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Abstract
Cereal rusts have long been the scourge of wheat 

farmers worldwide. Three fungal rusts are capable of 
inflicting serious economic damage to wheat; namely, 
leaf rust, stripe rust, and stem rust. Historically, stem 
rust was the most feared disease of wheat, but since 
the 1950s, effective resistance has protected crops 
and livelihoods. By the mid 1990s stem rust had been 
reduced to negligible levels worldwide. The detection 
of the Ug99 lineage of stem rust in Uganda in 1998 
has challenged the assumption that stem rust was 
a conquered disease, and up to 80% of the world’s 
wheat is now considered stem rust susceptible. 
Ug99 has sparked a global effort by wheat scientists 
to counter the threat and has highlighted the need 
for effective surveillance and monitoring systems. 
Outside of a few developed countries, monitoring 
efforts are often irregular or even non-existent and no 
coordinated global surveillance effort currently exists. 
Ug99 has provided the impetus to implement a global 
surveillance and monitoring system that provides 
relevant and timely information as a global public good. 
Key components, current status and future plans for this 
emerging cereal rust monitoring system are described. 
The immediate concern regarding Ug99 makes it an 
initial priority focus, but the other cereal rusts cannot 
nor should be excluded.

Lessons can be learned and parallels drawn from 
existing successful trans-boundary monitoring schemes 
such as the Desert Locust monitoring and early warning 
system implemented by the UN Food and Agriculture 
Organization (FAO). Successful networking, expanded 
capacity of partners, efficient field surveys and data 
handling, plus regular timely targeted information 
products are all components of the Desert Locust 
scheme that need to be transferred to a cereal rust 
monitoring system. Through a consortium of partners 
several advances have already been made targeting the 
Ug99 lineage of stem rust. GIS technology is forming 
the backbone of an emerging rust monitoring and 
surveillance system being developed collaboratively 

by international agricultural research centers, UN 
agencies and advanced research institutes. The system 
already incorporates a rapidly expanding volume 
of standardized geo-referenced field survey data, 
routine use of wind models and public domain web 
tools delivering information in near-real time. Several 
challenges still remain before a fully operational system 
is created, and these are outlined.

The need for vigilance and a lack of complacency 
regarding unexpected events are highlighted. These 
might include; accidental assisted movements, 
natural long distance dispersal and the threat of rust 
pathogens occurring in “non-traditional” areas as a 
result of climate change.

Keywords
Ug99, GIS, trans-boundary, networking, surveillance

Introduction
Globally, wheat is grown on over 200 million 

hectares from the equator to latitudes of 60°N to 44°S 
and elevations ranging from sea level to over 3,000 m 
(e.g. Hodson and White 2007). Total global production 
amounts to approximately 600 million tonnes, with 
developing countries accounting for nearly half of this 
total. Wheat is a global staple cereal and accounts for a 
significant proportion of total caloric intake in several 
countries, notably in North Africa / Mediterranean, the 
Middle East, and parts of Central Asia where annual 
per capita consumption rates can reach over 200 kg 
(FAOSTAT 2003). Any economically important pathogen 
of wheat is obviously a high priority for research and 
control. The three fungal rusts that infect wheat have 
long been the focus of intense study.

In recent years, leaf (or brown) rust (caused by 
Puccinia recondita) and stripe (or yellow) rust (Puccinia 
striiformis f. sp. tritici) have been the most damaging 
fungal diseases of wheat, causing considerable losses 
worldwide (e.g. Singh et al. 2008). As a result, most of 
the recent research and breeding efforts have focused 
on these diseases. However, historically stem (or black) 
rust (Puccinia graminis f. sp. tritici) was the most feared 
disease of wheat, capable of causing periodic severe 
devastation across all continents and in all areas where 
wheat is grown. There is a solid foundation behind this 
fear as an apparently healthy crop only 3 weeks from 
harvest could be reduced to nothing more than a tangle 
of black stems and shriveled grain by harvest. Under 
favorable conditions, yield losses of 70% or more are 
possible (Roelfs et al. 1992).

The last major epidemics from stem rust occurred 
in the mid 1950s when over 40% of the North American 
spring wheat crop was lost to devastating epidemics 
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(Leonard 2001). These devastating losses resulted 
from the emergence of a new stem rust race named 
15B, which overcome the resistances in widely 
grown cultivars at the time. As a consequence 
of the devastating stem rust epidemics in North 
America, Nobel laureate Dr N.E. Borlaug initiated his 
wheat improvement program in Mexico, with the 
development of stem rust resistant varieties being 
a primary goal. The resulting semi-dwarf wheat 
varieties that he developed, which underpinned the 
“Green Revolution” in the 1960/70s, and subsequently 
became adopted on millions of hectares worldwide, 
had very effective resistance to stem rust (Saari and 
Prescott 1985). 

