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Figure 4.3  Type of rust resistance deployed, Yaqui Valley, Mexico, 1967 to 1995 

 
Source: Smale et al. (1998) 

Result of Successful Deployment of Rust Resistance 

The widespread use of resistant cultivars worldwide has reduced all three rusts as significant factors in 
wheat production in recent decades. “Although changes in pathogen virulence have rendered some 
resistances ineffective, resistant cultivars have generally been developed ahead of significant damage” 
(Expert Panel 2005, p.3). Prolonged use of resistance then led to a decline in levels of inoculum both 
locally and particularly in areas that were considered “hot spots” and had previously been sources of 
wind-blown inoculum to other regions. 

Large stem rust epidemics have not been a feature of global wheat production for many years. In 
each of 12 main global wheat production regions, stem rust was listed as of major importance historically 
(that is, there would be severe losses without the cultivation of resistant varieties) (Expert Panel 2005). In 
only one of these 12 regions (East Africa) was stem rust of major importance in 2005 (because of the 
Ug99 strain; see following section). In a further 8 regions, it was listed as minor (that is, it often occurs 
but is of little significance), while in the remaining 3 regions it was listed as “local” (that is, it only occurs 
in a small part of the region, although losses can be occasionally severe if susceptible cultivars are 
grown).  

Recent Breakdown of Durable Resistance: A Reality Check 
We have described an international breeding system evolving over many years that has been quite 
successful. However, maintenance of diversity is very important in the system: It is likely that the longer 
a resistance gene remains effective, the more the breeding community will depend on it for continued 
protection. This may lead to complacency and excessive use arising from the assumption that the original 
problem had been solved, ultimately resulting in genetic vulnerability (Expert Panel 2005). At the same 
time scientific and policy issues may play a significant role. All of these probably affected the advent of 
the new stem rust race, Ug99, identified in 1998 in Uganda by William Wagoire, and rendered previously 
resistant lines susceptible to stem rust (Pretorius et al. 2000). 
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Due to various reasons, which will be discussed later in this paper, support to work on this new 
danger was small until N.E. Borlaug intervened and funding was obtained for a workshop in Kenya in 
2005 (Stokstad 2009). The outcome of that meeting was a concerted international effort to fund the 
necessary work to identify effective stem rust resistance, incorporate it into acceptable new varieties, and 
get them to the farmers’ fields as soon as possible (Expert Panel 2005). Many countries and organizations 
are involved in the battle against what has been called the “shifty enemy” by E. C. Stakman (Cornell 
University 2008). 

At this time, major genes and slow rusting genes have been identified and are being incorporated 
into germplasm. The germplasm is being evaluated through multilocation testing in many key areas, 
including Kenya and Ethiopia, where Ug99 and some of its descendents are now endemic (Singh et al. 
2008). However, there is no time to lose; the new race is mutating and spreading as feared. It recently was 
observed in Yemen in 2006 and then Iran in 2007 (Nazari et al. 2009). 

An expert panel report (Expert Panel 2005) declared Ug99 to be a threat to world wheat 
production, as it was predicted to migrate across the Red Sea to Yemen, then to the Middle East and 
subsequently to Central and South Asia. Those areas, with a population of one billion people, produce 19 
percent of the world’s wheat. The report predicts that either wind currents or inadvertent transport would 
eventually carry Ug99 to North Africa, Europe, West Asia, China, Australia, and the Americas (Cornell 
University 2008). Once Ug99 and its derivatives have established themselves in North Africa, the Middle 
East and South Asia, annual losses could reach US$3 billion in any given year (Cornell University 2008). 

Box 2.  Issues related to impacts of stem rust strain Ug99 in East Afr ica 

• 86 percent of the Ethiopian population of 70 million is rural; 80 percent of Kenya’s population of 
30 million is rural 

• 56 percent of Kenyan people live below the poverty line; 80 percent of those live in rural areas 
• Many rural households are both producers and consumers of wheat in Ethiopia 
• In Kenya, most wheat is produced on farms that are net sellers of wheat 
• Per capita consumption is over 30 kg/year in Ethiopia, 27 kg/year in Kenya 
• The poorest regions in Ethiopia also produce the majority of the wheat 
• Households earn income from one or two cereals 
• Large-scale farmers produce 80 percent of Kenya’s wheat 
• Wheat provides 12 percent of their income in Ethiopia 
• Subsistence farming remains the main livelihood in Ethiopia 
• In Ethiopia, wheat is consumed in 32 percent of rural households and 39 percent of urban 

households 
• Ethiopian households spend 12 percent–26 percent (rural households) and 5 percent–16 percent 

(urban) on cereals 
• Kenya imports over 50 percent of its wheat needs 
• Ethiopia receives more food aid than any other country (typically 5–15 percent of total annual 

cereal production) 
• Large-scale farmers can apply fungicides for rust control, and therefore do not have to suffer 

severe losses in the event of an epidemic 
• Small-scale farmers (who would not be able to afford fungicides) have to suffer severe losses in 

the event of an epidemic. 
Drawn from Expert Panel (2005) 
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5. ECONOMIC AND SOCIAL IMPACTS OF RUST RESISTANCE BREEDING 

To assess the impacts of rust resistance, the rate of return on investment in rust resistance can be 
calculated by estimating the cost of developing and delivering resistance to farmers, the benefits of that 
resistance to farmers, and the impact on global wheat prices. Resistance also has wider social impacts on 
poverty, nutrition, and food security, which are also explored below. 

Costs of Rust Resistance 

Costs of Rust Resistance to Farmers 

Rust resistance, because it is embedded in the seed, has no specific additional cost for the individual 
farmer. Instead, the costs are absorbed by the funders of the research and breeding programs that 
developed the varieties with the resistance, although some costs are being passed on to farmers in 
developed countries through the price of seed or through a levy on production. For wheat growers in 
developing countries, however, those direct costs have mostly been zero or close to zero. 

The true economic cost to farmers of effective resistance to rust is the yield reduction they might 
have to incur in years of no disease to grow the varieties with the highest levels of resistance. Where the 
resistances have been incorporated into well-adapted high-yielding varieties, then that resistance is 
effectively free to farmers. The widespread success of the international research system in incorporating 
the highest levels of resistance into well-adapted high-yielding backgrounds in the Green Revolution and 
post-Green Revolution periods has meant that the economic costs to farmers of using the resistances have 
been minimal. 

