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A Cautionary Tale
In the late 20th Century, resistance against stem rust of wheat seemed to be one of plant breeding’s
big success stories. After some earlier failures, when single resistance genes had been broken down by
new rust pathotypes, varieties with a combination of resistance genes had protected wheat crops so
well that stem rust was no longer a major target of wheat breeding programmes.
That all changed with the discovery of a new variant of stem rust in Uganda in 1999, known as
Ug99: a painful reminder that even apparently highly-durable crop protection measures have a finite
shelf life.
The Ug99 variant posed a severe threat to global wheat production. This report looks at the origin
and spread of this variant, the reasons why the threat was so great, the international response, and
lessons for improving the resilience of global food security to emerging and evolving pathogens.
The history of Ug99 serves as a cautionary tale against trying to control a diverse and shifting
pathogen population, with a limited and static armoury of control measures. But it also gives a
positive example of how global collaboration can produce an effective response to plant pandemics
and ensure healthy crops for the future.

Wheat is the world’s most important crop, for both human and animal nutrition. Chui valley, Kyrgyzstan.
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Return of the Rust
In late 1998 and early 1999, researchers looking at wheat variety trials at the Kalengyere field station
in Kabale, Uganda, found an unexpected disease. Black stem rust was infecting wheat varieties that
should have been resistant; varieties carrying disease-resistance genes that had protected wheat crops
around the world for decades.
The devastating effects of stem rust had led to concerted efforts to breed resistant wheat varieties in
many countries in the early- to mid- twentieth century. Some early successes were short-lived, as
resistance relied on a single gene and the rust was soon able to evolve to evade this single line of
defence. Later, varieties were bred with multiple resistance genes, and this had proven to be a
successful strategy; but in the West African highlands, year-round warmth, high rainfall and
continuous wheat growing provided perfect conditions for stem rust, and the 1999 Uganda strain
(Ug99) of stem rust had evolved to overcome multiple key resistance genes in widely-grown wheat
varieties.
Plant pathogens are constantly evolving to overcome plant defences and any other control measures
that farmers may use. In the late twentieth century, black stem rust of wheat was one disease against
which crop breeders actually appeared to have achieved durable control; but the emergence of Ug99
showed that we can never assume that durable control will last forever. With the same key resistance
genes used in major wheat varieties in wheat-growing areas globally, suddenly world food security was
under threat, from an old disease that had developed dangerous new tricks.

An ancient enemy
The sight of rust-coloured powder erupting from the surfaces of wheat plants has been dreaded by
farmers for millennia. The rust on the surface is a sign of further damage within the plant, which can
reduce the harvest to a small amount of shrivelled grain. The Bible includes references to crop
diseases, alongside the better-known “plagues of locusts”, as far back as 1800 BCE [1, 2], and Stem
rust has been found on wheat remains in a storage jar from an archaeological site in Israel dated to
3300 years ago[3]. It is likely that stem rust has been infecting wheat for as long as wheat has been
cultivated, and has been spread around the world along with the crop itself.
In ancient Greece in the 4th Century BCE, Aristotle described rust outbreaks occurring in warmer,
wetter years. Accounts going back as far as 700 BCE describe the ancient Romans turning to religion
to protect the health of their crops, with rusty-coloured animals sacrificed to appease the rust god
Robigus, and the timing of the festival of Robigalia in April would still be familiar today to many
Northern hemisphere farmers as a key window for controlling cereal diseases. However, the Roman
writer Columella, who was also a farmer, suggested the more practical measure of burning old crop
debris. A reference to “mildew” of wheat in Shakespeare’s King Lear is also thought to refer to rust,
although the term mildew is now used to refer to two very different groups of plant diseases [1].
At first, the precise cause of the devastating disease was not known. Aristotle’s student Theophrastus,
observing that disease was worst in damp, sheltered conditions as well as wetter years, surmised that
the weather itself was damaging the plants. Jethro Tull, a leading figure in England’s Agricultural
Revolution in the early 18th century, thought the plants were being damaged by insects and the dark
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powder was their droppings [1]. However, in 1767, Felice Fontana’s book Observations on the Rust
of Grain showed that the cause of “the most fearful and harmful disease of grain” is in fact a
microscopic fungal parasite growing within the wheat plants, and the powdery deposits are masses of
fungal spores being released to the outside world [4].
Rust fungi grow inside living plants, absorbing nutrients from their host, until thousands of spores
erupt through the plant surface, ready to be spread to the next host plant. Rusts produce very similar
looking symptoms on many different plants. However, most rusts are highly specialised to particular
host plants: the rust from one plant species is unlikely to cross-infect an unrelated type of plant, and
in some cases, multiple different rusts can occur on a single plant, so the term “rust” encompasses
many thousands of different fungal species.
The name “rust” refers to the powdery masses of orange-brown spores, but rust fungi produce
various different spore types at different stages in their life cycle, and the different stages in the life
cycle of a single species can appear more dissimilar than the same stage in a different species. This is
further complicated, in some species, by certain stages in the life cycle occurring on a completely
different host, although they are still highly specialised within each of the two distinct host groups.
The fungus causing wheat rust was first named Puccinia graminis by the German mycologist C H
Persoon in 1797, but during the 19th Century, this was split into two and then three different
species. The fungus Puccinia triticina causes a disease known as leaf rust, brown/orange rust, or
early/spring rust. The pustules, which form primarily on wheat leaves, are of the reddish-brown
colour that gives the rusts as a whole their name, and on autumn-sown crops, disease outbreaks can
already be established by early spring. Puccinia striiformis causes a disease known as yellow rust or
stripe rust, with yellow pustules in stripes between the veins of the leaves. Puccinia graminis now refers
specifically to the fungus causing a disease known as black rust, stem rust or Summer rust, named
after the long, dark pustules that form on the wheat stems later in the growing season [1, 5].
The reality is less clear-cut than the names, as the three species all produce different spore types.
Earlier in the year, stem rust also produces brown pustules, on the leaves as well as the stem, and
stripe rust produces individual round pustules that can be more orange in colour. At the end of the
growing season, all three can produce black pustules bearing the overwintering spores, although in
leaf and stripe rust these tend to be smaller and mostly confined to the leaves [1, 5].
Puccinia graminis is further divided, sometimes into subspecies but now more commonly into formae
speciales, according to the plants infected. Puccinia graminis forma specialis (f. sp.) tritici infects wheat
(including bread wheat Triticum aestivum, and durum wheat Triticum durum) and barley. P. graminis
f.sp. secalis infects rye and barley, f.sp. avenae infects oats, and others such as f.sp. lolii and f.sp. phleiipratensis infect non-cereal grasses, including some forage grasses that are important food sources for
grazing livestock [6].
Within P. graminis f. sp. tritici, Stakman and Levine (1922) first recognised that different rust races
could infect different wheat varieties, initially describing 37 “biologic forms” based on virulence on a
differential set of 12 wheat lines [7]. Forty years later 297 races were listed and today over 400 races
have been defined [8]. New rust strains may be named after the wheat variety they infected or the
place where they were found, but more systematic pathotype names have also been developed, based
on virulence against specific resistance genes. The most widely used system initially comprised four
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letters, expanding to five as additional virulence emerged. Each letter represents four resistance
genes, with one of 16 consonant from B (low infection on all four) to T (high infection on all four),
so a name with multiples Ts is a bad sign, indicating extensive virulence [9]. The growing number of
described pathotypes reflects both increased knowledge of rust resistance genes, and the ongoing
adaptation of the stem rust pathogen to infect new wheat varieties: stem rust may be an ancient
enemy of wheat farmers, but unfortunately it has proven very capable of moving with the times.