Since the epidemics of the 1950s, widespread 
use of resistant wheat cultivars worldwide reduced 
the threat of stem rust to the extent that it was not 
a significant factor in wheat production losses. By 
the mid 1990s stem rust was largely considered to 
be a disease under control (e.g. Roelfs et al. 1992).
This resulted in a dramatic shift away from stem 
rust research and a lack of direct experience with 
the disease in the field for many pathologists 
and breeders. Stem rust was almost considered a 
vanquished disease. However, with the detection 
of a new virulent stem rust race lineage - popularly 
named Ug99, after being first identified in Uganda 
during 1999 (Pretorius et al. 2000) - that perspective 
has now changed. Up to 80% of world’s wheat is 
now considered stem rust susceptible. As a result, 
stem rust is now very firmly back on the agenda of 
wheat scientists worldwide. Detection of Ug99 has 
highlighted the need for effective global surveillance 
and monitoring systems.

Outside of a few developed countries, 
monitoring efforts are often irregular or even non-
existent and no coordinated global surveillance effort 
currently exists. Ug99 has provided the impetus to 
implement a global surveillance and monitoring 
system that provides relevant and timely information 
as a global public good. International collaborative 
efforts are now underway to develop a global cereal 
rust monitoring and surveillance system underpinned 
by GIS technology. Key components, current status, 
future plans and the challenges for this emerging 
cereal rust monitoring system are described. The 
immediate concern regarding Ug99 makes it an initial 
priority focus, but the other cereal rusts cannot nor 
should be excluded.

Challenges in establishing a global cereal 
rust monitoring system

The basic biology of rust fungi makes them a 
monitoring challenge. They are highly mobile, air-
borne pathogens capable of moving hundreds or even 
thousands of kilometers within a short period of time. 
They cross international boundaries with impunity and 
can survive in a wide range of environments and on a 
wide range of hosts. 

Taking stem rust as an example, billions of 
urediniospores are produced from a moderately rusted 
field of wheat (e.g. Stakman 1957). Although the vast 
majority of the spores will be deposited close to the 
source (Roelfs and Martell 1984), huge numbers remain 
with the potential to infect more distant wheat fields. The 
robust nature of these spores ensures protection against 
environmental damage and permits them to remain 
viable for journeys of 100s or even 1000s of kilometers. 
Medium to long distance dispersal occurs primarily 
though air-borne means, but accidental long-distance 
transmission on infected clothing or plant material is also 
possible (e.g. Brown and Hovmøller 2002). 

The stem rust pathogen is an obligate biotroph so 
needs a live primary host. Wheat, barley and triticale 
are the hosts of primary economic concern, but a wide 
range of grass species can also act as hosts. In terms of 
environment, stem rust favors humid conditions and 
thrives in warmer temperatures (optimal range 15-35 °C) 
than the other wheat rusts (Roelfs et al. 1992).

The high mobility of the pathogen, coupled to 
the enormous areas grown to potential hosts and 
the relatively wide range of suitable environmental 
conditions all combine to make effective global 
monitoring a serious challenge. For an effective and 
useful global monitoring system to be put in place, 
several challenges have to be overcome. Surveillance 
efforts must be undertaken over vast areas, surveys 
must be timely, there have to be efficient data flows 
from the field, value-adding analysis and interpretation 
must be undertaken and targeted information must 
be delivered to decision-makers in a timely manner. 
Additional mitigating factors are that disease epidemics 
do not occur on a regular or predictable basis, and 
that the pathogen population can change as new 
variants occur. The Ug99 lineage of stem rust is a good 
example; in less than five years two new variants of the 
original race have been identified showing virulence 
to additional stem rust resistance (Sr) genes, namely; 
Sr24 and Sr36. Ideally, the monitoring system has to 
provide information on which pathotypes are present 
in which areas. Additionally, detection of the pathogen 
in specific areas does not guarantee appearance of 
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epidemics – a complex series of factors all have to 
occur simultaneously in time and space for an epidemic 
to occur; to date for the Ug99 lineage, this has only 
occurred during 2007 in Kenya.

Given all of the above factors, the task of 
establishing a global cereal rust monitoring system 
might be considered a daunting task. However, 
assistance can be found in the form of established 
model monitoring systems and also by building on 
efforts that have already been initiated in response to 
the threat of the Ug99 lineage of stem rust. 

Model monitoring systems – FAO Desert 
Locust monitoring 

At first glance the parallels between an insect pest 
such as the desert locust and fungal diseases of cereals 
might not appear obvious. However, many parallels do 
exist and there are several opportunities for technology 
and systems transfer.