If varieties become susceptible, national programs require appropriate seed production and 
distribution infrastructure to replace those cultivars as quickly as possible. During the period of 
replacement, the economic cost of resistance to farmers can be substantial, as they may have to grow 
lower-yielding varieties to get effective resistance. This can lead to increased use of fungicides to control 
the disease in higher-yielding but susceptible varieties, or to increased risk-taking by farmers where 
fungicides are not a realistic option. 

Costs of Rust Resistance to Research Organizations 

For most developing countries, the cost of the development of rust resistance has been met by public 
sector agencies, whether IARCs or NARS. In developed countries, increasingly private sector breeders 
meet the cost. Because incorporating rust resistance is an inherent part of the breeding operation, it is 
difficult to define the cost of resistance as distinct from the rest of the breeding activities. Also, because of 
the high level of international cooperation and collaboration on disease resistance, and the generally 
public availability of resistance genes and parental materials developed, the costs of development of 
resistance in particular production environments are difficult to identify separately.  

Because of the difficulty of separating rust resistance costs from the other genetic improvement 
activities, in evaluating leaf rust resistance breeding at CIMMYT, Marasas et al. (2004) included the full 
cost of CIMMYT’s wheat genetic improvement, thus overestimating the costs of the resistance activities. 
An alternative is to take a proportion of the total investment in breeding as the cost of rust resistance, in 
which case total global costs of wheat improvement research must be estimated first. 

Heisey et al. (2002) provide detailed estimates of total expenditure on wheat genetic improvement 
investments for developing countries from both NARS and CGIAR centers (CIMMYT and ICARDA) 
from 1965 to 1990 (Table 5.1). In 1990 that estimate was US$112 million (1990 PPP). Since that time, 
NARS investment is estimated to have increased steadily in real terms. Heisey et al. (2002) indicated that 
CIMMYT’s investment in wheat improvement research declined between 1990 and 2000, while 
ICARDA’s was estimated to have remained at US$1 million per year. Projecting those same levels from 
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2000 to 2005 and converting that to 2006 dollars, for consistency with the benefit estimates, gives annual 
costs of investment in rust resistance research of approximately US$196 million in 2005. 

Table 5.1  Total investment in wheat genetic improvement (US$ millions) 

 1965 1970 1975 1980 1985 1990 1995 2000 2005 

Expenditures, 1990 dollars          
Developing countries NARS 30 41 56 74 87 98 105a 113a 118a 
Total CGIAR Centers 1 7 9 13 14 14 11a 11a 11a 

 - Total for Developing Countries 31 48 65 87 101 112 116 124 129 

 - Total in 2006 dollars 47 73 99 132 153 169 176 189 196 
          

Rust resistance (2006 dollars)          
30% of genetic improvement 14 22 30 40 46 51 53 57 59 
50% of genetic improvement 23 37 49 66 77 85 88 94 98 

a Estimated; includes estimated expenditure on wheat research at both CIMMYT and ICARDA. 
Source: Drawn from Heisey et al. (2002) 

A significant proportion of breeders’ efforts are related to disease resistance. For example, Adusei 
and Norton (1990) found that 41 percent of wheat research at US research stations was dedicated to 
maintenance research; most of that maintenance research for wheat would be strongly related to wheat 
disease resistance, particularly rust resistance. Given that 30 to 50 percent of breeders’ efforts are related 
to disease resistance, the total annual cost of rust resistance for developing countries is estimated at 
US$59 to US$98 million, in 2006 dollars (equivalent to US$0.50 to US$0.84 per ha of wheat across all 
developing countries). 

Costs of Making Resistance Available 

One cost of having effective resistance available in farmers’ fields is the cost of infrastructure to 
enhance seed increase and the seed distribution networks where varieties need to be replaced to maintain 
resistance. Those systems require dedicated extension agents and seed distributors working with scientists 
from IARCs and NARS to ensure that good quality seed is available to farmers in a timely manner. 
However, no estimates are available of the resources required for these activities over recent decades 

Valuing the Benefits of Rust Resistance 

Alternatives to Resistance 

In assessing the economic benefits of resistance, it is appropriate first to consider the alternatives to 
resistance and the options available to farmers if resistance were not available. When farmers are faced 
with wheat diseases for which there is no effective genetic resistance available, they can decide to “live 
with” the disease, and accept the losses that will occur. That will entail looking to other crops that can be 
grown in place of wheat and accepting the losses that will occur regularly or intermittently in the wheat 
crop. Such situations occur for many crops, but can be particularly costly options for a staple crop such as 
wheat when there are few alternatives in production or consumption for the farmers. 

Fungicides can be used to help control rusts. While large-scale farmers can and do use fungicides 
to control rusts (even in developing countries such as Ethiopia and Kenya), small-scale farmers are not 
able to consider using fungicides to control rusts because of their unavailability or their high costs in local 
markets (Expert Panel 2005). In developing countries, and in lower-yielding environments elsewhere, 
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growing resistant varieties remains the main control method for rusts, because most farmers cannot afford 
to use fungicides on wheat.  

Murray and Brennan (2009) have recently assessed the costs of fungicides in Australia in 2008 
and found the total costs to farmers of a foliar application for disease control was equivalent to 
approximately US$8/ha,12

Approach to Valuing Benefits of Resistance 

 plus application costs. Even if costs were lower in developing countries, the 
fungicide cost would be markedly higher than resistance, which is essentially free to farmers and costs 
US$0.44 to US$0.74 per ha to develop. In addition, there are significant environmental and health 
advantages in not having large quantities of fungicides applied to wheat crops globally. 

Assessment of the economic and social impacts of wheat rusts, and therefore of the value of their control 
through resistance, is complex. It is difficult to distinguish the impact of the development of disease 
resistance from the impact of modern semidwarf varieties and the Green Revolution; all are intrinsically 
intertwined. As modern semidwarf varieties were spread and taken up by farmers, they incorporated 
different levels of rust resistance.  

When disease occurrence is recorded, it is seldom accompanied by data on yield losses or the 
relationship to wheat prices, output levels, or imports (Marasas et al. 2004). Losses of less than 10 percent 
are generally difficult to identify and measure. Therefore, losses are measured accurately only when 
disease development is severe, and even then it is difficult to disaggregate losses due to rust from those 
due to other biotic and abiotic stresses (Marasas et al. 2004). 

However, a number of positive impacts of rust resistance at the local level can be identified: 

• Varieties with improved rust resistance have resulted in higher yields over time than would 
have occurred without that resistance. 