Rust diseases of wheat. Ug99 is a strain of Puccinia graminis f.sp. tritici. (Photos courtesy of
USDA Agricultural Research Service- P. triticina; and Eric Boa- P. graminis, P. striiformis)
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Stem Rust: Biology, Damage and Control
Rust fungi have complex life cycles, with up to
five different spore types. All five occur in P.
graminis. The black pustules on the stems of
wheat are telia, producing over-wintering
teliospores at the end of the growing season.
Earlier in the season, uredinia on the stems and
leaves produce vast numbers of red-brown
urediniospores, as many as 10 000 from a single
pustule [10], in just 7-10 days under the right
conditions [11].
The sexual stage of the stem rust life cycle takes
place on an alternate host, Barberry (the
Eurasian Berberis vulgaris- also introduced to
other continents- and the North American B.
canadensis), a shrub often grown in hedges. This
heteroecious life cycle was formally described in
1865, but some farmers had noticed a link
between wheat rust levels and barberry plants
Life cycle of the wheat stem rust pathogen
two centuries earlier. In 1660 a law was passed in
Rouen, France, ordering the destruction of barberry bushes close to wheat fields. Wheat leaf rust has
alternate hosts in the buttercup family, but they seem to play a smaller role in initiating stem rust
epidemics than barberry. For stripe rust, no alternate host is known [1, 5, 10].
The alternating life cycle, with clonal and sexual stages, gives the best of both life history strategies:
rapid population growth from repeated clonal cycles, and adaptive potential from genetic
recombination. However, stem rust is also able to just continually repeat the clonal cycle without the
alternate host, especially in areas with milder winters and continual growth of wheat plants [12].
Between the sporulating stages, fungal hyphae feed internally upon the host plant. Rusts are
biotrophic: they only grow in living plants. They have specialised adaptations, structural and
chemical, allowing them to feed from the host plant’s tissue but still keep it alive. They form
specialised structures called haustoria, which grow into host cells so plant and fungus are separated
only by membranes. The fungus can then take up nutrients from the plant across the cell membrane,
but it also releases chemical signals known as effectors, to manipulate the plant host into continuing
to support the parasite, and to stop the plant’s anti-pathogen immune responses [13]. This shows an
impressive level of co-evolution in which the rust can manipulate its host’s physiology against the
plant’s own best interests, and the macrocyclic rusts achieve this on two very different hosts.
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Dispersal and Range
Stem rust extends over six continents, and all of the major wheat-producing areas of the world [8].
This includes a core range, where it can survive through milder winters on wheat plants; and a
marginal range, where the rust either completes its life cycle on the alternate host or is re-introduced
each spring by airborne spores. Climate change could expand the core range, with the pathogen able
to overwinter on wheat further pole-wards. More warm days in the growing season, and increased use
of irrigation, would also lead to faster epidemic growth [14], and a larger population size in which
new variants could emerge. Annual weather variations are also important in determining epidemic
levels: even when the Romans were trying to control rust through religious ceremonies, they
recognised that what they were hoping to avoid was weather conditions conducive to severe rust
outbreaks [1]. From the late 19th century, more systematic studies confirmed that warm, damp
conditions in Spring allow the pathogen to thrive [10].
The vast numbers of urediniospores produced by the clonal repeating cycle are airborne and can be
carried over long distances in the wind. Spores are routinely carried from the southern USA to the
north and Canada; from southern Europe and North Africa to northern Europe; from the South
Indian hills to the Central Indian plains; and from southeast to northern China [8]. These regular
“rust tracks” carry early-season inoculum from winter wheat in warmer climates: infecting spring
crops where the climate is too cold for the rust to over-winter on wheat locally; re-introducing the
pathogen after any break in wheat cropping; and, crucially, causing extensive long-distance gene flow.
This means that any new rust variants, including
new virulence types, can rapidly spread throughout
a region along the prevailing wind direction.
However, rarer dispersal events can also take place
over far longer distances: there is evidence of rust
spores in high-level air currents having carried new
stem rust genotypes for thousands of kilometres
from South Africa to Australia [15], and humans
can also inadvertently spread rust spores on plant
material or clothing. The aeciospores are dispersed
over shorter distances, resulting in noticeably
higher infection levels in fields next to barberry
bushes than other fields nearby. However, once an
aeciospore infects a nearby wheat plant,
urediniospores will be produced, dispersing any
new variants more widely.

Damage and impact

Stem rust damage to wheat plants

Rust fungi grow parasitically within their host,
diverting nutrition from the plant’s cells into their own. They keep the hosts cells alive as they feed
until sporulation, when pustules rupture the leaf or stem surface leading to uncontrolled water loss.
Stem rust also causes stem damage that affects nutrient and water uptake, and even lodging,
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weakening stems to the point where the plants fall over. The nutrient and water loss can severely
affect grain filling, leaving small, shrivelled grain, and in severe cases, empty ears with no grain at all.
Estimates of yield losses due to uncontrolled stem rust outbreaks vary because of difficulties in
attributing losses to one disease when others are also present, but figures of 20-50% for overall losses
in affected regions in a high-rust year are common. However, at the level of an individual crop, a
susceptible variety under conditions favourable to rust can be completely destroyed, leading to losses
of 90-100% [1, 2, 16-18].
These heavy crop losses carry a high economic cost. In Australia, a stem rust epidemic in 1973 was
estimated to cause crop losses of $US 75-150 million1. In 1988 it was calculated that the annual
value of resistant varieties in terms of saved yields was around $US 95 million. In Canada, the
annual value of stem rust resistance was estimated at $US 171 million in 1979 [2]. Annual losses in
India were estimated at only $US 0.38 million in 2004, but with potential further losses of $US 36
million prevented by resistant varieties. Similarly, estimates for Pakistan were just $US 0.02 million
in actual losses but $US 18.5 million of further losses prevented by resistance [19], showing the scale
of crop losses that could occur if resistance broke down.
Even more devastating are the human costs of crop failure for people in food insecure regions.
Wheat is the world’s most grown crop by land area, and the fourth most grown crop by weight after
sugar cane, maize and rice, with 734 million tonnes of wheat produced over 214 million hectares
globally in 2018. It provides around 20% of calories consumed worldwide [20, 21], and so any threat
to the wheat crop is a threat to food security, especially if it affects the 37 million hectares of wheat
grown in low income, food deficit countries [20].
A severe stem rust outbreak can turn a region from self-sufficient to food insecure. A stem rust
outbreak in Ethiopia’s main wheat-producing region in 1993 put 300,000 people at risk of food
shortages. International aid was needed to provide emergency food, but also to replace seed stocks
for the following year, as heavy infection can cause total loss of grain and thus no grain to eat and no
seed for replanting for smallholder farmers reliant on farm-saved seed. Lower wheat production can
have knock-on effects on other regions, as reduced supply leads to higher prices for imports. The
poorest consumers are hit hardest by price rises, and over 80% of wheat imports are by developing
countries [22].

Control measures
Control options for stem rust are limited. Fungicides are widely used against leaf rust and stripe rust
but less commonly against stem rust. Biocontrol, for example using the antagonistic fungus
Trichoderma [23], has shown some promise in experimental conditions but is not currently in
widespread use. Cultural control measures include removal or ploughing in of stubble with
overwintering teliospores, and removal of volunteer wheat plants, but the long-distance movement of
wind-borne spores limits the effectiveness of localised inoculum control. Irrigation, or higher-density
planting which can create a more humid microclimate within the crop, provide wetter conditions for
rust spore germination. More severe infection is also associated with high levels of nitrogen fertiliser.
However, reducing fertiliser, watering or plant density will carry their own costs in terms of yield.
1

Conversions to $US based on current exchange rates

Plant Pandemic Report 3: Ug99

7

One method of inoculum reduction that has been tried over wider areas is removal of the alternate
host. Since the first Barberry eradication law in 17th Century France, various countries have tried
similar measures. The first Barberry law in the US was passed in Connecticut in 1726, followed by
several other states. A major barberry eradication programme took place in the USA from 1918
through to the 1970s [1, 18]. In the UK, Barberry eradication was never passed into law, but as in
France, farmers suspected the link long before the life cycle was formally published, and so removed
bushes from their land [24]. Denmark passed a Barberry eradication law in 1904, and Sweden in
1951. However, in some areas, barberry eradication has been rather too successful, leading to
conservation concerns for the barberry and other species that depend upon it, including the now
endangered barberry carpet moth. In the UK barberry bushes are now being replanted further from
wheat fields [25]. Barberry removal in parts of Europe and North America has reduced stem rust
levels, but it would not be effective in regions where a warmer climate permits continuous clonal
cycles on wheat without the need for an alternate host.
From the early 20th Century onwards, the
most important method of control for stem
rust has been selecting resistant wheat
varieties. Individual race-specific rust
resistance genes have been catalogued [2]:
stem rust resistance genes are referred to by
Sr followed by a number, for example Sr31,
and other rust resistance genes are referred
to with Lr and Yr for leaf and yellow rust,
respectively. Newly-discovered genes may be
given temporary names based on their
source, for example SrTm1-5 from Triticum
monococcum, until researchers can establish
whether they represent new genes or new
alleles of a previously-described Sr gene.