The Desert Locust monitoring and early warning 
system has a very long history; initiated originally 
in 1930, it has been running successfully under the 
auspices of FAO since 1978. Desert locusts occur 
in more than 50 countries with a range that covers 
approximately 20% of the world’s land mass. This, 
like cereal rusts, implies the need for monitoring 
and surveillance activities to be undertaken and 
coordinated over vast areas. Desert locusts are 
highly mobile, undertaking long-distance migratory 
movements that are wind assisted. These movements 
are trans-boundary, crossing political borders at will. 
Problematic outbreaks, i.e. plagues, are highly irregular 
with intervals of several years often occurring between 
plague events. All of these factors have strong parallels 
to cereal rusts.

A well established, efficient system of monitoring, 
early warning and information dissemination has 
been created for desert locusts. The system relies on 
field surveys undertaken by an extensive network of 
national surveillance teams. All field data is collected 
electronically using standardized survey forms 
incorporated into a GPS-enabled data logger. Data is 
automatically transmitted from the field via satellite 
links directly into central databases. A national desert 
locust focal point in each country compiles the data, 
ensures quality control and transmits data to an 
international focal point based at FAO headquarters 
in Rome. Integrated analysis of all country data is 
undertaken by the international focal point using GIS 
technology and information is disseminated in the form 
of monthly bulletins, forecasts, alerts and status maps. 
The international focal point also provides technical 

support, training and capacity building to all the 
national focal points in the network.

The desert locust system is well established and 
represents a good example of a fully operational, 
trans-boundary pest monitoring and early warning 
system. It is envisaged that the emerging global 
cereal rust monitoring system will be developed using 
similar technologies and operating procedures as this 
functional model system.

Foundation activities for a global cereal rust 
monitoring system

In 2005, Nobel Laureate Dr N.E. Borlaug brought the 
emerging threat of stem rust race Ug99 to the world’s 
attention. Publication of an expert panel report (CIMMYT 
2005) and the formation of an international coalition – 
the “Global Rust Initiative” (which subsequently became 
the “Borlaug Global Rust Initiative” BGRI) - put stem rust, 
and Ug99 in particular, back onto the agenda of wheat 
scientists worldwide. 

The 2005 expert panel recognized the clear 
need for a global monitoring system and given the 
inherently spatial nature of many key factors, flagged 
GIS technology as being a useful tool. The expert panel 
made the following recommendation:

“Recommendation #1. Because the stem rust 
pathogen is airborne and genetically variable, the Panel 
recommends (1) population monitoring by means of 
trap nurseries and limited sampling for race analysis for 
the Kenya - Ethiopia region, adjacent areas, and beyond; 
(2) the establishment of a warning system based on 
the above data and modeling, using GIS and other 
appropriate tools.”

Increasing awareness of a potential re-emerging 
threat from stem rust prompted the need for information 
to address key questions. What was the current status 
of Ug99? Where will it move next? How many wheat 
varieties currently grown are susceptible? Which are the 
areas at greatest risk? These were all very valid questions 
being posed by scientists, policy-makers, and decision-
makers at the time. In response to these questions 
initial assessments were made using GIS technology 
to integrate important factors such as; known 
locations, wheat areas, susceptibility, wind movements, 
documented historical movements, and climatic factors 
(Hodson et al. 2005). As a result, the first predicted 
potential migration routes were postulated (Singh et al. 
2006), i.e. pathogen movement out of Africa, crossing 
the Red Sea into the Middle East and onwards to South 
Asia (Fig. 1). At the time, confirmed locations for Ug99 
were known only from Uganda, and across the wheat 
areas of Kenya and Ethiopia.
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Fig. 1 Initial predicted migration routes for Ug99 (after Singh et al. 2006)

wise expansion of the Ug99 range had continued and 
the pathogen had now penetrated the major wheat 
producing areas of the Middle East. Fig. 2 shows current 
known locations.

Recorded known locations of Ug99 over time 
illustrate the mobility of the pathogen and highlight the 
possibilities for long-distance air-borne transmission. 
Obviously, understanding, and if possible predicting, 
likely air-borne movements is going to be a critical 
component of any cereal rust monitoring system. 
This is a non-trivial task, as predicting air-borne 
particle movement is a challenge due to the inherent 
complexity and variability of the underlying system. 
Hence it must be borne in mind that there will always 
be considerable uncertainties associated with any 
such pathogen prediction studies. These uncertainties 
also have implications regarding any assumptions of 
“fixed repeatable pathways”; such hypotheses must 
be approached with the utmost caution as significant 
deviations may well occur. It is not a given that the new 