• Farmers have experienced increased yield stability with rust resistance, as the epidemics that 
would have occurred in seasons that favored the rusts were reduced or prevented. 

• The quality of the grain would have been lower without resistance, as rust epidemics can 
cause smaller, pinched grains, resulting in lower prices for marketed grain. 

• With increased yields and possibly increased local prices, farmers operating in a market 
economy would receive higher incomes from disease resistant varieties than from varieties 
without that resistance. 

There are no direct estimates of the global value of wheat rust resistance. However, a number of 
studies have estimated the benefits of particular resistances to particular countries or groups of countries. 
Three sources of estimates of the value of rust resistance can be examined: 

1. Studies of the value of leaf rust resistance breeding for developing countries 
2. Estimates of the costs of the new strain of stem rust Ug99 that provide an equivalent estimate 

of the value of maintaining the resistance before it was overcome 
3. Direct estimates of the value of wheat rust resistance for Australia, India and Pakistan 

In addition, several studies have estimated the benefits of the development of modern semidwarf 
varieties and the Green Revolution. Given that rust resistance is part of that genetic improvement, those 
estimates provide a context for the value of rust resistance and allow separate estimates to be made of the 
value, depending on the proportion of total breeding benefits that can be attributed to rust resistance. 

                                                      
12 The cost was Aus$12/ha, with an exchange rate of US$0.70 per Aus$1.00. 
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Studies of the Value of Leaf Rust Resistance in Developing Countries 

The first study to measure the impact of durable rust resistance was Smale et al. (1998), who assessed the 
benefits of nonspecific rust resistance in the Yaqui Valley in Mexico. In a detailed study of the varieties 
grown in the Yaqui Valley between 1970 and 1990 and the different sources of leaf rust resistance in each 
variety, they estimated the benefits over that period at US$17 million (in 1994 dollars). This was 
equivalent to US$0.85 million per year for the average of 150,000 ha of wheat in the Yaqui Valley at that 
time (or US$5.67 per ha, equivalent to $7.71 per ha in 2006 dollars). Smale et al. (1998) consider the 
issues in extrapolating these benefits to the other developing countries where the nonspecific leaf rust 
resistance was relevant and concluded that the benefits may well be higher in other areas. However, if the 
same value per ha were projected to the total wheat area in developing countries, the benefits would be 
approximately US$902 million per year in 2006 values (Table 5.2). 

Table 5.2  Estimated benefits of resistance in developing countries (2006 US dollars) 

Study Country/region Rust Value of resistance All developing 
countr iesa 

      $/ha $ million 

     
Smale et al. (1998) Yaqui Valley, Mexico Leaf rust $7.71 $902 

     

Marasas et al. (2004) Spring bread wheat, 
developing countries 

Leaf rust $7.83 $917 

     

Hodson et al. (2005) East Africa, Middle East, 
South Asia 

Stem rust $21.58 $2,527 

     

Brennan & Quade 
(2004) 

India, Pakistan Stem rust $1.53 $180 

India, Pakistan Leaf rust $2.53 $297 

          

 Mean Stem rust $11.56 $1,353 

 Mean Leaf rust $6.03 $705 

          
a Based on 117 million ha in developing countries in 2006 

Marasas et al. (2004) assessed the economic impact of CIMMYT’s efforts to breed leaf rust 
resistant spring bread wheat varieties since 1973. They estimated the yield losses avoided by having 
resistant rather than susceptible varieties across developing countries, and valued those benefits. They 
identified losses to susceptible varieties across mega-environments (MEs) along with the percent area 
affected by leaf rust in each ME (Table 5.3). They estimated losses for race-nonspecific and race-specific 
resistance separately, as well as another minor category of “almost susceptible” benefits. Over the 25-year 
period, total gross benefits were estimated at US$7.46 billion (in 1990 dollars). Overwhelmingly, the 
benefits were obtained in ME1 (Irrigated temperate) for race-nonspecific resistance, accounting for 79 
percent of the total benefits, although there were also significant benefits from race-specific resistance 
and in some other MEs (see Table 5.3). 
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Table 5.3  Leaf rust losses, by CIMMYT spring wheat mega-environment 

Mega-
environment 

Area 
in 2000  
(m.ha) 

% yield lost 
to leaf rust 

by 
susceptible 

varieties 

% area 
affected by 

leaf rust 

Gross benefits of genetic leaf rust 
resistance, by resistance type (US$ million, 

1990 dollars) 

Gross benefits per 
year (US$, 1990 

dollars) 

 
Race 

nonspecific 
Race 

specific 
Almost 

susceptible Total 
Total 

($million) ($/ha) 

Irrigated 31.9 6.0 96 5,913 357 121 6,392 256 8.02 

High rainfall 7.5 3.0 92 140 109 0 249 10 1.33 

Acid soil 1.7 3.0 100 4 21 0 25 1 0.60 

Semi-arid, 
Mediterranean 5.4 2.0 45 5 2 0 7 0 0.05 

Semi-arid, 
Southern Cone 3.1 1.0 100 0 18 0 19 1 0.24 

Semi-arid, 
Sub-continent 4.3 1.0 69 7 0 0 7 0 0.06 

Hot, humid 3.9 6.0 100 724 23 16 762 30 7.84 

All mega-
environments 57.8 4.5 89 6,793 530 138 7,461 298 5.16 
Source: Derived from Marasas et al. (2004) 

These estimated benefits from Marasas et al. (2004) for leaf rust in spring wheat can be 
extrapolated to all wheat in developing countries on the basis that the same benefits per hectare apply to 
other regions. The annual benefits over the period 1973 to 1997 averaged US$298 million per year (in 
1990 dollars), or US$5.16 per ha using the 61 million ha of spring wheat sown in those MEs in 1990 
(Table 5.3). Converting to 2006 values, the benefits are US$7.83 per ha. Applying that benefit to all 
wheat in developing countries in 2006 gives estimated total benefits valued at of US$917 million per year 
in 2006 prices. 

