Areas” of East Africa, Arabian Peninsula, North Africa, Middle East, and
West-South Asia is the best strategy if major losses are to be avoided.
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The “Global Rust Initiative” (www.globalrust.org), launched in 2005, is
using the following strategies to reduce the possibilities of major epidemics:
(1) monitoring the spread of race Ug99 beyond eastern Africa for early
warning and potential chemical interventions, (2) screening of released
varieties and germplasm for resistance, (3) distributing sources of resistance
worldwide for either direct use as varieties or for breeding, and (4) breeding
to incorporate diverse resistance genes and adult plant resistance into
high-yielding adapted varieties and new germplasm.

The best long-term strategy to mitigate the threat from Ug99 is to
identify resistant sources among existing materials, or develop resistant
wheat varieties that can adapt to the prevalent environments in countries
under high risk, and release them after proper testing while simultaneously
multiplying the seed. An aggressive strategy to promote these resistant
varieties in farmers’ fields is the only viable option as resource-poor as
well as commercial farmers in most of Africa, Middle East, and Asia cannot
afford chemical control or may not be able to apply chemicals in the event
of large-scale epidemics due to their unavailability for timely application.
A reduction in disease pressure in East Africa and Yemen will likely reduce
chances of migration beyond these areas to other primary risk areas; how-
ever, it is unlikely that further range expansion of Ug99 can be stopped at
this stage. Reduction of susceptible varieties throughout the primary risk
area should reduce wind dispersal of spores from these areas to “Secondary
Risk Areas.”

For a long-term control, we like to discuss strategies that are already
implemented or can be applied to identify, develop, and deploy varieties
with race-specific resistance genes or with adult plant resistance.

5.1. Prevalence of Sr24 and its breakdown

A high frequency of the highly resistant wheat materials from South
America, Australia, USA, and CIMMYT identified from 2005 to 2006
screening with Ug99 in Kenya possess Sr24 indicating it as an important
resistance gene especially due to its presence in adapted genetic back-
grounds. Sr24 is located on the Thinopyrum elongatum translocation on
chromosome 3DL together with leaf rust resistance gene Lr24. There are
three distinct Sr24 carrying translocations: the original one linked to a
gene for red grain color, the shorter segment with white grain, and a third
segment where a very small segment has been retranslocated onto chromo-
some 1BS. In all three segments both Sr24 and Lr24 are present together.
Therefore, selection for Lr24 with avirulent leaf rust isolates can be used as
an indirect selection strategy.

Virulence for Sr24 is known in South Africa (Le Roux and Rijkenberg,
1987) and India (Bhardwaj et al., 1990) in local races and it arose from the
deployment of this gene. Detection of race TTKST with Sr24 virulence in
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Ug99 lineage during 2006 in low frequency (Jin et al., 2007a) resulted in
rapid buildup to cause an epidemic on Sr24 carrying variety Kenya Mwamba
in 2007, which occupied about 30% of the Kenyan wheat area. Three Sr24-
based resistant varieties, “ETBW19,” “ETBW21,” and “ETBW22” were
multiplied under the emergency program in Ethiopia during the 2006 and
2007 to obtain several tons of seed. However, these varieties are now
susceptible to the Sr24-virulent race TTKST present in Kenya indicating
their genetic vulnerability if they occupy significant areas of rust-prone areas
in Ethiopia in coming years.

The situations described above have once again questioned and reminded
us of the consequence of dependence on single race-specific genes in the
control of stem rust in areas where rust is endemic. Adoption of new varieties
is a very slow process in many of the target countries and often the change of
varieties is triggered by rust epidemics as happened in Ethiopia after the 1993
and 1994 stem rust epidemics on wheat variety Enkoy, which once was a
leading variety but was soon replaced by other available varieties such as
“Pavon 76,” “Kubsa,” and others. A similar effect was seen in Pakistan
where stripe rust epidemics in northwestern Pakistan in 1995 and 1996 on
varieties “‘Pak 817" and ““Pisabak 85" led to the almost complete replacement
by “Inqualab 92, which was resistant to stripe rust at that time.

5.2. Race-specific resistance genes effective to Uggg

Resistance gene Sr25 is located on a Th. elongatum translocation together
with leaf rust resistance gene Lr19 on chromosome 7DL. Despite the fact that
this translocation is known to enhance yield potential (Singh ef al., 1998),
it was not used widely because it is linked to a gene associated with
the accumulation of undesirable levels of yellow pigment. A white floured
mutant of the translocation, developed by D.R. Knott (1980), was recently
transferred into some Australian and CIMMY T wheat backgrounds. Sr25
conferred high level of resistance only in some genetic backgrounds, espe-
cially when the adult plant resistance gene Sr2 was also present, for example,
lines “Super Seri#1” (yellow flour), “Wheatear” (white flour), and several
lines derived by crossing Wheatear. Virulence to Sr25 was detected in the
Nilgiri Hills of India during 2007 (M. Prashar, personal communication).