Actual confirmed observations of Ug99, obtained 
after the first postulated migration routes were 
produced have been supportive, and not contradictory, 
of the initial GIS-based predictions. In 2006, reports of 
stem rust were received from a site close to New Halfa 
in eastern Sudan, and subsequently from at least two 
sites in Western Yemen in the same year. Analysis of rust 
samples collected from these locations subsequently 
confirmed the presence of Ug99 (race TTKSK). The 
observed range of expansion of Ug99 indicated step-
wise movements following regional winds. Crossing 
of the Red Sea into Yemen was considered particularly 
significant as several lines of evidence indicated that 
this might prove to be a gateway for onward movement 
into important wheat areas of the Middle East and Asia. 
In 2008, confirmatory race analysis data were obtained 
from stem rust samples that had been collected at two 
sites in Iran – Borujerd and Hamadan – at the end (July) 
of the 2007 wheat season (Nazari et al. 2008). Step-
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Fig. 2 Current known locations of Ug99

variants of Ug99 identified in Kenya will follow exactly 
the same pathway as the original race TTKSK.

The initial determination of potential migration 
routes for Ug99 relied solely on generalized monthly 
“long-term normal” wind trajectories (NOAA 2005). 
Despite obvious limitations, these data have provided 
some useful initial insights. However, given the crucial 
nature of wind movements, it was seen as high priority 
to improve the spatial, and more critically, the temporal 
resolution of the air-flow predictions. This resulted 
in a search for suitable, accessible models and final 
implementation of the HYSPLIT (Hybrid Single-Particle 
Lagrangian Integrated Trajectory) model developed by 
the Air Resources Laboratory at NOAA and the Australian 
Bureau of Meteorology (Draxler and Rolph 2003).

Routine implementation of the HYSPLIT model using 
Ug99 data has resulted in an improved understanding 
of observed movements. An analysis of wind trajectories 

from confirmed Ug99 sites in Sudan and Yemen during 
the main wheat growing season was undertaken using 
wind data from Dec. 2005-Apr. 2006 and Dec. 2006-Apr. 
2007. Results from both seasons were nearly identical, 
implying some consistency in seasonal wind patterns. 
Trajectories from Yemen indicated the potential for spore 
movements in a predominantly north-easterly direction, 
across the Arabian Peninsula and towards Iran and Iraq. 
Conversely, trajectory data from the New Halfa site in 
eastern Sudan indicated a predominantly south-westerly 
direction for potential spore movements (Fig. 3). These 
results added more weight to the hypothesis that Yemen 
could serve as a gateway into the important wheat 
areas of the Middle East and Asia. It should be noted 
that the trajectory model results were obtained prior to 
the confirmed reports of Ug99 from Iran, indicating that 
trajectory models might have some predictive value for 
movement patterns.
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The two confirmed Ug99 (race TTKSK) sites in 
western Iran - Borujerd and Hamadan – as reported by 
Nazari et al. (2008) were not exactly on the trajectory 
paths predicted by the HYSPLIT model, but were in 
close proximity. However further analysis, using daily 
rainfall estimates in combination with the trajectory 
models, has provided circumstantial evidence of an 
intermediate staging location either in southern Iran or 
southern Iraq. Rainfall events are important as they are 
the principle means by which spore deposition occurs 
(Rowell and Romig 1966). On two occasions during the 
period Dec. 2006 to Jan. 2007 significant rainfall events 
were exactly coincident in time and space with wind 
trajectories originating from confirmed Ug99 sites in 
Yemen. It is feasible that these rainfall events had the 
potential to deposit rust spores in either southern Iraq 
or around the gulf coast of Iran. Backwards trajectory 

data (i.e. using wind data models to find potential 
sources for known final destinations) also highlighted 
these same areas as potential zones of origin for on-
ward spore movements that terminated in Borujerd and 
Hamadan. Finally, unconfirmed but credible reports of 
Ug99 were obtained from a site near Shiraz in Iran earlier 
in the wheat season of 2007. This location is coincident 
with one of the postulated intermediate staging zones 
derived from the combined model outputs.

All of these foundation activities, i.e. the 
compilation of key datasets, the mapping of known 
Ug99 sites, and the use of wind and rain models to 
understand potential movements, provide a basis upon 
which a fully operational monitoring system can be 
developed. Obviously these activities do not constitute 
a fully functional monitoring system and several 
additional key components are required.

Fig. 3 Selected wind trajectories (72 hours) from the HYSPLIT model during Dec. 2006 to Mar. 2007 originating at 
confirmed Ug99 sites in Yemen and Sudan
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The emerging global cereal rust  
monitoring system

In parallel to the already existing UN monitoring 
system for desert locusts, the cereal rust monitoring 
system is being built using GIS technology as a 
backbone. Few, if any, other technologies have the 
capacity for multi-thematic data integration and 
analysis that is vital to the success of the entire system. 
This means there is a fundamental requirement for 
geo-referenced data inputs to drive the entire system. 
To ensure a global overview there is also a need for a 
centralized database from which integrated analysis can 
be undertaken. Finally, for the system to have utility it 
must deliver timely and targeted information to a range 
of end-users, i.e. scientists, decision-makers and policy-
makers. A simplified schematic overview of the cereal 
rust monitoring system is given in Fig. 4.