Major and minor genes

Resistance genes can be divided into two main groups: major
gene, or seedling, resistance; and minor, adult plant or partial
resistance, or slow-rusting. Major genes can confer a very
strong resistance response, and only one incompatible
reaction (resistant host allele with avirulent pathogen allele)
across the set of resistance genes is needed for the plant to
detect the fungus, activate its defences and stop infection.
This gene-for-gene system of resistance to plant pathogens
was first described for another rust fungus, Melampsora lini
which infects flax. For minor gene resistance, each individual
gene confers lower levels of resistance, with a cumulative
effect across the set of resistance genes. They may slow but
not eliminate pathogen growth, and may only be effective in
later growth stages.
Both types (with the possible exception of one minor
resistance gene, Sr2) are race-specific for stem rust: that is,
resistance depends on the pathogen genotype, and
resistance-breaking rust races could be selected. However,
minor gene resistance is generally more durable, since any
one minor gene has a weaker effect and therefore exerts a
weaker selection pressure on the pathogen, and a less
severe disease resurgence would result from any one gene
being broken. This means the extreme boom-and-bust of
major gene resistance is avoided, but disease suppression is
incomplete.

The damage from disease can also vary
between varieties due to disease escape,
where plants can physically avoid infection,
or disease tolerance, where plants suffer
reduced plant damage and yield losses for a
given infection level. For stem rust, earlymaturing varieties provide a form of disease
escape, as outbreaks are often most devastating at the end of the growing season, but this comes at
the cost of reduced time for crop growth [26].

Breeding for Rust Resistance
Early reports of outbreaks of stem rust (or unspecified wheat rusts) were published sporadically from
Denmark, South Africa, Brazil, Italy, Sweden, England, Spain and the USA, from the 1660s to the
1900s [1, 27]. By the late 19th and early 20th Century, advances in plant breeding enabled countries
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to respond to outbreaks by setting up national breeding programmes for rust resistance. In Australia,
rust resistance breeding programmes began in 1886, and were already having some success by 1894.
In the USA, the 1904 stem rust outbreak led to first rust resistance breeding programme being set
up; efforts then intensified after a further outbreak in 1916.
The earliest breeding programmes involved “mass selection” from existing varieties: that is, if a whole
field is heavily infested, any grain produced could be from less-susceptible plants. Mass selection is
limited to identifying variation present within existing varieties, or rare spontaneous mutants. This
approach is only effective under heavy infection, hence the establishment of variety trials in areas
where rust infections were a common occurrence each year.
However, it became apparent that the same varieties grown in different regions could exhibit very
different levels of rust susceptibility. In 1917-18, Minnesota plant pathologist Elvin C Stakman
showed that this was partly due to the presence of different “physiologic races” of rusts, with each
race showing distinct patterns of virulence across different wheat varieties. He later referred to cereal
rusts as “these shifty little enemies”.
A standard or differential set of varieties was developed in order to test local rust populations for
virulence patterns [2]. The predominance of certain races in any given regions reflects natural
selection for virulence on popular wheat varieties, plus adaptation to local environment, so various
differential sets were developed by different pathology laboratories to distinguish between the main
rust races present in a region [28], and sets have to be updated as pathogen populations shift.
The search for effective resistance soon widened to other sources of genetic variation. Breeders
looked to varieties from other regions, as well as older landraces which were less genetically uniform
than contemporary varieties. The USDA-ARS International Spring Wheat Rust Nursery Program,
established in 1950, carried out field performance testing of wheat varieties from around the world,
and distributed successful lines back to partner countries. The net was cast beyond the domestic
wheat gene pool, as breeders developed methods for crossing wheat varieties with other wheat
species, including einkorn (Triticum monococcum) and emmer (T. turgidum). They also looked at wild
relatives such as goatgrasses (Aegilops spp.), and other cereals, notably rye (Secale cereale).
These wider crosses brought technical challenges: species with different chromosome numbers were
generally incompatible with wheat. Methods such as bridging crosses, pollen or seed irradiation and
disruption of the genes helped to ensure that correct chromosome pairing took place during any
cross. Horizontal chromosome transfer in tissue culture was also used [2]. Crosses were followed by
introgression, extensive back-crossing with progeny selected to incorporate the resistance genes but
otherwise return as far as possible to the traits of the wheat parent, such as grain quality and yield.
The net result was a gradually expanding set of resistance genes incorporated into improved wheat
varieties used around the world.
A wheat breeding programme set up in response to severe stem rust outbreaks in Mexico in the
1940s proved to be especially influential. Norman Borlaug, a plant pathologist from the USA, joined
CIMMYT at this time and began to screen thousands of crosses and undertake “shuttle breeding”
between summer and winter growing sites. Intensive efforts soon identified effective disease
resistance, but the yield of the initial varieties was low and therefore unattractive to farmers. They
needed high yield as well as disease resistance. The yield problem was overcome by focusing on semi-
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dwarf wheat varieties, which combined high yields and disease resistance. These new varieties helped
to quadruple wheat production in Mexico, with similar improvements in South America and Asia.
The high-yielding variety Attila, released in 1990, was grown over 20 million hectares [29]. Such was
the impact of these successful semi-dwarf varieties crop yields – and the subsequent ‘Green
Revolution’ that heralded their introduction – that Borlaug won the 1970 Nobel Peace Prize for his
contribution to food security.
Green revolution varieties were found to have the extra advantage of adaptability to different day
lengths, allowing growth at different latitudes around the world. Yields in India and Pakistan tripled,
and India went from facing famines to self-sufficiency in wheat in just over a decade [30, 31].
Although the impact of Green Revolution varieties of wheat on global food security has been
overwhelmingly positive, there have been drawbacks. High yields are dependent on intensive use of
fertilisers and other agrochemical inputs, and there have been increasing calls for a “second green
revolution” focused more on sustainability, resource use efficiency and input reduction.