Gene Sr26, also of Th. elongatum origin, translocated to chromosome
6AL, has been used successfully in Australia and remains effective despite its
large-scale deployment in the 1970s and 1980s (McIntosh, 1988). It is not
known to be present in cultivars from other countries and the translocation
used initially may confer a yield penalty (The ef al., 1988). The size of this
translocation has been reduced by I. Dundas, University of Adelaide, and
work is currently underway in Australia to determine if the negative effects
were also removed.
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Gene Sr27 of rye origin has not been used in wheat improvement. Its
deployment in triticale in Australia resulted in a rapid evolution of virulence
(MclIntosh et al., 1983). This gene has also become ineffective in South
Africa. Strategically, this gene should be left for triticale improvement in
areas where virulence is not known.

Gene Sr36, derived from T. timopheevi, exhibits almost an immunity (no
symptoms) to race Ug99 at both seedling and adult plant stages (Jin ef al.,
2007b). This gene occurs in a high frequency in the US soft winter wheat
(Jin and Singh, 2006) and in some Australian wheat varieties. Although
races with virulence to Sr36 are common worldwide including East Africa,
this gene is effective to Ug99. Susceptible pustules were seen during 2007 in
Kenya on wheat lines known to carry this gene indicating that Ug99 has
evolved further, which was later confirmed.

Genes Sr22 and Sr35, derived from T. monococcum and located on
chromosomes 7AL and 3AL, respectively are also highly effective and can
be backcrossed to modern wheats. Virulence to Sr35 was identified in a
laboratory culture in Australia (McIntosh ef al., 1995). Although race Ug99
is avirulent on gene Sr28, numerous races virulent to this gene are known to
occur worldwide. Genes Sr29, Sr32, Sr33, Sr37, Sr39, Sr40, and Sr44 have
not been tested widely for their effectiveness to other races and also not used
in breeding. Attempts at CIMMYT to transfer gene Lr35 linked to Sr39 in
four spring wheat backgrounds resulted in a 15-20% reduction in grain
yield potential (Singh, unpublished data). Sizes of alien chromosome seg-
ments must be reduced before Sr32, Sr37, Sr39, Sr40, and Sr44 can be used
successfully.

The undesignated resistance gene SrTmp from “Triumph 647 is present
in some US wheat cultivars (Jin and Singh, 2006) and can be used in
breeding. However, virulence to it is known in North America (Jin and
Singh, 2006). An additional undesignated resistance gene, Sr1A. 1R, located
in rye chromosome translocation 1AL.1RS, is present in some US winter
wheats such as “Amigo,” “TAM107,” “TAM200,” “Nekota,” ‘‘Prairie
Red,” and other hard red winter wheat cultivars (Jin and Singh, 2006),
and can also be used as it confers moderate resistance to Ug99 (Jin and
Singh, 2006). Virulence to Sr1A.1R was detected in a sample collected in
Yemen but not in the Ug99 lineage (Jin, unpublished data). Translocation
carrying resistance gene SrR, introduced to wheat from “Imperial” rye in
chromosomes 1BL.1RS and 1DL.1RS (Mago et al., 2004) is also likely to
be effective against race Ug99 as the original chromosome addition line
“TAF 27 was found to be resistant. The allelic relationship between
the stem rust resistance genes Sr1A.1R, SrR, and Sr31 is unknown. The
Sr1A.1R translocation is present in a few CIMMYT spring wheat lines
derived from the crosses with TAM200.

Certain hexaploid synthetic (Triticum turgidum x Aegilops tauschii) wheat-
derived advanced lines, some lines where certain Chinese cultivars such as
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“Shanghai#7” and “Chuanmai 18 are parents, and a few more lines where
resistance genes can be tracked to the US line “ND643” and a CIMMYT
cross “HUW234+Lr34/Prinia” also have shown adequate level of resis-
tance. Resistance in synthetic wheat-derived lines can be due to the presence
of Sr13 and Sr14 in chromosome 6AL and 1BL, respectively, originating
from durum wheat parents of synthetic wheats and Sr33 and a newly
designated resistance gene Sr45 on chromosomes 1DL and 2DS, respectively
deriving from T. tauschii parents. Genes Sr13, Sr14, and Sr33 confer only
moderate levels of resistance (Jin et al., 2007b) and they will be useful in areas
where stem rust pressure remains at moderate levels. Virulence to both Sr13
and Sr14 are known among races different from Ug99 (Mclntosh ef al.,
1995). Response of Sr45 with Ug99 in seedling and field conditions is yet to
be determined.