Fig. 4 Schematic outline of the proposed global cereal 
rust monitoring system

Some progress has already been made against 
several key elements.

Collection of geo-referenced field survey data is 
fundamental to the entire system. To facilitate this, a 
set of standardized protocols were developed under 
the auspices of the BGRI. These protocols include 
standardized field survey forms, instructions on the 
use of GPS to record locations, protocols for pathogen 
sampling and simple cost-effective race analysis. A series 
of regional training workshops have been undertaken 
for national partners using the BGRI Protocols Manual 
as a base. In addition GPS units have been distributed 
to partners in 29 countries in Africa, Asia and the Middle 
East. Provision of this survey “toolkit” with associated 
capacity building is already paying dividends, as a 
rapidly increasing amount of geo-referenced field survey 
data is being received (Fig. 5).

Data management is another critical issue. A 
centralized database has been created and this is being 
populated with the increasing amounts of field data 
collected by national partners. The centralized database 
is directly connected to a GIS system, permitting routine 
mapping of survey data, plus integration with other 
relevant data, e.g. climate, wheat production zones. 
In addition, wind trajectory models using HYSPLIT are 
routinely run at five day intervals based on positive stem 
rust locations recorded in the database.

Provision of information in a timely manner is a 
critical aspect of the monitoring system. The vision is to 
provide a range of information products that are similar 
to those already being delivered by the UN Desert Locust 
monitoring and early warning system, i.e. web-based 
status reports, alerts, monthly bulletins distributed to 
targeted users, dynamic web maps. Not all of the desired 
information products are currently in place for cereal 
rusts, but several tools have been developed presenting 
synthesized information on-line in respect to stem rust 
race Ug99. Other information products are planned 
in the near future. Publicly available tools are briefly 
described in the following sections.

RustMapper
Google Earth is one of the most widely known and 

used virtual globes, with over 350 million downloads 
claimed by Google (http://google-latlong.blogspot.
com/2008/02/truly-global.html). This widespread use 
made Google Earth the platform of choice for an initial 

Fig. 5 Cumulative field survey records for stem rust
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information tool named RustMapper developed by the 
GIS unit at CIMMYT. RustMapper is publicly available 
at http://www.cimmyt.org/gis/RustMapper/index.
htm as a downloadable Google Earth networked link 
which automatically updates after download. Key 
information incorporated into RustMapper includes; 
all known sites for Ug99 or variants, recent survey sites 
and collected data, near real time wind trajectories 
from the HYSPLIT model originating from known Ug99 
sites or sites recording stem rust (these trajectories are 
run for 24, 48, 72 hour durations and updated every 
5 days), and major wheat growing areas in Africa and 
Asia. In addition, country level summary information is 
provided on susceptibility estimates to Ug99 and basic 
wheat production statistics. A complete archive of wind 
trajectories back to April 2007 is also included. Any 
new information that is obtained and cleared for public 
release, e.g. sites, wind trajectories, etc. is automatically 
incorporated into RustMapper.

RustMapper Web
RustMapper Web is a derived “lite” version of 

the original RustMapper running within a browser 
environment (see Fig. 6). A free downloadable plug-
in from Google is all that is required to implement 
RustMapper Web. Key components of the original 
RustMapper were migrated into a browser-based tool 
to increase the options for data access. RustMapper 
Web is publicly available and updated every five 
days (see http://www.cimmyt.org/gis/rustmapper/
RustMapper_Web.html). All of the primary components 
of RustMapper are included in the web version, although 
only the most recent wind trajectories are presented. 
RustMapper Web now functions on all major browsers 
on both Windows and Mac. 

Fig. 6 RustMapper Web – a Google Earth based 
information tool for Ug99

The above examples illustrate how geography-
based visualization platforms are being used to present 
timely, integrated information relating to stem rust. 
The initial focus has been on the Ug99 lineage, but 
future expansion to incorporate other rusts of concern 
is entirely feasible. Despite the progress that has been 
made, further improvements and advances are still 
needed if the goal of a fully operational monitoring and 
surveillance system for cereal rusts is to be achieved.

Future activities
Some areas of the envisaged global cereal rust 

monitoring system that are lacking or requiring 
substantial improvement have already been eluded 

The above examples illustrate how geography-based 
visualization platforms are being used to present 
timely, integrated information relating to stem rust. 
The initial focus has been on the Ug99 lineage, but 
future expansion to incorporate other rusts of concern 
is entirely feasible. Despite the progress that has been 
made, further improvements and advances are still 
needed if the goal of a fully operational monitoring and 
surveillance system for cereal rusts is to be achieved.