Wheat trials, Tashkent State Agrarian University, Uzbekistan

Traits beneficial for yield have had unintended consequences for pathogen control. For those fungi
with rain-splashed spores, the short stems of semi-dwarf varieties make it easier for the pathogen to
move up the plant, so a form of disease escape has been removed, although this is less relevant for
rust fungi, which have airborne spores.
However, the most profound unintended consequence of Green Revolution varieties came not from
a single trait, but from the large-scale deployment of a small number of varieties, replacing diverse
local crops. There were some early warnings that this reduced varietal diversity could leave crops
vulnerable to the emergence of new disease strains, when the introduction of Green Revolution
varieties from Mexico to India was followed by a breakdown of yellow rust resistance, leading to
severe disease outbreaks. Overall, Green Revolution varieties are still credited with saving millions of
lives in India, but the breakdown of yellow rust resistance shows that for disease resistance, the
release of a new variety is not the end of the story, and ongoing monitoring of its performance
against shifting pathogen populations is essential [2].
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The Pathogen Fights Back
Soon after the first resistant wheat varieties were introduced, stem rust populations started evolving
to overcome that resistance. The wheat variety Ceres was an early product of rust resistance breeding
in the USA, and by the late 1920s it had replaced large areas growing rust-susceptible varieties.
However, in 1935 and 1937, large rust outbreaks caused losses of over half the wheat crop in North
Dakota and Minnesota. The widespread use of Ceres created a strong selection pressure on the rust
population, causing a dramatic increase in the frequency of Race 56, virulent on that variety. Later
studies showed that the resistance in Ceres was due to a single gene, Sr7b, and that the virulent Race
56 was increasing in frequency within two years of Ceres being released.
With the breakdown of Ceres, new resistant
lines were needed. Hope, a cross between
emmer and bread wheat, initially showed
good resistance against stem rust, including
Race 56. Hope, and other varieties derived
from Canadian-bred variety Renown, were
widely deployed in North America through
the 1930s and 1940s, providing apparently
durable resistance. But in 1953-4, North
America had another major stem rust
outbreak, this time linked to Race 15B [32].
Bread is a staple food in much of the world. Drive-by
Race 15B has recently been referred to as
bakery in the backstreets of Damascus, Syria.
“the Ug99 of its day” [33]. It was virulent
against Sr9b, the major resistance gene in Hope and related varieties, but also against Sr11, the
resistance gene in Lee, another popular variety [8]. Resistance gene Sr2 was also present in Hope,
and remained effective against Race 15B, but it is not a major resistance gene and is unable alone to
provide full protection against a severe epidemic [34]. The scale of crop losses caused by Race 15B in
1954 led to collaboration between plant pathologists and breeders in the USA, Canada and Mexico
to develop new resistant varieties, a key element of the ‘Green Revolution’. Those involved in this
programme were acutely aware of the risk of resistance gene breakdown [30, 33].
In Australia, the stem rust resistant variety Eureka, containing resistance gene Sr6, was released in
1938 [10]. By 1945, Eureka accounted for almost 20% of the wheat area in New South Wales.
Selection pressure for virulent races increased and Sr6-based rust resistance was broken down. New
varieties such as Gabo were then released, but Gabo relied heavily on resistance gene Sr11 and
within 3 years, virulent races against Sr11 emerged. This pattern of discovery, release then
breakdown was repeated for three further single resistance genes before 1965 [35]. Subsequently,
wheat varieties with multiple resistance genes were developed and more durable control was
obtained, with the exception of a major stem run epidemic in 1973. However, the gradual erosion of
resistance genes deployed within multiple-resistance varieties meant that by 1995, Australian wheat
varieties were heavily reliant on Sr24, against which virulence had emerged in other countries.
Therefore, to avoid a repetition of the boom and bust cycles of 1938-1965, breeders had to identify
further new resistance genes [2].
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Stem rust epidemics elsewhere were also linked to single resistance genes and the emergence of
virulent races. A 1972 epidemic in Eastern Europe. was due to the breakdown of resistance gene
Sr5. By 1990, Sr5 virulence was widespread in rust populations in Europe, though resistance genes
Sr31 and Sr36 were still effective, even though Sr36 virulence was known elsewhere [36]. The
breakdown of Sr5-based resistance has also occurred in other regions, including North America.
In Ethiopia in 1993, a stem rust race virulent against resistance gene Sr26, found in the widely
grown variety Enkoy, caused yield losses of 65-100% in the major wheat-producing region. This
coincided with drought in lowland maize and sorghum growing areas, to cause food shortages for
300,000 people [37]. An outbreak of stem rust in 1975 was due to the breakdown of resistance in the
variety Laketch and later, in 1994, to the variety Kubsa [38].
The evolution of rust pathogenicity is not always a unidirectional increase in virulence. Races
virulent on widely used varieties may be selected at the expense of other races with virulence against
resistance genes found in less commonly used varieties, so those other virulence genes will then
decrease in frequency. The loss of virulence genes also needs to be monitored: for example, such
losses may affect compatibility with varieties in the differential sets used for stem rust monitoring.
Several older differential lines of wheat used in Australia contained the resistance gene Sr7b in
addition to other genes being tested. Virulence against Sr7b was widespread in the rust population,
so the presence of Sr7b had no effect on results from trials. Avirulent races against Sr7b became
more common in the 1970s and required the use of alternative varieties without Sr7b in differential
sets, so that other changes in virulence were not masked[2].
When the rust population has evolved virulence against a given resistance gene, that gene can still
prove useful in breeding programmes, if it is combined with other resistance genes in a combination
that is not fully matched by any single rust race. However, it is important to closely monitor the rust
population for new recombinant genotypes, and to ensure where possible that a variety contains
more than one effective resistance gene for any current rust race.
By the end of the 20th Century, with lessons learned from resistance varieties based on a single gene,
wheat breeders appeared to have achieved durable control of stem rust. Singh et al [10] stated in
2002 that stem rust was now a minor or localised problem in most regions of the world where it had
historically been a major disease, and that “although changes in pathogen virulence have rendered
some resistances ineffective, resistant cultivars have generally been developed ahead of the
pathogen,” and so “today, stem rust is largely under control worldwide.”
However, as early as 1946, K. S. Chester wrote that, “Resistance to all [cereal rust] races must be an
objective of breeding, those that are minor at present and those which may arise in the future. From
this point of view the control of rust by breeding may never be a completed task.”[1] Half a century
later, this warning would prove to be all too true.
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Ug99 Emergence
The first warning that cultivar resistance to stem rust might be breaking down came in late 1998,
when heavy infections were found on previously resistant wheat varieties at the Kalengyere Research
Station in Uganda. In February 1999 a new virulent pathotype was confirmed, and the new stem rust
race was named “Ug99” [39]. The pathotype was first detected at a research station, where plant
pathologists realised the significance of the unexpected infections, but there is some evidence that it
may have been present in Kenya’s Rift Valley in 1998 and possibly even as early as 1993 [40].
The earlier breakdown of resistance in varieties Laketch, Enkoy and Kubsa in the 1970s and 1990s
had also first been discovered in the Eastern African Highlands. Warm and wet conditions yearround mean that two wheat crops can be grown in a year, but also allow the stem rust fungus to grow
and reproduce quickly, and the continuous cultivation of wheat means that the rust’s primary host is
always available.
When Ug99 hit major wheat-growing regions in
Eastern Africa, it caused yield losses of up to 80% [29].
Severe stem outbreaks hit wheat farmers in parts of
Kenya 2002 and 2004. Sampling in 2003-2004
confirmed that Ug99 was widespread in Kenya, and
the majority of Kenyan wheat cultivars were
susceptible [41]. In 2003, Ug99 isolates were also
identified in Ethiopia, the largest wheat producer in
Eastern Africa, having produced 1618 million tonnes
of wheat from 1166 million hectares grown in 2002.
A global rust summit took place in Nairobi in May
2005. It included a visit to Njoro field station, where
the international participants saw the extent of the
Collecting wheat samples, Kenya
disease and realised how damaging Ug99 could be if it
spread further. This spurred the formation of international projects to tackle the emerging threat
through increased monitoring of emerging rust pathotypes, large-scale screening of international
wheat varieties and collections [42], and renewed breeding efforts.
In 2006, with international concern growing about wider spread of Ug99, R. Singh and collaborators
predicted that it could spread to the Arabian peninsula, then through the Middle East to South Asia,
including India, posing a threat to 19% of global wheat production and the food security of a billion
people [40]. The first parts of these predictions were soon borne out: Ug99 was reported in Yemen
in 2006, and reached Iran in 2007 [43].
Ug99 also spread further within Africa, beyond the highlands of Uganda, Kenya and Ethiopia,
spreading throughout the main wheat-growing countries of Eastern Africa from South Africa in the
South to Egypt in the North. By January 2014, Ug99 lineage rust strains had been reported from 13
countries, with fears of further spread into other major wheat-growing countries.
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Spread of Ug99, from first detection in 1999 to January 2019: colours indicate the year in which strains from the
Ug99 lineage were first reported in each country. (data from RustTracker.org, [43]; map produced using
SimpleMappr.org [44]).

The wheat lines affected in Kalengyere suggested to researchers that Ug99 could overcome the stem
rust resistance gene Sr31. They carried out pathogenicity testing against a differential set of wheat
lines and found that Ug99 was virulent against a further 13 of the 31 other resistance genes tested,
including the first known case of virulence on Sr38. Under the standard North American
nomenclature, the Ug99 race was designated TTKS. Over the following few years, Ug99 was tested
against further wheat differential lines, identifying virulence against another ten resistance genes,
whilst five other resistance genes were effective against Ug99 [41, 45]. The ability to overcome the
Sr31 gene was of most concern as it was a key rust resistance gene in widely-used varieties in many
wheat growing countries, including the variety Attila grown on over 20 million hectares in the
developing world [29]. There was one earlier report of an isolated Sr31 virulent rust strain in a
culture collection, but no other breakdown of Sr31resistance in the field during over 30 years of use.
Recently, whole genome sequencing has shed light on the evolutionary origin of Ug99. Initially the
origin had been unclear, since its genotype was not closely similar to any other race, but advances in
long-read sequencing and assembly allowed the two nuclei in each dikaryotic cell of the fungus to be
analysed separately. This analysis revealed that one of the two haploid nuclei was almost identical to
race 21, which had been found in Africa since the 1920s, whereas the other nucleus represents an as
yet unknown race. There had been no genetic recombination between the two nuclei, which would
have been expected following a sexual cross, indicating that the two races had instead undergone
somatic hybridisation. This combines the traits of the original two genotypes, without the need for
the sexual cycle to be completed on the alternate host. However, the crucial loss of Sr31 avirulence
appears to have required a subsequent mutation within the new somatic hybrid lineage, indicating
that single resistance genes can be vulnerable to more frequent genetic changes [46].
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A disaster waiting to happen?
In hindsight, it may seem like the emergence of Ug99 was a disaster waiting to happen, with breeders
and growers ignoring the risks of relying on a single major resistance gene against stem rust. The
Sr31 resistance gene had offered effective stem rust protection since it was introduced to wheat from
rye in the 1930s, though this was not the sole reason for its widespread deployment. The
introgressed rye chromosome 1RS includes other beneficial genes: the leaf rust resistance gene Lr26,
the yellow rust resistance gene Yr9, resistance to stripe rust, the powdery mildew resistance gene Pm8
and other useful agronomic traits: so Sr31 was as part of an appealing ‘package deal’ [2]. A reduction
in stem rust levels in Spain following the introduction of CIMMYT elite wheat varieties was
attributed partly to earlier maturation of the crop, and not just to resistance genes [27].
Furthermore, breeders had learnt lessons from previous resistance gene breakdowns. Although Sr31
was widely deployed in popular varieties around the world, others resistance genes were present too.
However, some of those genes had already been broken down by some rust races, leaving Sr31 as the
last line of defence. The first Ug99 strain that was discovered was virulent against at least 25 different
resistance genes [45], but it was the failure of Sr31 that was the most notable because of its
widespread use and because it had been so successful until then in the battle against stem rust.
In contrast, Australian plant pathologists were more concerned about the possible introduction of
Ug99 because of its virulence to varieties with the Sr30 and Sr38 genes, and later to those with Sr24
[47]. Sr38 is also common in European wheat varieties [40]. Combining major-gene resistance with
slow-rusting, adult plant resistance genes is also a strategy that has been followed, with many varieties
including Sr2 as well as Sr31, but this proved insufficient under high disease pressure [33]. As well as
specific virulence against multiple resistance genes, Ug99 shows high overall aggressiveness: the
amount of damage it threatened to cause was not entirely due to Sr31 breakdown. Nonetheless, if
wheat varieties had contained additional effective resistance genes, or if a lower proportion of the
wheat crop had consisted of varieties that were all dependent upon the same resistance gene, the
damage caused by Ug99 would have been substantially reduced.
In 1997, shortly before Ug99 was identified, R McIntosh wrote about the need for “anticipatory
resistance breeding” against wheat rust, to target not only the current pathogen diversity but future
new pathotypes that could easily emerge from populations[48]. Ug99 had multiple additional
virulence genes, compared to the previous common pathotypes, which were not anticipated.
Subsequent resistance breeding programmes, informed by intensive monitoring of rust populations,
aim to improve pathotype forecasting.
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The Onward March of Ug99
Once Ug99 reached Iran, fears grew that South Asia would be next. Large areas of susceptible wheat
are grown in South and East Asia, two regions in the path of easterly air flow from affected areas and
with suitable climatic conditions for stem rust survival along the way. Outbreaks of a new virulent
stem rust in this region would have severe consequences for food security [40].
India is the world’s second largest wheat producer. In 2018, it produced 997 million tonnes of
wheat, 13.6% of global production. Pakistan is the seventh largest wheat producer and produced 25
million tonnes in 2018. India, Pakistan, Afghanistan, Nepal and Bangladesh together account for
18% of global wheat production [20]. At the time when the threat from Ug99 became clear, the
majority of wheat varieties grown in India relied on Sr31 and Sr24 as the only effective major
resistance genes against stem rust, both of which are ineffective against some strains of the Ug99
lineage [49].