5.3. Strategy to use race-specific resistance genes
in wheat improvement

The fastest way to reduce the susceptibility of important wheat cultivars and
the best new germplasm is to systematically incorporate diverse sources of
resistance through limited or repeated backcrossing. Because most of these
Ug99-eftective genes are of alien origin, co-segregating molecular markers
for some of them are already available (Mago et al., 2005; Prins et al., 2001)
and can aid selection. Where the alien stem rust resistance genes are linked
to leaf rust resistance genes, screening for leaf rust in seedlings or adult plants
can also be practiced in countries where Ug99 is absent.

To avoid fast breakdown, the best strategy is to use race-specific resis-
tance genes in combinations. Molecular markers provide a powerful tool
to identify plants that carry combinations of resistance genes. Table 3 lists
available molecular markers that can be used in marker-assisted breeding.
Markers for other genes need to be developed to facilitate their utilization.
To transter two or more effective resistance genes into an adapted cultivar
the better crossing strategy would be to first cross the resistance sources
and then cross the F; plants with the adapted cultivar. Molecular markers
can then be used to select top-cross plants that have desirable agronomic
features and carry the targeted resistance genes. Because such plants are
expected to be in a low frequency, it is desirable to maintain large family size
of ~400, which can be obtained by emasculating and pollinating 20 spikes.
Further backcross on selected plants will help to restore the characteristics of
the recurrent parent.

One major issue remains that various currently eftective resistance
genes are already present in some advanced spring breeding materials
that are being tested in various countries to mitigate the immediate threat
from Ug99. Should they not be deployed until their combinations are
developed, is a difficult issue to resolve with wide range of opinions.



Table3 PCR (polymerase chain reaction)-based markers associated to stem rust resistance genes effective to Puccinia graminis f. sp. tritici Race Ug99

Sr gene

Sr2

Sr22

Sr24/
Lr24

Sr25/
Lr19

Sr26

Sr36

Chromosome

3BS

7AL

3DL/1BS

7DL

6AL

2BS

Marker

gwmb533
stm598tcac
stm559tgag
cfa2123
cfa2019
Sr24#12
Sr24#50
barc71
STSLr19—
130
wmc221
Sr26#43
gwm?271

stm773

Size (bp)

120

61

85

245
234
500
200

85, 103
130

190

207
171

195

Marker sequence

F5 GTTGCTTTAGGGGAAAAGCC 3/

R 5 AAGGCGAATCAAACGGAATA 3/

F5 GTTGCTTTAGGGGAAAAGCC 3/

R 5 TCTCTCTCTCTCTCACACACAC 3’

F 5 AAGGCGAATCAAACGGAATA 3/

R 5 TGTGTGTGTGTGTGAGAGAGAG 3

F5 CGGTCTTTGTTTGCTCTAAACC 3’

R 5 ACCGGCCATCTATGATGAAG 3/

F 5" GACGAGCTAACTGCAGACCC 3’

R 5 CTCAATCCTGATGCGGAGAT 3/

F 5'-CACCCGTGACATGCTCGTA -3

R 5- AACAGGAAATGAGCAACGATGT -3

F 5'- CCCAGCATCGGTGAAAGAA -3’

R 5- ATGCGGAGCCTTCACATTTT -3’

F5'- GCGCTTGTTCCTCACCTGCTCATA -3’
R 5- GCGTATATTCTCTCGTCTTCTTGTTGGTT -3’
F 5'- CATCCTTGGGGACCTC -3

R 5'- CCAGCTCGCATACATCCA -3’

F 5'- ACGATAATGCAGCGGGGAAT -3/

R 5'- GCTGGGATCAAGGGATCAAT -3

F 5'- AATCGTCCACATTGGCTTCT -3’

R 5'- CGCAACAAAATCATGCACTA -3’

F 5 CAAGATCGTGGAGCCAGC 3

R 5 AGCTGCTAGCTTTTGGGACA 3

F5 ATGGTTTGTTGTGTTGTGTGTAGG 3’
R 5 AAACGCCCCAACCACCTCTCTC 3

Reference

Hayden et al. (2004)
Hayden et al. (2004)
Hayden ef al. (2004)
Khan et al. (2005)
Khan et al. (2005)
Mago et al. (2005)
Mago et al., 2005
Mago et al. (2005)
Prins et al. (2001)

H. Bariana (personal
communication)

Mago et al. (2005)
Bariana et al. (2001)

Bariana ef al. (2001)

(continued)




Table 3 (continued)

Sr gene

Sr39/
Lr35

Sr1A1R

SrR

Chromosome

2BS

1AL.1RS

1BL.1RS

Marker

Sr39/Lr35
(Sr39F2/
R3)