Future activities
Some areas of the envisaged global cereal rust 

monitoring system that are lacking or requiring 
substantial improvement have already been eluded 
to in previous sections. The survey “tool kit” that has 
already been developed, coupled to the regional 
training workshops, has resulted in a significant 
increase in available field data. However, these 
efforts need to be greatly expanded both in terms of 
geographic scope and data volumes. In order for this 
to be achieved, national surveillance teams need to be 
empowered and supported to create a fully functional 
and sustainable network. 

Efficient and timely flows of data from the field 
into centralized databases will be critical to the 
entire system. Several national partners have made 
outstanding efforts to ensure that this flow of data has 
been initiated. Expansion of these efforts and facilitation 
to make the process as simple and rapid as possible 
should be undertaken. One future option might be the 
implementation of GPS-enabled data logger technology, 
which would permit electronic data capture in the field 
with automatic upload and transfer to central databases. 
Efforts are already underway to mirror the UN Desert 
Locust networking system to facilitate data exchange 
by creating a network of national focal points with 
responsibility for national data compilation and quality 
control. To provide global oversight, an international 
focal point based at FAO Headquarters in Rome has just 
been appointed.

Increased effort needs to be undertaken in the 
analytical assessments of risk for disease occurrence. 
Some fundamental layers of information need 
improvement, e.g. quality of the wheat area distribution 
information, distribution of varieties and estimates 
of areas currently planted in farmers’ fields, timing of 
crop growth stage in different geographical areas. In 
addition, routine integration of key climatic factors 
at appropriate temporal and spatial scales should be 
undertaken. However, it is important to realize that even 
with improved data inputs the possibility of precise 
prediction of future epidemics is an unrealistic goal. 
Given the complexity of interacting factors to trigger 
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an outbreak, identification of all the required factors in 
time and space is unlikely. Hence, seemingly favorable 
conditions for disease occurrence might be identified, but 
no disease occurs, or conversely, seemingly unfavorable 
conditions might see a disease outbreak.

Another major missing component at present is 
the integration of race analysis data into the centralized 
spatial database. For the Ug99 lineage, two new variants 
of Ug99 are now recognized from Kenya, both very closely 
related and thought to have arisen through single-step 
mutations (Jin et al. 2008). These new variants have 
rendered additional important stem rust resistance 
genes ineffective, namely Sr24 (race TTKST) and Sr36 
(race TTTSK). At present, available information indicates 
that both variants are only present in Kenya, but on-ward 
migration to other areas as has been observed for the 
original TTKSK race is considered to be virtually inevitable. 
There is a clear need for the global monitoring system 
to provide information about the location and status 
of emerging races. The appearance of the Sr24 variant 
of Ug99 is considered particularly significant as the 
additional breakdown of this Sr gene halved the estimated 
number of current varieties previously considered 
resistant to Ug99 (Singh et al. 2008). This race, TTKST, was 
responsible for epidemics in Kenya during 2007, only one 
year after it was initially identified. 

Recent work from South Africa (Visser et al. 2009), 
using molecular markers to compare the genetic diversity 
of South African stem rust races with the original isolates 
of Ug99, has identified yet another variant in the Ug99 
lineage. This race, termed UVPgt55 or TTKSF in North 
American notation, is postulated to be the original 
progenitor of Ug99. It exhibits very similar virulence/
avirulence profiles to Ug99 race TTKSK with the notable 
exception that it is avirulent for Sr31 and genetically it 
is nearly identical to Ug99. Visser et al (2009) proposed 
that TTKSF may have originated in East Africa, where it 
gave rise to Ug99, and subsequently appeared in South 
Africa as an exotic introduction. If this hypothesis is 
correct then it implies southerly movement from Eastern 
to Southern Africa either by air-borne transmission or 
accidental transfer. Since 2000, race TTKSF has become 
the most prevalent pathotype in South Africa (Komen 
2007). In 2007, an additional race in the Ug99 lineage, 
TTKSP, was detected in South Africa. TTKSP shows 
virulence to Sr24, but is avirulent to Sr31 and is believed 
to be a mutation of TTKSF (Z. Pretorius pers comm). 

Incorporation of specific pathotype information is a 
non-trivial task. Race analysis of rust pathogens requires 
bioassays performed on collected rust samples under 
controlled conditions, using sets of differential testers, 
i.e. specific wheat varieties that have known stem rust 
resistance genes. At present, not all countries have 

the capacity to undertake such analysis and transfer 
of samples to advanced research laboratories in North 
America is required. Strict quarantine regulations 
introduce a considerable time lag (up to 6 months or 
more) between sample collection in the field and final 
race identification. This time lag, combined with the 
multi-institutional and cross-continental elements of 
race analysis, implies the requirement for a very stringent 
procedure to track samples and trace race analysis results 
back to source collection sites. Strict sample coding, or 
even bar-coding, will be required to effectively connect 
pathotype data to field collection sites. The development 
of facilities and expertise to allow race analysis in 
countries already having Ug99 should allow more rapid 
provision of survey results in the future.