Major wheat-growing areas of the world by annual wheat production in millions of tonnes (FAOSTAT, 2018 data
[18]). Hatching indicates countries where Ug99 stem rust has been reported so far (CIMMYT RustTracker,
updated January 2019 [44]), map produced using SimpleMappr [45].

If the rust reached South Asia, it could spread from there to China, the world’s largest wheat
producer. China alone produces 18% of the global total, producing 131.4 million tonnes in 2018
[20]. The combination of major wheat growing areas and predominantly susceptible varieties,
coupled with the highly destructive nature of stem rust in the absence of effective resistance, meant
potential total yield losses in Asia worth $1-2 billion USD [50].
Following reports that Ug99 had reached Iran, the European and Mediterranean Plant Protection
Organization (EPPO) in 2008 considered the threat to the Near East and into Europe, and possible
routes through Turkey or the Caucasus to major wheat-growing areas of Eastern Europe.
On a global scale, the percentage of wheat cultivars susceptible to Ug99 has been estimated at 8090% [40, 42]. Whilst South Asia was considered most likely to fall under the path of large-scale
airborne dispersal of Ug99 spores, the uncertainty associated with occasional air currents, and the
risk of human mediated spread, meant other countries carried out their own risk assessments. For
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Australia, the potential cost was estimated at $A 1.4bn over a ten-year period, even if growers were
able to switch to resistant varieties the year after the initial outbreak [51].
In the USA, susceptibility testing of wheat cultivars and breeding lines in 2005 found that 84% of
hard (breadmaking) spring wheat lines were susceptible. More resistance was present in winter wheat,
with 72% of soft winter wheat and 52% of hard red winter wheat susceptible, but that resistance was
highly dependent on the Sr24, Sr36 and SrTmp genes. All have subsequently been broken down by
some Ug99 descendants (see “A short history of pathogen evolution and virulence” below). Major
wheat-growing areas in Argentina and Brazil are highly dependent on wheat varieties with stem rust
resistance based on Sr31 and Sr24, which would therefore be vulnerable to Ug99 [52].

Wheat is grown extensively in North Arica, as shown here in northern Tunisia.

The overall geographic range of stem rust is limited by climate. Temperatures over 20°C are needed
for major outbreaks and above-zero temperatures required for endemic over-winter survival. In future
decades, climate change may lead to stem rust expanding into regions where it has not previously
been a problem, and therefore stem rust resistance has not been a major factor in breeding
programmes or variety choice [14]. If the range of stem rust expands, the potential global impact of
any emerging virulent strain will increase, as will the area over which new resistance or other control
measures would need to be deployed.
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An International Response
Concerned at the vulnerability of their widely grown wheat varieties, CIMMYT convened an expert
panel to assess the potential impact of Ug99, including researchers from Cornell University,
ICARDA, the Kenyan Agricultural Research Institute (KARI; later KALRO), and the Ethiopian
Agricultural Research Organization (EARO). In 2005, their report “Sounding the Alarm on Global
Stem Rust” was published [53], and a global rust summit was held in Kenya. Following the concerns
raised and recommendations made in the report and summit, The Borlaug Global Rust Initiative
(BGRI) was set up as an international partnership between ICAR (the Indian Council of
Agricultural Research), ICARDA (International Center for Agricultural Research in the Dry Areas),
CIMMYT, the FAO (United Nations Food and Agriculture Organization), and Cornell University.
The BGRI network now comprises over a thousand scientists from hundreds of institutions. The
work has been supported by a succession of Gates Foundation projects, with additional
contributions from the UK Government’s Department for International Development (DFID), the
US Agency for International Development (USAID) and the Foundation for Food and Agricultural
Research (FFAR):
Year

Funding and funders

Title

2008

US$26.8m (BMGF)

Durable rust resistance in wheat (DDRW)

2016

US$40m (BMGF, DFID)

Delivering genetic gains in wheat (DGGW)

2020

US$46m (BMGF, USAID, FFAR)

Accelerating genetic gains in maize and wheat for
improved livelihoods (AGG)

An early priority was to monitor the spread of Ug99 and any further evolution of virulence [42]. The
Global Cereal Rust Monitoring System was set up under BGRI and the DRRW project in 2007. By
2012 this covered 35 countries, mostly those within the Ug99 affected or threatened regions of
Africa and Asia, which together accounted for over 20% of the world’s wheat crop. Protocols for
standardisation of monitoring methods and data sharing between countries were established [54].
The Global Rust Reference Center at Aarhus University in Denmark, maintains a reference
collection of rust races and tests new strains of different origins under standardised conditions, with
stringent biosecurity measures to ensure the imported strains don’t escape and spread further. The
centre began testing yellow rust strains in 2008 and stem rust since 2011. The online Wheat Rust
Toolbox enables data sharing, while the CIMMYT RustTracker publishes comprehensive data about
the latest virulence and spread in key rust lineages [43]. The ICARDA Regional Cereal Rust
Research Center in Turkey set up a licensed biosafety laboratory in 2018 for virulence typing of rust
strains from the ICARDA region (North Africa, West Asia) [43].