R173.R
(Paw S5/
Paw S6)

IB-267

IB-262

Size (bp)
900

230, 310

200-300

200-300

Marker sequence

F 5'- AGA GAG AGT AGA AGA GCT GC -3/
R 5- AGA GAG AGA GCA TCC ACC -%¥

F 5" AACGAGGGGTTCGAGGCC 3’
R 5 GAGTGTCAAACCCAACGA 3

F 5 GCAAGTAAGCAGCTTGATTTAGC ¥
R 5 AATGGATGTCCCGGTGAGTGG 3’
F 5 GTAGGTAATGTATCAGAGTTGTAC 3

R 5 GTCTTTGTGCTCGGTAGCTCC 3

Reference

Gold et al. (1999)

Mater et al. (2004)

Mago et al. (2002)

Mago et al.
(2004, 2005)
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Devoting resources during the next 4-6 years to develop gene combinations
knowing that these genes are already in hands of many wheat breeding
groups, with no legislation to stop the release of cultivars carrying single
resistance genes has provoked the CIMMY T wheat improvement group to
focus their breeding effort toward breeding minor genes-based adult plant
resistance, especially for areas considered to be under high risk and where
survival of the pathogen for several years is expected due to the presence of
susceptible hosts and favorable environmental conditions. It is thought that
this strategy will allow other areas of the world, especially facultative and
winter wheat growing regions to use race-specific resistance genes more
successfully in their breeding program.

5.4. Adult plant resistance to Ug99 in old and new wheat

Durable stem rust resistance of some older US, Australian, and CIMMYT
spring wheats is believed to be due to the deployment of Sr2 in conjunction
with other unknown minor, additive genes that could have originated from
Thatcher and Thatcher-derived line Chris. Sr2 can be detected through its
complete linkage with pseudo-black chaff phenotype, which can be prom-
inently expressed under certain environments leading to its elimination in
some breeding programs. However, under the same environmental condi-
tions negligible to high expression of pseudo-black chaff is observed in
advanced breeding materials indicating that it is possible to select lines with
Sr2 with negligible pseudo-black chaff. On wheat lines that displayed
pseudo-black chaff, we observed varying degrees of disease severity in
Kenya ranging from traces to about 60-70% compared to 100% severity
for highly susceptible materials. Reaction types varying from MR to S
(moderately resistant to susceptible) on the same internodes of Sr2 bearing
plants clearly indicated that Sr2 did confer at least some resistance.

Sr2 was detected in several highly resistant old, tall Kenyan cultivars,
including “Kenya Plume” (Singh and Mclntosh, 1986), and CIMMY T-
derived semidwarf wheats “Pavon 76,” “Parula,” “Kritati,” and “‘King-
bird.” Pavon 76 and Kiritati were resistant since the initiation of rigorous
screening in 2005 at Njoro, Kenya with maximum disease scores of 20MR -
MS. Kingbird, a new advanced line, is at present the best known source of
adult plant resistance in semidwarf wheat with maximum score recorded to
be 5 MR-MS during the same period. Because these wheats are susceptible
as seedlings with race Ug99, their resistance is speculated to be based on
multiple additive genes where Sr2 is an important component.

With the exception of Sr2, little is known on the genes involved in
durable adult plant resistance; however, earlier work done by Knott (1982),
knowledge on durable resistance to leaf and yellow rusts (Singh et al.,
2004b), and observations made on breeding materials and a Fq mapping
population involving Pavon 76 all indicate that the rate of rust progress is a
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Figure 5 Graphical representation of the additive effects from estimated number of
minor genes in retarding rust progress in the field.

function of the cumulative effect of the number of minor genes present in a
genotype and individual effects of each gene (Fig. 5). Accumulation of
between 4 and 5 genes is therefore expected to retard disease progress to
rates that result in negligible disease levels at maturity under high disease
pressure, described as “‘near-immunity”’ by Singh ef al. (2000).

Accumulating such complex resistance will be cumbersome but not
impossible in the absence of disease pressure caused by race Ug99 at most
breeding sites and lack of molecular markers associated with genes contri-
buting to resistance. Molecular markers linked to the slow rusting resistance
gene Sr2 are known and can be used in selection; however, this gene can also
be identified in the field under most environments from its linkage with
pseudo-black chaft phenotype. Sr2 is present in about 60% of the current
CIMMY T spring wheat germplasm including some of the most recent high-
yielding wheats that have high level of resistance to leaf and stripe rusts and
desirable end-use quality characteristics.