Estimates from the Losses from Ug99 

Estimates of the losses likely to occur from the stem rust strain Ug99 help provide an estimate of the 
value of the resistance that was in place prior to the development of that strain. Hodson et al. (2005) 
examined the potential impact of the Ug99 race if it were to spread, as expected, across East Africa and 
the Nile valley, the Middle East as far north as Southern Turkey, and the entire Indo-Gangetic plains. 
They defined “best” and “worst” cases, based on 10 percent and 70 percent production losses, 
respectively, on susceptible varieties. The area of susceptible varieties was estimated for each affected 
country. Based on the lower estimated losses, the potential aggregate losses were estimated as 8.3 million 
tonnes across 57 million ha (Table 5.4). Using the 2006 weighted average price of US$148 per tonne, 
those losses would be valued at US$1.2 billion, or $21.58 per ha across the potentially affected regions 
(Table 5.4). This provides another estimate of the value of stem rust resistance in these regions, which 
produce 19 percent of the world’s wheat. If the same value per ha were applied to all wheat in developing 
countries, the value of the resistance would be US$2.5 billion (Table 5.2). Cornell University (2008) also 
estimated that if Ug99 and its derivatives were to establish themselves in North Africa, the Middle East 
and South Asia, annual losses could reach US$3 billion in any given year. 
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Table 5.4  Summary of estimated potential losses from Ug99a 

 Area Ug99 losses Value of losses (2006 dollars) 

 (million ha) (million t.) ($ million) ($/ha) 

East Africa     
Ethiopia 1.57 0.15 $22 $14.14 
Kenya 0.16 0.02 $3 $18.62 
 - Total East Africa 1.73 0.17 $25 $14.55 
     

Middle East     
Turkey 9.25 0.24 $36 $3.84 
Iraq 2.55 0.22 $33 $12.77 
Egypt 1.25 0.38 $56 $44.85 
Yemen 0.09 0.11 $16 $189.30 
Iran 6.95 0.35 $52 $7.45 
 - Total Middle East 20.09 1.3 $192 $9.58 
     

South Asia     
India 26.38 5.2 $770 $29.17 
Pakistan 8.36 1.5 $222 $26.56 
Bangladesh 0.56 0.16 $24 $42.44 
 - Total South Asia 35.30 6.86 $1,015 $28.76 
     

Region total 57.12 8.33 $1,233 $21.58 
aValued at US$148 per tonne 
Source: Derived from Hodson, et al. (2005) 

Estimated Value of Wheat Disease Resistance: India and Pakistan 

Brennan and Quade (2004), in a study of research capacity building, prepared some estimates of the value 
of rust resistance in India and Pakistan using the same methodology as Brennan and Murray (1989, 1998). 
They estimated the potential losses from rusts without any controls, as well as the present losses with the 
current levels of resistance that are employed. The difference between the potential and present costs 
provides an estimate of the value of the controls. The proportion of the disease control provided by 
genetic resistance is combined with these figures to give an estimate of the value of resistance for each 
rust. The percentage of control through resistance was close to 100 percent for India and Pakistan. 
Converting the findings to 2006 US dollars (Table 5.5), the estimated value of rust resistance for India 
and Pakistan, respectively, is $35 million and $18 million for stem rust, and $32 million and $55 million 
for leaf rust. For both countries, this is equivalent to US$1.53 per hectare for stem rust and US$2.53 per 
hectare, respectively, which is lower than what was found in other country studies (Table 5.2). These 
values for resistance are lower because the potential losses if there were no resistance were assessed as 
considerably lower than in other studies.13

                                                      
13 Murray and Brennan (2009) found that the value of rust resistance in wheat in Australia was US$272 million for stem rust 

and US$94 million for leaf rust (in 2006 dollars), equivalent to US$22.81 and US$7.89 per hectare, respectively. These estimates 
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Where production was consumed on farm rather than traded, the families could expect to have 
improved nutrition from the larger harvests. One benefit of modern semi-dwarf varieties incorporating 
rust resistance is the gain in calorie consumption per capita in developing countries, and the reduction in 
the percentage of malnourished children (see Table 5.7). Calorie consumption per capita in developing 
countries significantly increased by approximately 13 to 14 percent between 1960 and 2000. That 
improvement led to corresponding gains in health and life expectancy, so that the extent of children 
malnourished fell by about 7 percent, or more than 30 million children (Evenson and Gollin 2003). If rust 
resistance was responsible for 30 percent of the increase in global wheat production, then it has made a 
significant impact on nutrition. 

The increased availability and lower prices for food are especially beneficial to the poor, who 
spend a large share of their income on food. Expert Panel (2005) notes that in countries where wheat is an 
important staple, low-income households tend to spend a larger proportion of their income on wheat than 
higher-income households. Price falls are beneficial to both urban and rural consumers who will have 
more disposable income for other goods (Dixon et al. 2006). 

World Bank (2005) found that the empirical evidence suggested that for every 1 percent increase 
in the productivity of wheat the extent of poverty has been reduced by 0.5-1.0 percent. This reduction in 
poverty is likely to apply whether the productivity improvement comes through yield increases or through 
yield losses avoided through resistant varieties. Thus, the increases in wheat productivity, to which rust 
resistance has contributed significantly, are likely to have reduced global poverty markedly. If Evenson 
and Gollin (2003) figures from Table 5.7 were used, for example, the 5.2 percent increase in productivity 
would have reduced poverty by between 2.6 percent and 5.2 percent across all developing countries. 

Nagarajan and Joshi (1975) discussed the extent to which rust epidemics in India in the past have 
led to famines. They concluded that the failure of the monsoons and the associated “Kharif” summer 
season crops are the main cause of past famines. As a result, they argued “rust epidemics or pandemics 
can aggravate famine conditions, if occurring prior to, or after a poor monsoon” (Nagarajan and Joshi 
1975, p. 32). 

Therefore, improvements in rust resistance are an effective way to provide benefits to the poor, 
though they only receive benefits in proportion to their production and consumption. While rust resistance 
is an effective (and low cost) way to benefit poor farmers, it is not a targeted way to direct benefits to the 
poor farmers rather than to the wealthier farmers. 

Food Security   

Rust resistance has clearly enhanced food security in many developing countries by eliminating, or at 
least reducing the frequency of, serious epidemics. The availability of effective rust resistance in 
developing countries, especially those with food deficits, has precluded the need for a number of 
strategies that would have been needed to improve food security. For example, the additional food 
security resulting from the improved rust resistance has allowed a reduced emphasis on food aid imports 
for many countries. Expert Panel (2005) notes that where effective resistance against stem rust is not 
available, farmers need to consider whether they should develop alternative crop systems that reduce the 
reliance on wheat, or even alternative livelihood systems for some of the people involved.  