Renewed breeding efforts
For decades, CIMMYT had been world leaders in wheat breeding, working with various
international collaborators. As the scale of the threat from Ug99 became clearer, further
international partnerships were formed under the umbrella of the BGRI and associated projects. The
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first step was to rescreen all available genetic diversity in existing varieties and pre-breeding
collections from all of the international partners, for resistance against the new rust race.
Testing of existing bread wheat (T. aestivum) lines identified 12 effective resistance genes, but only
two were able to withstand high disease pressures in the field. Virulence against one of the genes was
already known in other rust races, so the current bread wheat gene pool was not sufficient for
durable resistance to Ug99. A further seven genes had already been introgressed into bread wheat
breeding lines from other Triticum species, and 19 genes from other wild relatives. These are of
limited used because of insufficient or inconsistent resistance levels, virulence in other races, or
linkage drag and yield penalties [43]. Consequently, the search for resistance was widened to include
local landraces of wheat and more diverse collections of wild relatives.
The Eastern African highlands, where Ug99 was first found, have year-round wheat crops and ideal
climatic conditions for a constant repeating cycle of rust reproduction. This also makes it the ideal
location for testing new wheat lines, on the front line of rust evolution. It is also important to test
varieties in the climatic zone where they will be grown, due to possible gene by environment (GxE)
interactions. For example, the Sr13 gene, characterised in 2017 from tetraploid durum and emmer
wheats, confers greater resistance at higher temperatures [55], so resistance ratings measured at one
field site may not hold elsewhere.
Therefore, in 2008, CIMMYT and
Cornell formed a partnership with the
Kenya Agricultural and Livestock
Research Organization (KALRO) to set
up the International Stem Rust
Phenotyping Platform at Njoro. Njoro
has the advantage of allowing two wheat
growing seasons per year, so an extension
of CIMMYT’s shuttle breeding approach
could be used. CIMMYT’s Mexico
platform is used to test lines for general
KARI (now KALRO) research station at Njoro, Kenya is a
traits, including adaptability to different
globally important site for testing wheat varieties
climate conditions while Njoro is used
for testing stem rust resistance. The same shuttle breeding approach that accelerated the
development of the original Green Revolution varieties also allowed Ug99 resistant varieties to be
developed within 5-6 years, half the usual time required.
The International Stem Rust Phenotyping Platform can test 50000 wheat lines per year, and 150
varieties have been released so far. Eastern Africa is a centre of diversity for wheat as well as for stem
rust, and local landraces and old varieties are being tested alongside breeding lines sent from 20
other countries. The BGRI runs a training programme to help other rust-affected countries build
local capacity and expertise, while ensuring standardisation of methods.
Early testing of Ug99 found that the gene SrTmp provided effective resistance [41]. The variety
Digalu, carrying SrTmp and also showing good yellow rust resistance, was released in 2005, and fast-
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track seed multiplication enabled it to be rapidly adopted by Ethiopian farmers following a severe
yellow rust outbreak in 2010 [56].
The wheat wild relative Triticum monococcum was already the source of resistance genes Sr21, Sr22
and Sr35. Most resistant T. monococcum lines contained those same genes, with Sr21 ineffective
against Ug99, and Sr35 virulence present in some other rust races. A wider screening effort of over
1000 T. monococcum accessions identified two new resistance genes effective against Ug99, one of
which, SrTm4, was also effective against the other rust races tested [57, 58]. Subsequently two more
genes, SrTm5 and Sr60, were identified from the same T. monococcum collection, conferring
resistance to Ug99 and different subsets of other races [59]. These genes are now being introgressed
from T. monococcum into T. aestivum, a longer process than deploying genes already present in T.
aestivum because of complications in crossing diploid and hexaploid wheats [60].
Ug99-resistant alleles of Sr13 were also found in some lines of durum and emmer wheat, and
identified as candidates for introgression into bread wheat [55], although some virulence already
exists in non-Ug99 races of stem rust [43].

Deployment and durability
Durability of resistance is pivotal to the success of new varieties, and breeders looking for new genes
have not ignored the lessons from the breakdown of Sr31. A single new resistance gene will not
provide a durable solution to Ug99, as its use would simply result in the rapid evolution of another
new virulence gene. It has become something of a cliché in crop protection to say that “there are no
silver bullets”, meaning there is no single permanent solution to a constantly shifting threat.
The main strategy for developing more durable resistance involves stacking multiple resistance genes
within a variety. Breeders aim to incorporate 4-5 resistance genes effective against Ug99 into any new
variety. Mixtures or rotations of different varieties will help reduce the selective pressure of a single
resistance gene on rust populations, and therefore reduce the speed of breakdown. Field trials and
modelling studies are being conducted to compare different strategies for deploying multiple
resistance genes, in order to maximise their effective lifespan [61].
Avoiding reliance on a single wheat variety or resistance gene not only reduces the selective pressure
favouring any single virulent rust strain, but also gives a degree of damage limitation when
breakdown of resistance does occur: it enhances both durability and resilience of disease control. In
Ethiopia, the greatest increases in yields were achieved by farmers who increased not only the total
area of rust resistant varieties, but also the number of different wheat varieties grown in a season
[62].

Distribution and uptake
Farmers’ needs and perceptions must also be considered when introducing new wheat varieties: a
resistant variety will only be successful if farmers actually grow it. Growers select crop varieties for
yield and quality as well as disease resistance. Varieties must be suitable for the local climate but
must also be appropriate for other local needs. For example, “hard-threshing” wheats are only
suitable for mechanised farms; mixed farms need to produce suitable straw for animal feed or for
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roof thatching, as well as nutritious grain for human consumption; and varieties will perform
differently under high or low-input systems [29, 37, 63].
Efficient distribution channels are also needed to take a variety from trial sites into wider use.
Bulking the seed of new varieties to the quantities needed for wide distribution can take many years,
but the urgency of the Ug99 threat prompted the development of accelerated seed multiplication
systems, again making use of the ability to grow two crops per year in the East African Highlands.
New varieties are distributed to national partners for further bulking and distribution, with NGOs
being used to reach remote areas. These combined efforts enable resistant varieties to be made
available to those who most need them. Breeding stations also work with local farmers in high-risk
areas, giving them early access to new varieties, on the condition that they will further distribute seed
the following season [64].
Extension workers have also helped to involve local farmers in the testing of near-market varieties, as
well as providing demonstration plots so growers can see the varieties in the field. Farmers who suffer
heavy damage from a rust outbreak are often eager to switch to a resistant wheat variety as soon as
one is available, but the benefits in switching to varieties with more durable resistance are less
immediate, so two-way communication between extension workers and farmers is vital, to convey the
longer-term benefits and to ensure that new varieties meet all the growers’ needs.
For countries that Ug99 has not yet reached, there is an opportunity to deploy resistant varieties
ahead of its predicted migration pathway, rather than as an emergency response afterwards. In 2010,
seed multiplication and distribution of Ug99 resistant varieties began in Afghanistan, Bangladesh,
Egypt, Ethiopia, Iran, India, Nepal and Pakistan, and aimed to ensure sufficient seed was available to
replace susceptible varieties [65]. By 2013, 70% of the wheat area in the Central and Peninsular
zones of India was planted with Ug99-resistant varieties. However, half the area was still planted with
Lok1, a variety that could be at risk from a new pathotype [49].
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Disaster Averted?
In 2008, researchers from CIMMYT and KALRO in Kenya published an article entitled “Will stem
rust destroy the world's wheat crop?” Their answer was a tentative “no” [66]. The spread of Ug99 has not
been as rapid as feared, giving extra time for research and breeding.
However, this does not mean that the initial fears were a false alarm. Ug99 has devastated crops in
Eastern Africa and the Middle East, affecting major wheat-growing areas in Ethiopia, South Africa,
Egypt and Iran, and jeopardising food security for hundreds of thousands of people. If it had spread
to Asia, as predicted in 2006, it would have threatened close to a fifth of the world’s wheat
production, and potentially as much again if it had spread as far as China.
Ug99 has reached Yemen and Iran and by 2014 it had been reported in 13 countries. No new
countries have been affected since then, although the emergence and spread of new Ug99 pathotypes
continues within already affected countries.
How severe the impact will be when Ug99 does reach additional wheat-growing regions still remains
to be seen: the worst impacts in further areas can be avoided only by massive and timely efforts to
produce and distribute new resistant varieties. Continued monitoring will be needed to track any
further shifts in the pathogen population. It would be unwise to assume that Ug99 will not spread
further; the widespread deployment of resistant varieties is essential.