5.5. High-yielding wheat lines with adult plant resistance
to stem rust

Stem rust screening of CIMMYT advanced breeding materials in Kenya
since 2005 has resulted in the identification of 15-20% lines that carried
adequate level of resistance under heavy disease pressure. Table 4 sum-
marizes the information on resistance to stem rust in resistant spring wheat
germplasm distributed worldwide by CIMMYT during 2006 and 2007,
through the newly initiated 1st and 2nd Stem Rust Resistance Screening
Nurseries (1st and 2nd SRRSN), and those currently under multiplication
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Table 4 Stem rust resistance of entries included in 1st and 2nd SRRSN (Stem Rust
Resistance Screening Nursery), and candidate entries under multiplication for
inclusion in 3rd SRRSN

3rd SRRSN

Resistance 1st SRRSN 2nd SRRSN candidates

Category Number % Number % Number %

Adult plant®

R (5-10% 4 4 0 0 6 4
severity)

R-MR (15-20% 19 18 26 20 42 28
severity)

MR (30% 6 6 22 17 36 24
severity)

MR-MS (40% 2 2 15 12 0 0
severity)

MS (50-60% 0 0 17 13 0 0
severity)

S (70-100% 0 0 4 3 0 0
severity)

Race specific

Sr24 39 38 0 0 0 0

Sr25 17 17 0 0 18 12

Sr36 (+Sr24) 0 0 0 0 5 3.3

Sr1A.1R (4+Sr24) 2 2 0 0 0

SrTmp 0 0 25 20 11 7.3

SrSynt 4 4 8 6 4

SrSha7 9 9 8 6 8 53

SrND643 0 0 0 0 12 8

SrUnknown 1 1 3 2 6 4

Total 103 128 150

“ Adult plant resistance categories include lines that are susceptible in seedling greenhouse tests and
with highest rating recorded during multiple years/seasons testing when the susceptible entries
annihilated following 100% stem rust severity based on the modified Cobb Scale (Peterson et al., 1948).

to form the 3rd SRRSN for distribution in 2008. A total of 29 (28%), 48
(37%), and 84 (56%) lines in these three nurseries, respectively have shown
from high to moderate levels (up to 30% stem rust severity when the
susceptible materials show annihilation following 100% severity) of resis-
tance in at least two seasons of evaluation under high disease pressure in
Kenya. Entries included in the 2nd and 3rd SRRSN have high yield
potential in combination with various other desirable traits. These
improved wheat materials have the potential to be released directly or be
used by breeding programs worldwide.
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Frequency of high-yielding spring wheat materials with stem rust resis-
tance for distribution through other international yield and screening nur-
series, such as Elite Spring Wheat Yield Trial (ESWYT) and International
Bread Wheat Screening Nursery (IBWSN), is also rising (Table 5). Of the
190 entries included in 29th ESWYT and 41st IBWSN being prepared for
growing in 2008-2009 crop seasons, 50 (26%) lines have adequate adult
plant resistance. A total of 111 lines that have shown adequate stem rust
resistance are being evaluated further for yield performance in Mexico and
seed is being multiplied simultaneously during the 2007-2008 crop season
to form the 30th ESWYT and 42nd IBWSN. Frequency of entries with
race-specific resistance genes is much lower than those with adult plant
resistance (Table 5).

5.6. Mexico-Kenya shuttle to breed high-yielding spring
wheat with near-immune level of adult plant resistance

Because a large portion of CIMMY T high-yielding spring wheat germplasm
does not carry effective race-specific stem rust resistance genes to Ug99 and
several lines were identified to carry at least moderate levels of resistance, this

Table 5 Stem rust resistance of entries included in 29th ESWYT and 41st IBWSN, and
entries being multiplied for possible inclusion in 30th ESWYT and 42nd IBWSN

29th ESWYT Multiplied 30th ESWYT
Resistance and 41st IBWSN and 42nd IBWSN
Category Number % Number %
Adult plant®
R (5-10% severity) 0 0.0 9 2.4
R-MR (15-20% severity) 13 6.8 38 10.3
MR (30% severity) 37 19.5 64 17.4
MR-MS (40% severity) 14 7.4 72 19.6
MS (50-60% severity) 65 34.2 83 22.6
S (100% severity) 44 23.2 59 16.0
Race specific
Sr25 1 0.5 26 7.1
SrTmp 10 53 6 1.6
SrSynt 3 1.6 2 0.5
SrSha7 1 0.5 0 0.0
StND643 0 0.0 3 0.8
SrUnknown 2 1.1 6 1.6
Total 190 368