The final area of improvement surrounds the need 
for effective information dissemination. Activities 
have been initiated through the development of 
RustMapper, but a broader range of information tools 
which are carefully targeted to specific user-groups 
need to be developed. It is envisaged that a web-based 
status report and alert system will be established, plus 
monthly status bulletins distributed electronically or in 
printed form to targeted end-users. Additional simple 
web mapping tools are also planned to complement 
RustMapper.

At present, monitoring efforts have focused largely 
on the Ug99 lineage of stem rust. Given the immediate 
nature of the threat posed by this lineage, such an 
approach is entirely justified. However, the other rusts, i.e. 
leaf rust and stripe rust, cannot, nor should, be excluded 
from a Global Cereal Rust Monitoring System. In recent 
years both of these rusts have been more economically 
damaging to wheat production worldwide In both cases 
specific lineages are under investigation, e.g. leaf rust 
specifically adapted to durum wheats, and a new lineage 
of the stripe rust pathogen that has undergone rapid 
global expansion (see Hovmøller, these proceedings). The 
current strategy is to develop the functional aspects of 
surveillance networks, data flows, data management and 
information tools using stem rust, and Ug99 specifically, 
as a platform for the Global Cereal Rust Monitoring 
System and then expand this platform to incorporate 
the other rusts. Field data being received for Ug99 
deliberately incorporates observations on other rust 
species, so the foundation stones for future expansion are 
already being put in place.  

Expecting the unexpected
The previous sections have concentrated on actual 

status and attempts to track and understand the known 
movements of Ug99. However, consideration should 
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also be given to lower probability, but highly realistic, 
scenarios that could have a very major influence on 
future movements and distribution. At least three major 
factors are considered important and should be borne in 
mind in the context of rust monitoring and surveillance.

(i) Accidental long distance transfer  
It is important to note that rust spores can also 

travel long-distances by assisted means – either on 
travelers clothing or on infected plant material. The 
world is an ever-connected place. Global air-travel has 
increased exponentially in the last decades. Despite 
strict phytosanitory regulations, there is an increasing 
risk of pathogen spread. As an example, a race of wheat 
stripe rust was accidently transferred from Europe to 
Australia in 1979, almost certainly on a traveler’s clothing 
(Steele et al. 2001). No computer-based models are 
going to predict these accidental movements. Hence, 
continual vigilance and regular field surveys in wheat 
areas that might be considered “low risk” are the best 
tools to provide early detection of any such transfer.  

(ii) Natural long distance dispersal –“rare events”
Single events of extremely long distance (up to 

several 1,000 km) movements are not common, but the 
literature contains several examples that provide good 
evidence of such natural wind-borne movements. Many 
of these documented movements involve rust species, 
due to the robust nature and long viability of spores. 
Brown and Hovmøller (2002) present a very good review 
of long distance dispersal that includes at least one 
wheat stem rust windborne introduction into Australia 
from southern / eastern Africa. Watson and de Sousa 
(1983) consider another two such movements involving 
stem rust from Africa to Australia. An area of real concern 
is the potential status of Ug99 or variants in areas to the 
south of Kenya or Uganda in Africa. The recent work of 
Visser et al. (2009) documenting the probable progenitor 
of Ug99 (race TTKSF) in South Africa, and the subsequent 
identification of a mutant of TTKSF, i.e. race TTKSP with 
virulence to Sr24, highlights this issue. Race TTKSF 
has a postulated origin in East Africa, indicating that 
southerly movements from Eastern to Southern Africa 
can occur. Although wheat is a minor crop in much of 
this region, with the notable exception of South Africa, 
the basis of concern is the region’s potential as a source 
for on-ward movement (albeit at very low probability) to 
either Australia or the Americas. Documented historical 
evidence indicates the potential threat is real. Nagarajan 
and Singh (1990), Brown and Hovmøller (2002), Isard et 
al. (2004) and Prospero et al. (2005) all cite convincing 
examples supported by high altitude balloon data, wind 

trajectory model data and sample analysis, of cross-
continental rust or bacteria movements originating 
in southern or western Africa and moving to South 
America or Australia. The possibility of a similar “rare 
event” type movement involving Ug99 cannot be totally 
excluded; hence vigilance and continued surveillance 
activities in southern Africa appear warranted.