Farmers have experienced increased yield stability with improved rust resistance, as the 
epidemics that would have occurred in seasons that favored the rusts were reduced or prevented by the 
level of resistance deployed. Gollin (2006) has shown that the absolute magnitude of yield variability for 
wheat in developing countries declined with the spread of modern semidwarf wheat varieties, even after 
adjusting for expanded use of irrigation and other inputs. The value of the increased yield stability is 
equivalent to yield increases worth US$143 million per year (Gollin 2006). Rust resistance can clearly 
claim a significant proportion of these benefits through its contribution to that improvement in stability of 
yields. 

The increased stability of yields lead to a more stable and cohesive society with greater food 
security than if the harvests were subject to regular, or even occasional, destructive epidemics inducing 
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famine. At the household level, for example, Bunch (1982) found that the social consequences of a crop 
failure are high. When a crop is lost, a farmer can be seen as having failed the entire extended family and 
the farmer’s pride can be severely damaged. Farmers (particularly poor farmers) are generally risk-averse 
(Dixon et al. 2006), so the contribution of rust resistance to yield stability is significant in terms of social 
consequences as well as economic advantages. 

Overview of Impacts 

A summary of outcomes from resistance to stem and leaf rusts over the past 50 years is shown in Table 
5.9. A wide range of economic and social indicators show that the development and deployment of 
resistance to stem and leaf rusts in developing countries have brought about positive outcomes. Across 
some 60-120 million households, wheat yields and returns have increased, bringing about significant 
increases in aggregate wheat production. Those increased wheat supplies have also resulted in 
improvements in nutrition (Table 5.9) for consumers across developing countries. 

Table 5.9  Summary of Outcomes from Rust Resistance 

Measure of impact Size of impact 
Total wheat area affecteda 117 million ha 
Estimated number of households affectedb 60-120 million 
Changes in wheat yields:  
 - Value of benefits per hectare of wheatc US$6–US$12 
 - Equivalent average annual yield increased 4% –8%  
 - Equivalent average annual yield increasee 108–216 kg/ha 
Estimated increase in wheat production in developing countriesf 5.2%  
Estimated reduction in % of children malnourishedf 2.1%  
Estimated increase in calorie consumption in developing countriesf 4.2%  
a FAOSTAT data for 2006 
b Assuming average farming size of approximately 1-2 ha in developing countries 
c See Table 5.2 
d Valuing per hectare benefits at 2006 price of US$148 per tonne 
e Assuming average yields in developing countries of 2.7 t/ha 
f See Table 5.7 
Sources: FAOSTAT 2009; authors’ calculations. 
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6. POSITIVE AND NEGATIVE FACTORS THAT INFLUENCED THE RUST 
RESISTANCE PROGRAM 

In previous sections we have tried to paint the panorama of the 50 or so years that led to the discovery, 
incorporation and use of durable types of stem and leaf rust resistance in the international wheat breeding 
programs. We have told the story with CIMMYT as the main actor in the program. However, the NARS 
and several governmental or university programs also have played major roles in the development of the 
durable type of stem and leaf rust resistance and its use in developing countries. Principal among them 
were the USDA, University of Minnesota, Agriculture and Agri-Food Canada, University of 
Saskatchewan, PBI-Cambridge, IPO-Wageningen, and University of Sydney. 

Now we will try to discern the critical factors that helped the program succeed within the context 
of the international wheat breeding effort. 

Factors that Contributed to Long Term Success of Breeding for Durable Wheat Rust 
Resistance 
The overarching action that shaped the success of the international breeding effort was a true cooperation 
or collaboration among the parties. Most of the other pillars that helped produce the success of breeding 
for durable rust resistance fall under this heading. Others were related to social situations or individual 
and institutional policy. 

Free Exchange of Germplasm 

The informal, free exchange of germplasm before the advent of the ISWRN and henceforth with IWIN 
adhered to the classic definition of “open-source” collaboration, whereby all cooperated and all benefited. 
This collaboration, coupled with CIMMYT training of young scientists from the NARS, produced the 
basic tools to achieve the goals of the programs. Because CIMMYT did not release varieties directly, 
countries were able to select and give their own names to new releases and thus have a sense of 
ownership in the breeding process and the release as well. This produced a sense of pride and showed 
CIMMYT as an honest broker in its activities. The value of the unbiased position by the CGIAR centers 
cannot be over-emphasized. Many times they have been able to help diverse countries move germplasm 
and scientists for the common good that ordinarily would not be possible. A key example was during the 
Pakistan leaf rust epidemic of 1977 and 1978. When seed of resistant varieties was not available, the 
president of Pakistan asked CIMMYT to intercede with the prime minister of India to sell seed of leaf rust 
resistant varieties. A letter was hand carried to India and they agreed to sell the seed (M. McMahon 2009, 
pers. comm.). 

International Nursery System and Information Sharing 

The birth of the international nursery system out of the stem rust epidemic of the early 1950s started the 
collaboration and set the tone for the Borlaug program in Mexico, then Latin America, and finally on to 
South Asia and the rest of the world. Without the free exchange of germplasm, and the nursery system as 
the vehicle, the incorporation and distribution of the durable rust resistance worldwide would likely not 
have happened.  

Information sharing based on the data generated and reported, via the IWIS and its predecessors 
over the years, was a major factor in helping disseminate the information on rust resistance and the 
ultimate release of the resistant varieties. The open source system that had been so successful historically 
in crop improvement to help the poor is more relevant than ever in today’s changing world. However, as 
related earlier, this has suffered as intellectual property rights have come into the picture. 
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Multilocation Testing System 

This system, starting with the shuttle breeding in Mexico and then testing at more than 100 sites around 
the world, has continually broadened the gene pool of the wheat program. These are sites where wheat 
may be a major or minor crop and represent many different environments with unique biotic and abiotic 
stresses. The key, as noted in section 3, is the cycling of the best germplasm based upon the multi-
site/multi-year testing results. The method is of paramount importance, in conjunction with “hotspot” 
testing, for the rapid incorporation of the best disease resistance. In this way, advanced lines are available 
to the NARS for crossing, selection of segregating populations, advanced lines, and possible rapid release 
after local yield trials.  

Within the multilocation testing program, specific “hotspot” sites that have high variability in 
virulence for specific diseases, like the rusts, are selected for testing the germplasm. This method helps to 
increase the chances of pyramiding rust resistance genes. This technique has been confirmed as effective 
in increasing the probability of durable resistance, as genetic studies have shown certain resistance genes 
associated with durability present in the majority of released varieties (Rajaram et al. 1988). The use of 
hotspot testing for rusts has been an important factor in introgressing long-lasting rust resistance into 
CIMMYT materials.  