“ Adult plant resistance categories include lines that are susceptible in seedling greenhouse tests and
with highest rating recorded during multiple years/seasons testing when the susceptible entries
annihilated following 100% stem rust severity based on the modified Cobb Scale (Peterson ef al., 1948).
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was viewed as a perfect opportunity to reconstitute high levels of adult plant
resistance in newer wheat materials. In the absence of molecular markers
for adult plant resistance genes and the absence of Ug99 race in Mexico, a
shuttle breeding scheme between two Mexican sites and Njoro, Kenya was
initiated in 2006 to transfer adult plant resistance identified in semidwarf
CIMMYT wheats to a range of important wheat germplasm. Two crop
seasons per year in Mexico and Kenya will accelerate the breeding. The
“single-backcross, selected-bulk” breeding approach (Singh et al., 2004b) is
being applied for transferring multiple minor genes to adapted backgrounds.
Simple and three-way crosses, where one or more parents carry adult plant
resistance, are being used to breed new high-yielding, near-immune wheat
materials.

In the single-backcross approach, we crossed resistance sources with the
adapted high-yielding wheats and then a single backcross was made with the
recurrent parent to obtain about 400 BC; seeds. BC; plants were then
selected for desired agronomic features and resistance to leaf and stripe rusts,
and harvested as bulk. F, plants derived from BCy, simple and three-way
crosses with desired agronomic features and resistance to leaf and stripe rusts
were selected for agronomic traits and resistance to other diseases at
CIMMYT research stations in Ciudad Obregon in northwestern Mexico
or Toluca in the highlands near Mexico City and harvested as bulk. If F,
populations were grown in Ciudad Obregon, where quarantine disease
“Karnal bunt” is known to occur, the F3 populations are grown at Toluca
for another round of selection. About 1000 seeds of each of the F; and F,
populations obtained from harvesting materials at Toluca were grown
densely in Njoro, Kenya for selection under high stem rust pressure during
the off-season. After removing tall plants, the remaining populations were
bulk harvested and about thousand plump grains selected to grow F, and Fs
populations during the main season in Kenya under high disease pressure.
Because stem rust affects grain filling, we expect that plants with insufficient
resistance will have shriveled grains (Fig. 6). About 400 plump seeds harve-
sted from the selected plants were sent back to Mexico for final selection as
individual plants in the Fs and F¢ generations at Ciudad Obregon. Individ-
ual plant selections will also be made in Kenya. This is the current status as of
the 2007—2008 crop season. Selected plants in Ciudad Obregon with good
characteristics will be grown as small plots in Toluca and El Batan field sites
in Mexico and selected lines will be grown in Kenya for stem rust screening.
Selected plants in Kenya with good grain characteristics will be grown in Fg
as hill plots or short rows in Kenya as well as small plots in Mexico for final
selection. Finally, the resistant Fg plots will be harvested for conducting
yield trials in the following crop season in Ciudad Obregon and simulta-
neously evaluated for stem rust resistance in Kenya. The single-backcross,
selected-bulk scheme is also being applied to transfer resistance from old, tall
Kenyan cultivars into adapted semidwarf wheats. A shuttle breeding scheme
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Figure 6 Effect of stem rust pathogen race Ug99 on wheat spikes and grains of a
susceptible (left) and a resistant (right) variety in Njoro, Kenya during 2007.

was also implemented in 2006 between Aleppo in Syria and Kulumsa, or
Melkasa, in Ethiopia by the bread wheat improvement program of
ICARDA (International Center for Agricultural Research in the Dry
Areas).

We expect that the frequency of advanced lines which carry high yield
potential, maintain wide adaptation, end-use quality characteristics, and
high level of resistance to all three rusts will increase over time through
the use of the Mexico—Kenya shuttle. Moreover, the proposed approach is
expected to rebuild the durable resistance in modern wheat germplasm.
Genetic analyses are underway to understand the number and type of
resistance genes involved in sources contributing the slow rusting, adult
plant resistance. Genomic locations of minor, additive resistance genes,
determined through molecular mapping, is expected to not only result in
molecular markers for some of the slow-rusting genes but also will be useful
to establish and enhance genetic diversity for such genes in the global spring
wheat germplasm and will allow their incorporation in facultative and
winter wheat materials.

5.7. Reducing the world’s wheat area under
susceptible cultivars

Potential epidemics following the spread of Ug99 or its variants can be
avoided if current susceptible cultivars occupying most of the wheat areas in
the primary risk areas in the predicted migration path are reduced. Screen-
ing in Kenya during 2005, 2006, and 2007 has identified a few resistant
released varieties or advanced breeding materials at various stages of testing
in most of the countries that submitted their materials for screening.
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One strategy is to find ways to ensure that the best, high-yielding resistant
materials occupy at least 5% of total wheat area distributed throughout the
wheat region and are readily available. This might be via seed supply
through procurement in the case that Ug99 establishment is evident in a
particular country. However, it will be very difficult to promote resistant
varieties on a large scale if they are inferior to the current popular varieties or
because farmers have not seen stem rust. Moreover, growing inferior,
resistant varieties is not an option as it will affect wheat production at a
time when global wheat supply is at its lowest level causing sharp increases
in wheat prices. Wheat production must continue to increase at the rate of
2% annually to meet predicted demand of about 800 million tons by 2020
from a current production of about 600 million tons (Fig. 7).