Farmers In Nepal remain at risk from future stem rust outbreaks

Resistant varieties have been released in many of the threatened countries. In 2020, the BGRI
reported that 40-45% of the wheat-growing area in India was planted with HD-2967, aUg99 resistant
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variety, although further efforts will be needed to expand the uptake of resistant varieties by farmers
and “bridge the variety adoption gap” in South Asia [67].
A report for the Australian Government in 2018 estimated the cost of Ug99 to Australia’s wheatgrowing areas at $A 1.4bn over a ten-year period. The was based on one year of yield losses; lost
exports if countries stopped imports, especially China; and the costs of switching to resistant
varieties. The estimate also included seed costs and breeders’ rights payments, plus future yield
reductions as the increased cost of buying resistant seed would lead to reduced wheat areas. This
shows that even when resistant varieties are available, a rapid switch to using them would still have
major financial impacts, both direct and indirect.
New rust pathotypes continue to emerge, including Ug99 mutants and different races, and
continued monitoring is needed. Deploying resistance genes in more durable combinations should
slow the selection of resistance-breaking rust strains, but will not avoid it forever. The collaborative
networks set up and knowledge gained from tackling the Ug99 pandemic so far should ensure a
faster response to future outbreaks. However, the 2013 Digalu rust outbreak (see “Relentless
adaptability”, below) gives an indication of the possible damage when the rust overcomes current
control.
The race against the rust can never be considered to have been ‘won’; the pathogen population is
constantly changing. The race can, however, be turned from racing to catch up after the rust leapt
ahead with the emergence of Ug99, into the Red Queen’s “all the running you can do, to keep in the
same place” [68]. The discovery of varieties resistant to the current most damaging pathotypes is not
an opportunity to stop running, but to try to get more than one step ahead.
It is interesting to note that the successive Gates Foundation-funded projects have broadened in
scope, from an initial focus on producing durable rust resistance, to more general genetic
improvement including resistance to multiple diseases as well as climate stress. The most recent
project encompasses nutritional qualities as well as disease and stress resistance, in maize as well as
wheat. This shift in emphasis may reflect increased capacity within the projects, but it may also have
been harder to justify continued investments based on Ug99 mitigation alone, given that the most
damaging scenarios of rapid Ug99 spread did not occur. This raises questions on how support for
surveillance and extra monitoring capacity can be maintained as Ug99 moves from a headlinegrabbing emerging threat to an ongoing challenge. It becomes even more important for projects to
work with existing institutions that have experience of working within the affected areas and for
researchers to collaborate through the networks that the Ug99 response helped to create.
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Relentless Adaptability
Ug99 already carried multiple virulence genes and could infect a majority of the wheat varieties in
use at the time it emerged, but as new varieties were deployed, the rust continued to evolve. In 2006,
stem rust was found on a wheat line being tested at Njoro in Kenya that contained the key resistance
gene Sr24. This gene was in widespread use, and had, until then, provided resistance against Ug99.
Testing confirmed that the infections were from the Ug99 lineage, and it had indeed broken down
another resistance gene [69]. The growing range of virulence in the pathogen population now
included strains able to overcome the Sr31, Sr38 and Sr24 resistance genes. The coding system for
strains was expanded to five characters to cope with the expanding range of virulence; the original
Ug99 race became TTKSK, and the new Sr24 virulent variant became TTKST.
The breakdown of the Sr24 gene in Kenya coincided with the release of the variety Berkume in
Ethiopia. This variety contained the Sr24 gene and had undergone accelerated seed multiplication to
get it ready for distribution. Despite the bad news from Kenya, monitoring showed that Sr24 was still
effective against the Ug99 lineage present Ethiopia at that time [43]. Alternative varieties to replace
Berkume were tested when, as expected, virulence to Sr24 was reported in Ethiopia in 2008. The
new virulent race of Ug99 was given the code PTKST.
Breeders were fully aware of the risks of relying on a single resistance gene, but at that time in
Ethiopia there was no viable alternative variety. Effective resistance for one more growing season
(2007-2008) was still a valuable outcome given the vulnerability of hundreds of thousands of people
to food shortages.
In 2007, a further Ug99 variant was found at Njoro, virulent on cultivars with Sr36 as well as Sr31
[70]. In 2014, isolates from Njoro and two other field sites in Kenya were found to be from the Ug99
lineage but with additional virulence against SrTmp, and one isolate had even gained virulence
against both Sr24 and SrTmp [71]. Testing of Ug99 isolates collected from stem rust monitoring sites
in Egypt in 2014 also identified isolates with SrTmp virulence [72]. A new stem rust resistance allele
effective against Ug99, Sr9h, was characterised in 2014 [73], but Ug99 lineages collected from South
Africa and Zimbabwe in 2010 were already virulent to Sr9h [43].
By 2014, Sr24-virulent Ug99 races (TTKST, PTKST) had been reported in ten countries. By 2018,
the Ug99 lineage had given rise to at least 13 different pathotypes [43]. This unrelenting adaptability
of the rust pathogen means that breeding for resistance to the initial Ug99 strain is not enough.
Multiple resistance genes are needed, along with continual monitoring of constantly evolving
pathogen populations.

Other rust races
Although virulence against Sr31 in other resistance genes has allowed Ug99 and its descendants to
become the dominant lineage on major wheat varieties in multiple regions, rust populations also
contain a diverse range of other lineages. Of the 38 genes from wheat and its wild relatives identified
as conferring resistance to Ug99, virulence against at least 17 occurs in non-Ug99 races [43]. The T.
monococcum collection in which SrTm4 was found had 79% of accessions resistant to Ug99, but only
6% also resistant to four non-Ug99 rust pathotypes [58].
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Spread of Ug99-lineage stem rust pathotypes with virulence against key resistance genes. Data from
RustTracker.org [43], map produced using SimpleMappr [44]

A stem rust outbreak in Ethiopia in 2013-2014 on Digalu, a Ug99-resistant wheat, affected 40,000
ha. The variety was released in 2005 and by 2013 had become the most-grown variety. Average yields
of Digalu wheat were halved, with over 90% losses on some farms. The rust race responsible was not
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Ug99, nor descended from it, and was not virulent against Sr31. The outbreak was due to a different
race, TKTTF, containing 17 virulence genes, including virulence against the SrTmp resistance gene
present in Digalu. The race was first identified in Turkey in 2005, spreading from 2010-2014
through the Middle East and into North-West Africa. It has now been reported in 9 countries [43,
56]. This race has also evolved further: from 2014, isolates virulent on Sr25 were found in six
countries in Africa, Asia and Europe [74].

Spread of the stem rust race ‘Digalu’ (pathotype TKTTF). Data Source: RustTracker.org [43], map
produced using SimpleMappr [44]

In 2013, Germany had its first major stem rust outbreak in decades. The German isolates had a
similar pathotype to the Digalu race (TKTTF) plus 4 additional virulence genes compared to the
Ethiopian Digalu isolates, meaning that 80% of German wheat varieties were susceptible either to
the new pathotype or to at least one other locally-present race. Similar isolates were also found in
Denmark in 2013 and Sweden in 2014, as well as a single 2013 isolate found in the UK [43, 75].
In 2016, a serious stem rust outbreak in Sicily affected durum as well as bread wheat Again, Ug99
was feared but not present. Researchers found that the TTTTF race had gained virulence on Sr13, in
addition to Sr9e, a potent combination which put many durum varieties at risk from stem rust, with
the increasing appearance of the letter ‘T’ in race names indicating virulence against nearly all known
Sr genes. The outbreak in Sicily put wheat growing areas into South-Eastern Europe and North
Africa at risk [43]; in 2016 TTTTF was found in Turkey. Fears of new virulent strains emerging in
Europe led to the setting up of the RustWatch project, funded by the European Union, aiming to
establish an early warning system for rust epidemics.
These outbreaks of stem rust from non-Ug99 lineages are a reminder that breeding programmes
looking for new genetic resistance to Ug99 must also screen against other rust races [55]. The lesson
from Ug99 is not simply to breed for resistance to Ug99 or even its predicted descendants, but to be
prepared for the next emerging pathotypes of any lineage. Fortunately, resistance genes that are no
longer effective against one lineage may still be useful against others: for example, the TTTTF race is
virulent on Sr13, but Ug99 and Digalu so far are avirulent [55].
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Rebuilding Durable Resistance
The rapid evolution of stem rust means that there is a continuing need for new sources of resistance.
This means continuing to seek untapped sources of genetic diversity in wheat and its wild relatives
[76]. Three new resistance genes have been identified in Sharon goatgrass (Aegilops sharonensis), and
one each in A. umbellulate, A. triuncialis, A. searsii and A. geniculate. Other Aegilops species have shown
resistance to multiple stem rust races and genetic characterisation is ongoing [77].
Scientists continue to explore the underlying molecular basis of rust resistance. NLR gene capture
methods have identified multiple wheat immune receptors, including several Sr genes [78]. Knowing
the genetic basis of resistance enables marker assisted breeding to be used, and researchers are
continuing to develop markers for further major rust resistance genes in wheat [79-83]. Testing
progeny for the presence of specific resistance genes can speed up assessments of breeding lines,
cutting the time from gene discovery to deployment in commercial varieties. Genetic markers were
developed for the introgression of the newly-discovered rust resistance gene SrTm4 from T.
monococcum into wheat, based on closely-linked microsatellite markers [57]; in future, markers based
on resistance genes themselves will allow the introgression of even smaller genomic regions.
Molecular testing for resistance enables breeders to ensure that multiple resistance genes are
conserved in new wheat lines, rather than being inadvertently bred out when their phenotypic effects
are masked by one highly effective major resistance gene. In testing for the presence of multiple
resistance genes, breeders are not just screening for resistant phenotypes against current rust races,
but future-proofing against further virulence evolution in the rust population. This represents the
next step on from testing wheat lines against a full reference set of rust races and not just an
unspecified mixed field population. Testing against a broad reference set of pathotypes allowed for
the risk that a rare but virulent strain would be selected to higher frequency in future, and markerassisted breeding can also allow for the risk of new strains emerging, with new recombinants and
even de novo virulence alleles that do not yet exist.
Research into the genetic basis of resistance is also extending beyond the major Sr genes, to minor
and quantitative resistance traits. This will help breeders to move away from reliance on, and
subsequent breakdown of, major resistance genes, such as the breakdown of Sr31 by Ug99. The slowrusting genes Sr55 and Sr57 have been identified as putative transporter genes [84-86]. Phenotypic
screening for resistance can result in the “Vertifolia effect”: when major resistance genes are present,
minor genes are eroded as their resistance effects are masked [87], so if the major resistance breaks
down, no other resistance is present. Understanding the genetic basis of quantitative resistance will
mean that marker-assisted breeding can be used to ensure the retention of minor resistance genes as
well as multiple major resistance genes. Minor-gene and polygenic resistance is not necessarily
unbreakable either [87], so using them to the exclusion of major genes would be counter-productive,
but by combining the different types of resistance, the risk for each is lowered since there is not a
single, overwhelming selective pressure on the pathogen.
Researchers are also investigating the basis of non-host resistance [33, 88]. Whilst rust pathogens
have proven to be highly adaptable in overcoming genetic resistance in their crop hosts, they are very
host-specific, unable to grow beyond a narrow range of host plant species. The lack of susceptibility
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of non-host species appears to be far more durable than race-specific resistance: long-range host
jumps can occur but are far rarer than virulence changes within a host. Therefore, insights into the
physiological basis of non-host resistance could inform the development of more durable resistance
mechanisms within host species [6], rather than the continued deployment and breakdown of racespecific host resistance.
Some useful resistance genes that have already been identified in wild relatives have not been used in
commercial wheat varieties so far due to close genetic linkage with deleterious traits, including Sr37
from Triticum timopheevi, Sr32 and Sr39 from Aegilops speltoides and Sr40 from Triticum araraticum.
[43] Advances in precision breeding are allowing these close linkage groups to be separated. Markerassisted breeding allows the selection of backcrossed progeny with the shortest possible introgressed
region [89], and in future, gene editing approaches may allow the desired trait alone to be added
directly, with no linkage drag. This opens up another pool of resistance genes for use in commercial
wheat varieties, avoiding a repeat of the over-reliance on a single gene such as Sr31. Resistant alleles
of Sr13 have already been cloned from tetraploid wheat and transformed into a susceptible wheat
variety, conferring resistance, but public acceptance and regulatory changes would be needed before
transgenic approaches can be applied in commercial varieties [55].
It is important to learn from Ug99 and to use precision
breeding methods to deploy resistance genes with
durability in mind. If molecular breeding methods are
used to rapidly add a single “silver bullet” gene across
global wheat varieties, the inevitable breakdown of that
gene risks the perception that precision breeding itself is
unsustainable. Instead, it should be used to pyramid
multiple genes into a single variety; or to create nearisogenic varieties with uniform grain quality, crop
phenology and architecture but with different resistance
genes, making multiline resistance a more practical option
for farmers.