Human Resource Development 

Trained scientific personnel were as necessary as the germplasm for the national programs over the years. 
It is worth repeating that the young scientists’ commitment and dedication were crucial. They went the 
extra mile to get out the germplasm and the information. As seen in Figure 3.4, human resource 
development was a major activity, though as the budgets decreased, so did the training. In recent 
discussions with international scientists and NARS scientists, it has been stated that there is a shortage of 
newly minted scientists who can work in the field, identify diseases, and work with breeders or vice versa. 
Several scientists voiced the need to emphasize that the field is where varieties are made. While not 
downplaying the laboratory, greenhouse, or new technology, there is clearly a scarcity of well-trained 
scientists who are field- oriented. Monsanto has recently announced a scholarship program in honor of 
Henry Beachell and N. E. Borlaug for crop breeders, because so few are being trained. They agree not to 
hire them but to allow them to work in the public sector (Monsanto 2009). Although CIMMYT has 
various training courses, the basic six-month training course that produced well rounded scientists at the 
B.Sc. level was the course most desired. At the same time, CIMMYT has supported many graduate 
students’ theses work and this level of training is urgently needed as well.  

Standardized data taking and quality was an important focus in the training courses. This 
contributed to producing reliable data that were returned for analysis and then used in the broad breeding 
program.  

Regional Programs and Networking 

In a peripheral way, regional programs had a significant effect on the use of durable type of resistance. 
The fact that international staff lived in the wheat-growing regions and interacted often with national staff 
allowed them to participate in the selection process of national and international germplasm. In areas of 
South America and East Africa (Kenya and Ethiopia) regional programs distributed nurseries that 
monitored for the rusts. Lamentably, these nurseries were discontinued in the mid-1980s.  

Food Shortages 

The international breeding initiative in the 1940s was born out of necessity. Mexico had severe food 
shortages and the government requested help from the United States. The success of the Rockefeller 
program into the late 1950s to early 1960s gave birth to the larger international effort in wheat and rice 
that arose in response to the severe food shortages in the Indian sub-continent (Paddock and Paddock 
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1967). Food production could not keep up with the population increase at that time and the international 
community responded effectively. The Green Revolution was the result. 

Clear Focus on Food Production 

The Borlaug program had a clear focus on food production in Mexico and its major limiting factor in 
wheat—stem rust. He had to battle to keep that focus throughout his career, especially in the early years 
(Bickel 1974). In later years, Borlaug and R. G. Anderson would tell their staff, “Don’t worry about 
budgets or other things, your job is to get the best germplasm possible out to the farmers” (N. E. Borlaug 
2009, pers. comm.). A persistent theme in CIMMYT was to “keep your eye on the ball”—producing food 
for the poor—and as Norman Borlaug recently said, “A will to win” (N. E. Borlaug 2009, pers. comm.). 

Long Term Commitments – Funds and Staff 

The Rockefeller Foundation deserves special commendation for its foresight and long lasting support of 
agricultural research in developing countries. Its support of the Mexican Oficina de Estudios Especiales 
headed by J. G. Harrar and the Borlaug wheat research effort, among others, allowed the program to 
thrive. Furthermore, the foundation was the first to sign on in support of the founding of CIMMYT. After 
approximately 40 years of support in Mexico and elsewhere, the Rockefeller Foundation began to phase 
out core funding support for agriculture, although they still supported specific projects at CIMMYT and 
elsewhere. Other donors such as USAID, World Bank, IADB, CIDA, ODA, and others continued to 
support the work that allowed the dissemination of durable resistance throughout the wheat world. The 
long-term commitment was and continues to be essential for agriculture research and development. In 
recent years, funding has decreased and become restricted to the point where the international wheat 
effort has been severely constrained. This will be discussed below. 

An additional factor for success was the dedication of the international staff involved over the 
years in the CIMMYT Wheat Program. The fact that many were able to make a career of breeding, 
pathology, agronomy, and related disciplines meant that a cadre of experienced and knowledgeable 
scientists were available to produce the resistance and train the national staff necessary to get the product 
into the farmer’s field.  

Impact Assessment 

Economic assessments of wheat breeding efforts have been a powerful tool to support the breeding 
programs over the years. Critical appraisal has created an awareness of key data in assessing 
contributions. This has helped focus the research effort at CIMMYT and make the center’s intervention 
more effective. The ongoing economic assessment of how well the program was meeting its targets meant 
that the scientists involved were continually challenged by economists to justify their progress and 
achievements. In the early 1990s, the first assessment of the wheat breeding effort was made by the 
pioneering work of Byerlee and Moya (1993). This was followed by assessments by Heisey et al. (2002) 
and Lantican et al. (2005). Specific studies on rust resistance such as Smale et al. (1998) and Marasas et 
al. (2004) allowed for continuous feedback to scientists on the extent and value of their achievement vis a 
vis rust resistance. 

Negative Factors that Affected the Process 
Long-term support is needed to get a good return on investment in agriculture research and development. 
This is especially so in crop breeding. The funding for the international wheat research system had been 
long term and the payoffs have been excellent. The funding not only was international; the NARS 
supported the activity by covering the human resources, costs of planting, management, and data 
collection, as well as significant scientific resources in countries such as India and Brazil.  

In 1980, agriculture accounted for about 20 percent of official international development support 
and by 2005 it had fallen to 4 percent. Several reasons were responsible: 
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• Decreased international commodity prices 

• Increased competition from support for macroeconomic reforms 

• Debt relief and social development 

• Opposition from environmental groups that accused agriculture of contributing to natural 
resource degradation (World Bank 2007) 

Not only did support for agriculture decrease but there was a move away from improvement of 
productivity toward natural resources management and policy research.  

Budget decreases, restricted flexibility and short-term focus 

As the overall international agricultural development budget decreased, so did the CIMMYT wheat 
budget (Figure 6.1), which, in real terms, was cut more than half from 1980 to 2002 (Byerlee and Dubin 
2008). The effect was seen in section 3, which describes adverse impacts on nursery shipments and 
training. 