Identification and promotion of new stem rust resistant varieties that
have significantly enhanced yield potential than current varieties, in con-
junction with other desirable traits is probably the best strategy to ensure
their fast adoption and thus to succeed in replacing the existing popular but
susceptible varieties. This is an achievable objective as most of the current
popular varieties were developed during early-to-mid-1990s and yield
potential of current CIMMYT spring wheat germplasm has progressed
significantly since then (Singh et al., 2007).

Yield performances of 14 new high yielding, Ug99 resistant wheat lines
together with local check and 15 additional high-yielding entries were
determined in replicated yield trials, 2nd Elite Bread Wheat Yield Trial
(2nd EBWYT), planted during the 2006—2007 crop season at 27 sites in
India, Pakistan, Nepal, Afghanistan, Iran, Egypt, Sudan, Syria, and Mexico.
Results from seven sites in India for 10 lines derived from difterent crosses
with high yield potential and adequate resistance for their successful deploy-
ment in the northwestern Gangetic Plains, the wheat basket of India,
are given in Table 6. The best performing entry Waxwing*2/Kiritati,
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Figure 7 Historical and projected future wheat production requirements to meet the
demand by year 2020.
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Table 6 Mean grain yield performance for entries included in the 2nd EBWYT grown at seven sites in northwestern India during 2006-2007
crop season and stem rust response evaluated on three dates at Njoro, Kenya during 2007

Entry no.

501
510
514

516

517

518

Cross

Local check

Weebill_1*2/Kiritati

Oasis/SKauz//
4*Bcen/3/
2*Pastor

Pfau/Seri.1B//
Amadina/3/
Waxwing

Weebill_1*2/
Brambling

Munia/Chto/3/
Pfau/Bow//
Vee#9/4/Chen/
Ae. Sq.//Ben/5/
Babax/Lr42//
Babax

Mean grain yield

Stem rust response”’

kgha!

4472.2
4688.6
5055.9

5074.4

4590.8

4953.3

Rank

27
19
4

23

% Check

100.0
104.8
113.1

113.5

102.7

110.8

25/09/2007 1/10/2007

5MR-MS 20MS-S
5RMR 10RMR

20MR-MS 40MR-MS

5MR-MS 15MR-MS

10MS-S 20MR-MS

11/10/2007

30MS-S
10MR

40MR-MS

40MR-MS

20MR-MS

Resistance

Gene/type

APR
Sr25

APR

APR

APR +
(Sr24)




o€

519

521

527

528

530

Babax/LR42//
Babax*2/3/Vivitsi

Waxwing*2/Kiritati

Hpo/Tan//Vee/3/
2*Pgo/4/Milan/
5/SSeri1

Pfau/Weaver*2//
Kiritati

SKauz/Bav92

LSD, P= 0.05

CV (%)

5208.2

5222.4

4737

4596.6

4605.9

410.1
11.1

22

21

116.5

116.8

105.9

102.8

103.0

15R-MR

5MR-MS

5MS

1MS-S

5RMR

30MR-MS

20MS-S

10MS

5MS-S

10RMR

40MR-MS

30MS-S

20MS-S

15MR-MS

15RMR

SrTmp
APR
APR
APR

Sr25

¢ Stem rust response has two components: severity based on modified Cobb Scale (Peterson ef al., 1948) and host reaction as described in Roelfs ef al. (1992). Host

reactions are R, resistant; MR, moderately resistant; MS, moderately susceptible; and S, susceptible.
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numbered 521 in the trial, had16.8% mean grain yield advantage over the
local check cultivars PBW502 or mega-cultivar PBW343. PBW502 is a
stripe rust resistant descendent of PBW343 and has begun replacing
PBW343. Because the adult plant resistance of this entry involves the
“Sr2-complex” derived from ‘“Kiritati” parent, and it also has excellent
end-use quality characteristics and adult plant resistance to leaf and stripe
rusts (data not presented), it could be an excellent option as a potential
replacement cultivar. The 2nd and 4th best performing entries numbered
519 and 514 with grain yield advantages of 16.5 and 13.1% over the check
have resistance based on race-specific resistance genes SrTmp and Sr25,
respectively. Similar results were also seen in other countries where trials
were grown indicating that replacement of current cultivars with new Ug99
resistant materials should also result in enhancing productivity even in the
absence of stem rust. Yield performances of 27 additional high yielding, stem
rust resistant materials are being evaluated as 3rd EBWYT at 50 sites in many
more countries in the primary risk area during the 20072008 crop season.