ICARDA, a key partner in the ongoing
response to Ug99

Researchers have also started to identify the molecular basis of virulence genes in the pathogen. So
far AvrSr35 and AvrSr50 have been characterised [90, 91]. Understanding the mechanisms of hostpathogen interactions may eventually lead to more targeted development of resistant varieties,
chemical control or genetic control measures such as RNAi. However, identification of the rust
genes conferring virulence against individual resistance genes also has more immediate practical
benefits for rust control, by allowing molecular diagnostics to be developed for the rapid and early
detection of specific virulence types. Rapid nanopore sequencing-based virulence typing is being
developed for yellow rust, and this will become possible for stem rust, too, once more of the relevant
genes have been identified. Already early warning systems are being developed for stem rust
outbreaks, moving from monitoring to forecasting based on a combination of symptom survey data
from key locations and weather forecasting with dispersal and epidemiological models. Survey data
can trigger sampling to test for the rust races present, giving earlier warnings of the emergence of new
virulence [92]. Adding molecular detection of virulence types will enable “the next Ug99” to be
detected early.
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Wider Lessons
Lessons from the Ug99 pandemic can be applied to resistance breeding programmes for other
diseases, and to crop protection in general. It is important to avoid over-reliance on a single
resistance gene for the control of any disease or pest. No single gene or other control measure should
be seen as infallible, even if it has been durable for many years so far like, Sr31. The adaptability of
pathogens must not be underestimated. In the case of Ug99, even large-scale removal of the sexual
host had not eliminated the adaptive potential of stem rust. Large populations undergoing repeated
clonal cycles had generated genetic diversity through somatic recombination and de novo mutations.
When any new control measure is introduced, it is important to plan from the start to maximise its
effective lifespan. This means combing multiple resistance genes within a crop variety, and more
generally, deployment any crop protection measure as part of an integrated pest management (IPM)
strategy. Pathogen populations should then be monitored closely, so any shifts can be detected early.
Monitoring should include molecular testing where available, so a shift in effectiveness of one
component is not masked by continued control by the remaining effective measures until the last
line of defence falls.

The breeding cycle
and how to
maintain resistance
against an evolving
pathogen

The Ug99 pandemic can be seen as a cautionary tale, yet there are also positive lessons to be found
in the international response. An international epidemic requires international co-operation and
open sharing of data between countries to track its spread across national borders. The search for
new resistance genes needs to draw on the widest possible range of germplasm, from global
collections as well as local varieties and landraces. Resistant varieties that are developed need to be
deployed across affected and at-risk countries.
International standardisation of methods, both for monitoring the disease and for screening
breeding material, produces consistent data that could be compared between different countries. In
the case of Ug99, the BGRI developed a standard international differential set of wheat varieties, so
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all rust strains can now be consistently tested for virulence on an agreed set of resistance genes. The
CIMMYT-KALRO International Stem Rust Phenotyping Platform in Kenya allows breeding lines
from around the world to be tested under consistent conditions, in an area of high rust diversity.
International training programmes were also important to share the standardised protocols between
countries.
The monitoring systems set up in the wake of Ug99 have already proven useful in responding to
further shifts in the stem rust population. The breakdown of stem rust resistance in the Digalu wheat
variety was a heavy blow for breeding programmes, but the monitoring and breeding networks set up
in response to Ug99 meant that the new rust strain was rapidly characterised and screening for
further resistance was underway within months of the outbreak [56].

Beyond breeding
Whilst the obvious lesson from Ug99 is to avoid reliance on a single resistance gene, intraspecific
diversity of host resistance genes is only one of many aspects of diversity that have been lost from
global cropping systems since the beginning of agriculture. The cultivation of crop plant species in
monoculture is the most striking difference between agricultural systems, and coevolved wild plant
and fungal communities [87]. Of 300,000-400,000 described plant species, only around 120 are
widely farmed for food, and 50% of the world’s food come from just three crops: wheat, rice and
maize [93]. Loss of diversity in the agricultural ecosystem can also mean loss of natural enemies and
the pest suppression services that they could provide. Cropping has become more homogeneous on a
temporal scale too, with shorter or no rotations and autumn sowing resulting in continuous
availability of suitable host plants, as well as the uniform phenology required for mass harvesting,
and the uniform canopy cover that comes with synchronous sowing and growth rates [94].
Therefore, Sr31 was vulnerable to breakdown not just because it was the last effective major
resistance gene in some wheat varieties, but because resistance genes as a whole have been widely
relied upon as the sole method of stem rust control, and because major regions grow wheat
continuously, in multiple growing seasons and across the landscape. The potential impact of Ug99
was also all the more devastating because such a high proportion of global caloric intake relies upon
wheat. The response to Ug99 has also focussed primarily on finding and deploying new genetic
resistance, but it is important to further diversify control strategies. FAO recommendations include
delayed planting and the selection of early-maturing varieties to incorporate uncropped gaps between
wheat growing seasons and break the ‘green bridge’; the use of mixtures or strip-planting of different
varieties; and landscape-scale patchwork planting of different cereal crops [64].
The importance of diversification for durable and resilient control also applies to other control
measures and other plant pathogens: for example, relying on a single fungicide mode of action for
pathogen control can quickly select for fungicide resistance, just as relying on a single resistance gene
selects for virulence in the pathogen population.
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Lessons from Ug99 for more durable and resilient crop protection: combine and diversify genetic
resistance and include additional control measures

Pathogen populations are highly diverse and adaptable. Any loss of diversity in crops, within or
between crop varieties, species or cropping systems, risks giving the pathogens the upper hand. The
emergence of Ug99 shows the dangers of over-reliance on the same crop germplasm over wide areas
across regions of the world, and how apparently durable resistance could be eroded unnoticed until
the last line of defence fails. The response to stem rust resistance has shown that by finding and
deploying new resistance genes, and closely monitoring further shifts in a pathogen population, it is
possible to restore resistance in a crop, but further diversification of farming systems would increase
resilience against the vast array range of pests and diseases that threaten global food security.
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