(iii) Climate change and the potential for pathogen 
distribution changes

Stem rust favors humid conditions and thrives 
in warmer temperatures (optimal range 15-35C) than 
the other wheat rusts (Roelfs et al. 1992). Historically, 
known traditional “hot-spots” for stem rust were present 
in many countries and these represented the warmer, 
often lowland, wheat growing areas. Examples of these 
might include the Rift valley areas of Kenya and Ethiopia, 
the Caspian Sea area of Iran, and the southern hills of 
India. Global warming is resulting in increasing numbers 
of species distributional changes being reported, with 
changes often occurring up the elevation gradient as 
warming temperatures permit expansion into areas 
previously too cool. At present nothing more than very 
circumstantial evidence exists for stem rust and more 
questions remain than answers. However, with global 
warming the potential does exist for stem rust to move 
into non-traditional areas. Some potential indicators 
of change are that stem rust is now being recorded at 
highland sites (>3,000m) in Kenya; historically, these 
were stem rust free. In Iran, the confirmed locations for 
Ug99 are in cool facultative wheat areas, again not the 
traditional warmer, lowland areas traditionally associated 
with stem rust. Future climate models, such as those 
which provide a basis of the IPCC climate change reports, 
predict a substantial warming in many important wheat 
areas of the Middle East and Asia by 2020. Whether 
such predicted changes will affect future stem rust 
distributions remains unknown at present, but it is a 
factor that should be considered and researched further.

Conclusion
Historically, wheat stem rust was the most feared 

plant disease capable of devastating epidemics and 
crop losses. By the mid 1990s widespread use of 
resistant cultivars had reduced disease incidence to 
non-significant levels worldwide. Stem rust research 
and resistance breeding ceased to be a priority activity. 
The identification of a new virulent stem rust race 
lineage in Uganda in 1998/99, popularly named Ug99, 
and subsequent variants have rendered 80% or more of 
global wheat varieties stem rust susceptible. Detection 
and spread of the Ug99 lineage has put stem rust firmly 
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back on the agenda of wheat scientists worldwide. 
Ug99 has clearly highlighted the need for global rust 
monitoring and surveillance.

In line with the recommendations of an expert panel 
convened to assess the threat of Ug99, GIS technology 
forms the backbone of an emerging monitoring and 
surveillance system for cereal rusts. This embryonic 
system is initially focused on the emerging stem rust 
threat, but longer-term plans to incorporate the other 
cereal rusts is being developed collaboratively by 
international agricultural research centers, UN agencies 
and advanced research institutions. The existing FAO 
Desert Locust monitoring and early warning system 
is seen as a useful model system upon which a Global 
Cereal Rust Monitoring System can be based. 

Through successful international collaboration, 
several of the required elements of the monitoring and 
surveillance system are already starting to be addressed. 
Standardized field protocols have been developed; 
provision of, and training in the use of GPS has been 
initiated capitalizing on existing and expanded national 
wheat partner networks. These efforts have already 
resulted in a substantial increase in the amount of geo-
referenced survey data incorporated into a centralized 
spatial database. As a result, regularly updated known 
distribution maps for Ug99 are now being produced. 
Routine incorporation of wind trajectory models 
is providing improved information on potential 
movements, with results to date corresponding closely 
to actual confirmed observations in the field. Results 
obtained indicate movements and range expansion 
of Ug99 in line with predicted regional air-flows, and 
generally following previously reported movements 
of other rust races that originated in East Africa (see 
Singh et al. 2004). However, there is neither room for 
complacency regarding future movements nor any 
substitute for regular, timely field surveys of the key 
wheat areas. 

Good progress has been made in the development 
and release of initial information tools that draw upon 
existing centralized data and provide near real-time 
information on the current status of Ug99. The ready 
availability of powerful geographic-based visualization 
options, such as provided by Google Earth, has been a 
key factor in the successful presentation of information 
in a clear and flexible way. In the future, an expansion of 
the type and range of information products is planned. 
These will be targeted very closely to wheat scientists, 
and decision- and policy-makers in at-risk countries. 
Using the successful FAO desert locust monitoring 
system as a model (see http://www.fao.org/ag/locusts/
en/info/info/index.html), an improved and expanded 

web presence will be created issuing status reports and 
alerts, along with a lightweight rapid mapping capacity, 
plus regular summary bulletins.

Challenges remain in several areas before a fully 
functional Global Cereal Rust Monitoring System is 
operational. These include strengthened networks for 
data flows, improved dissemination of information, 
integration of race analysis data, and expansion to 
include other rusts. In addition, several lower probability 
factors, e.g. accidental transfer, natural long-distance 
dispersal, and shifting distributions as a result of climate 
change, must be given consideration. All of these 
elements have implications in respect to survey and 
monitoring activities in areas that might be considered 
“low risk” for the Ug99 lineage. However, progress 
against all of these challenges is considered entirely 
feasible if effective partnerships and networks are 
created within the global wheat community. 
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