Figure 6.1  Trends in real budget of CIMMYT's wheat program, 1980-2002 

 
Source: Byerlee and Dubin (2008) 

Also, the share of budget allocated to unrestricted core funding fell from over 80 percent in 1990 
to around 45 percent in 2006 and has fallen even further by 2008. Donors restricted funds to specific 
projects, very often short term, to preserve the identity of the funds. As described above, the main 
components of breeding and international germplasm exchange need long term core funding. 
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Effects of Funding Reductions on Rust Research 

As the international development community reduced support to commodity research programs this had 
repercussions throughout all programs at CIMMYT and other CGIAR centers. During this period, 
CIMMYT was going through a transition phase that ultimately eliminated the wheat program as such. In 
2006 the wheat program was re-established as CIMMYT went through another restructuring. 

In 1988, CIMMYT wheat program had 16 pathologists (pre-doctoral fellows, post doctoral 
fellows and senior staff) working on diverse projects. Five were working at least part-time on rusts at 
CIMMYT’s base and in the regions. In 1999, there were six pathologists, with two working on rusts: one 
CIMMYT staff and one seconded from INIFAP (CIMMYT 1988, 1999). In 1987, the USDA 
discontinued the ISWRN due to funding issues. From the mid-1980s to about 1990, CIMMYT decreased 
its pathology support in East Africa. The last CIMMYT regional pathologist/breeder left in 1989. In 
addition, the International Disease Trap Nursery and the Latin American Rust Nursery were discontinued 
due to changes in the program. Finally, in the mid-to-late 1990s, two key international rust programs that 
collaborated closely with CIMMYT were curtailed due to staff retirements. 

It is probable that Ug99 would have been discovered several years earlier with an increased lead 
time for resistance breeding if these events had not occurred. With the discovery of Ug99 in Uganda, 
CIMMYT conducted additional germplasm screening in Uganda and Kenya between 1999 and 2005. 
When Ug99 appeared in Kenya in 2002, resistance data were obtained and crosses were made for this 
resistance at that time (R.P. Singh 2009, pers comm.) 

Controversial Aspects of the International Wheat Breeding Efforts 

High Inputs for Modern Varieties 

The Green Revolution initially occurred in the irrigated environments, and additional fertilizers 
accompanied the new semidwarf wheat varieties. In addition, the short stature of the new wheats made 
them less competitive against some grass weeds, so that herbicides were more likely to be needed than 
with taller wheats. Therefore, in the initial period up to 1980, modern varieties (and the associated rust 
resistance) were related to high inputs.  

However, from around 1980, the expansion in the area under modern semidwarf varieties of 
wheat occurred in rainfed areas, “beginning first with wetter areas and proceeding gradually to drier 
areas” (Byerlee 1996, p. 699). By the mid-1980s, more than 50 percent of the area sown to wheat in 
rainfed areas in developing countries was planted to semidwarf varieties. In India, for example, three-
quarters of the 20 million ha increase in wheat from 1975 to 1995 was in rainfed agriculture (Byerlee 
1996). Thus the association between modern semidwarf varieties and high inputs diminished in the post-
Green Revolution period. 

Furthermore, the CIMMYT wheat breeding program has been selecting wheat germplasm 
efficient in input use for many years. Compared to tall varieties CIMMYT germplasm requires less 
nitrogen and phosphorus inputs and concomitantly less land to produce the same amount of wheat (Ortiz-
Monasterio et al. 1997; I. Ortiz-Monasterio 2009, pers comm.) 

To the extent that the rust resistance was an integral part of the modern varieties, resistance was 
associated with the initial move to higher-input agriculture. It was not directly related because, by its 
nature, it obviated the use of fungicides as a regular input of wheat in modern farming systems in 
developing countries. 

Genetic Diversity in Modern Semidwarf Varieties 

Indirectly related to the use of durable resistance is the genotypic background into to which it is placed. 
While there have been claims that the Green Revolution reduced genetic diversity, Byerlee (1996) argued 
that the evidence is mixed. Although diversity was reduced in the early stages of the Green Revolution, 
recent works (Smale and McBride 1996, Smale et al. 2002, Lantican et al. 2005, Warburton et al. 2006) 



 

 45 

have shown that the genetic base of the CIMMYT spring bread wheat germplasm continues to broaden 
with the continued introgression of new sources of wheat germplasm from gene banks, land races, spring 
x winter wheat crosses, durum x bread wheat, synthetic hexaploid wheat, wild wheat progenitors, and 
alien species. 

Thus while the genetic diversity of varieties generally increased in the 1980s and 1990s, the 
diversity of rust resistance was not so broad-based. In relation to the spectrum of durable stem and leaf 
rust resistance genes, we see that the arsenal at this stage is not as great as desired, although the group of 
resistance genes has lasted for 30 to 50 years with only limited failures. Furthermore, the immunity 
imparted by Sr31 was such that it precluded detecting other genes (a masking effect) without 
morphological or molecular markers once the Sr31 was present. However, the reliance on the Sr31 
complex for varieties in East Africa, Middle East, and South Asia led to vulnerability to the Ug99 strain 
of stem rust. It is significant that Ug99 and recent mutations of this strain attack a broad array of 
resistance genes. Scientists have worked to develop diverse sets of genes and forms of resistance (for 
example see McIntosh et al. 1995). Research is ongoing to obtain molecular markers for other stem and 
leaf rust resistance genes both of the major and durable, slow rusters with additive minor genes. New 
candidate durable type resistance genes are being studied as well as strengthening of the Sr2 complex for 
stem rust and more minor genes of additive effects for both rusts (Singh et al. 2008). Critical to this work 
will be continued funding in the long term. 

Sustainability 

Financial 

The development of rust resistance and its deployment in developing countries has provided a high rate of 
return on the investment involved. However, the success of the intervention has allowed donor fatigue 
and a realignment of immediate priorities for funding away from maintenance of rust resistance in some 
areas over time. Thus the world wheat crop was more vulnerable to the Ug99 threat as IARC funding 
declined over time. The financial sustainability of the development of rust resistance has been uncertain 
because of the shortage of funds. At the farm level, the financial returns have come at close to zero cost, 
and will be readily sustained if the resistance can be maintained in well-adapted varieties. 

When farmers replace varieties rapidly, they are able to achieve rust resistance with the highest-
yielding varieties. However, Byerlee (1996) argues that the development of durable resistance can have 
an economic cost if farmers replace varieties less frequently, thereby failing to realize genetic gains in 
yield potential in new varieties. 

Environmental 

There has been considerable controversy on the environmental impacts of modern varieties and the Green 
Revolution. However, the role of wheat rust resistance is less controversial. The use of durable stem and 
leaf rust resistance over the decades has been the most environmentally sensible way to control the 
diseases. The increased yields as a result of improved rust resistance means production can take place on 
smaller cropped areas, decreasing demand on marginal or stressed land for crop production to meet global 
food demands. 