5.8. Efforts to identify and develop resistant wheat varieties
in secondary risk areas

Identifying existing varieties or advanced breeding materials through
screening in Kenya or Ethiopia is the top priority at present for developing
and developed countries where spring, facultative and winter wheats are
grown without the use of fungicides. Developed countries that routinely
test their materials for stem rust in Kenya or Ethiopia are the USA, Canada,
and Australia. Characterization of a small number of spring wheat materials
from Switzerland and Sweden in Kenya showed that they were moderately
to highly susceptible. Resistance in materials from other European countries
is yet to be characterized; however, intense use of modern broad spectrum
fungicides in most of these countries to control other important diseases will
also likely control stem rust.

Screening of US materials in Kenya are coordinated by the USDA-ARS.
Resistance is also identified in important materials through seedling tests
with Ug99 (TTKSK) and its variant race TTKST with Sr24 virulence at the
USDA-ARS Cereal Disease Laboratory, St. Paul, MN during winter
months in quarantine greenhouses. A similar effort is also underway at the
Cereal Research Center, Winnipeg, Canada. The resistance status of US
materials was described by Jin and Singh (2006). Most breeding programs in
the USA and Canada are using this information and diverse sources of
resistance in their crossing program.

Since the creation of the ““Australian Cereal Rust Control Program” in
1973 following the major stem rust epidemic, it is a routine exercise to
incorporate new resistance genes in Australian varieties and breeding mate-
rials and determine their agronomic suitability (The et al., 1988). This effort
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has enhanced genetic diversity for resistance in Australian wheat germplasm
and therefore new varieties are likely to be identified to replace those
susceptible to Ug99.

Resistance to Ug99 in spring, facultative and winter wheats from China,
Russia, Turkey, Iran, and some countries from Central Asia is also limited.
Breeding efforts have been initiated to incorporate diverse race-specific
resistance genes in important cultivars and promising advanced wheat
breeding materials through marker-assisted backcrossing. A simultaneous
effort to introduce adult plant resistance is also planned to be undertaken in
China through close collaboration between the “CIMMYT-CAAS Facul-
tative and Winter Wheat Breeding Program” and breeding programs of
various other academies, and the “Turkey-CIMMYT-ICARDA Winter
and Facultative Wheat Breeding Program” based in Turkey to target
winter and facultative wheats grown in Turkey, Iran, Afghanistan, and
other countries of Central Asia.

Spring wheat germplasm developed by CIMMYT in Mexico are well
adapted in most of Central and South America and several South American
breeding programs heavily use CIMMY T materials in their breeding pro-
gram. This will allow identification of adapted stem rust resistant materials
for deployment in the near future.

6. CONCLUSION AND FUTURE OUTLOOK

Considering the progress made in identifying stem rust resistance in
existing varieties and advanced breeding materials, though in low frequency,
and high priority to incorporate diverse or durable adult plant resistance by
various wheat breeding programs including those of CIMMYT and
ICARDA, it is unlikely that stem rust race Ug99 or its descendents will
destroy the world wheat crop. However, localized epidemics as observed in
Kenya during 2007 cannot be ruled out. Migration of Ug99 is being
monitored carefully through field surveys, monitoring nurseries and GIS
tools to provide an early warning, which could allow chemical interventions
if necessary and guide decision making. Reducing the area currently occu-
pied by susceptible varieties in the primary risk areas of Africa, Arabian
Peninsula, Middle East, and West-South Asia with resistant ones should
become an immediate priority. It is highly advisable to release in these
areas varieties that have durable, adult plant resistance, or have effective
race-specific resistance genes in combinations, to prevent further evolution
and selection of new virulences leading to “Boom-and-Bust” cycles. This
will also allow reduction of inoculum in high-risk areas and thus reduce risks
of its spread to secondary risk areas.

The emergence of Ug99 race of stem rust pathogen as a global threat to
wheat production has highlighted the need and benefits of public-funded
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wheat research and improvement where germplasm carrying useful traits
and information can be readily shared to ensure a sustainable production of
staple food crops at low cost and with the least negative environmental
impacts. Response to the alarm raised by Dr. N. E. Borlaug of the global
threat from Ug99 has been positive and effective from wheat scientists,
research leaders, and importantly the donor community who came forward
to support the global effort to mitigate the threat. However, to succeed
much needs to be done, especially to ensure that seed of high yielding, stem
rust resistant materials is made available to as many farmers as possible to
ensure that their wheat crop is not destroyed by stem rust.
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