Moreover the reduction in fungicide use is helpful to the environment and is beneficial to the 
health of the farmer and community. Hundreds of millions of liters of fungicides would need to be applied 
to wheat crops around the world if the rust resistance had not been developed and deployed. Rust 
resistance also precludes the misuse of fungicides in the farming environment that would be a constant 
threat if fungicide use were widespread globally. 

Critics of the Green Revolution (e.g., Griffin 1974) have questioned the sustainability of intensive 
cultivation, noting concerns such as the environmental consequences of soil degradation, chemical 
pollution, aquifer depletion and soil salinity. Evenson and Gollin (2003) note that, while they are valid 
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criticisms, it is unclear that alternative scenarios would have allowed developing countries to meet, with 
lower environmental impact, the human needs of their expanding population. 

Social and Political 

The superior rust resistance of modern wheat varieties is reflected in the increased stability of wheat 
yields in more recent times (Singh and Byerlee 1990). That improved stability has been a major social 
benefit for farmers and consumers in developing countries. 

The increased income and social benefits have been available to both large and small farmers; 
and indeed since the small farmers could not have afforded to use fungicides for rust control, the essence 
of resistance is that it benefits the poorer farmers relatively more than larger farmers. Consumers have 
benefited from reduced prices from the additional production. In addition, the increased yield stability 
with improved rust resistance has led to more stable and cohesive societies, and households, than if 
harvests were subject to more frequent destructive epidemics. 

Without rust resistance, farmers may well have needed to consider whether they should develop 
alternative crop systems that reduce the reliance on wheat, or even alternative livelihood systems for some 
of the people involved. Such alternatives could have been extremely socially disruptive, perhaps 
involving internal migration or urbanization for poor farmers and their families. 

While there were some political issues relating to the Green Revolution and the change to higher-
input wheat production associated with it, there is nothing intrinsically political in the development of 
durable rust resistance—there were no “victims,” and neither the technology itself nor the process directly 
disadvantaged anyone. At times, the push from CIMMYT scientists and their colleagues was seen by 
some countries’ leaders as unnecessary interference in their seed production and distribution, as was 
perceived in Pakistan in the period immediately prior to the leaf rust epidemic in 1977-78. However, the 
free provision by CIMMYT of the seed for release by the NARS themselves meant that they had 
ownership of the varieties, so that any such attitudes tended to be short-lived. The future impediments to 
continuing successful deployment of rust resistance appear likely to be related to funding rather than any 
inherent political issues associated with the process. 
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7. LESSONS LEARNED AND CONCLUSIONS 

Key Lessons Learned for Replicating the Success of Rust Resistance 
The experience from the efforts to develop and maintain rust resistance has several lessons for any 
attempts to replicate that success in other situations. There are several key factors that need to be put into 
place to ensure success for any future efforts to bring about successful international agricultural programs. 

Clear Focus and Adequate Resources 

One lesson from the success of the implementation of rust resistance is that strong leadership is needed to 
ensure that a clear focus on the objective is maintained and that no-one gets sidetracked. That involves 
long-term funding and staffing to ensure that goals are met and achievements are maintained. As a result, 
donors and administrators must carefully analyze where the payoffs have been and maintain support to 
those programs; continuous assessment of progress towards the objective is required. New technology 
should be supported when it can provide advantages, but clearly they should not “throw out the baby with 
the bath water” in the sense of giving up a successful approach to seek improvements based on new 
technologies. For example, biotechnology provides a good opportunity to repeat and improve progress so 
far, though its role needs to be assessed carefully. 

International Collaboration and Training 

The success in rust resistance demonstrates clearly that a collegial approach is required, involving close 
collaboration between NARS, CGIAR and other international scientists. One key component of that 
collaborative approach is the ready exchange of genetic materials among those involved. A continuous 
stream of diverse germplasm is needed if initial successes are to be maintained over time. If the 
technology loses its effectiveness (as where the resistance breaks down), scientists must have the 
replacement technology available and ready to adopt. The rust resistance experience also clearly shows 
that human resource development is as important as the germplasm effort. 

Infrastructure to Maintain Progress 

When facing an evolving threat such as plant diseases, eternal vigilance and surveillance of the pathogen 
and host are needed. This might include, among others, an international early warning system, trap 
nurseries, and rust population monitoring. As discussed in section 4, no form of resistance lasts forever. 
All resistances will break down sometime, and we must prepare for that eventuality. Therefore, there can 
be no complacency when working with nature. For example, over time, the successful role of the IARCs 
in developing the global strategy for rust resistances allowed some NARS to become complacent about 
the threats posed. That is now evident in countries threatened by the Ug99 stem rust strain, where 
resources will need to be increased across a range of research skills and infrastructure to manage the rust 
infections and the response to them (Expert Panel 2005). While countries such as India have the resources 
and infrastructure to prepare for and respond to the Ug99 threat (ICAR 2008), many poorer countries 
need considerable external resources to meet those needs now without encountering bottlenecks (Expert 
Panel 2005). To ensure that such unintended consequences do not arise, anticipatory thinking is needed.  

Emphasis on Generating Effective Impacts 

In assessing its level of impacts, the technology had maximum impact where it addressed a significant 
issue for the maximum number of farmers, and where it was broadly adaptable and durable. The low or 
zero cost to poor farmers meant that those who most needed it could readily adopt the new technology. In 
particular, technology embedded in seed is likely to lead to effective outcomes, as it requires little 
investment by farmers to receive the benefits. It is also clear that programs to enhance the adoption of the 
improved technology produced significant benefits.  



 

 48 

Free Exchange of Germplasm and Accommodation of IPR Issues 

Despite its significant contribution to the success of rust resistance, the free exchange of germplasm has 
come under pressure within the CGIAR since the early 1990s. Declining core funding that reduced 
operating funds for the germplasm networks and the increased role of private sector breeding and 
biotechnology programs in developed countries both worked towards reducing the free exchange of 
germplasm. In addition, the TRIPS and CBD agreements were both signed in 1993. These all led to 
uncertainties and higher transaction costs with respect to international germplasm exchanges. In some 
cases, it has resulted in diminished germplasm movement (Byerlee and Dubin 2008). The International 
Treaty on Plant Genetic Resources for Food and Agriculture (ITPGRFA) and the Standardized Material 
Transfer Agreement (SMTA) for all germplasm exchange are responses to the possible consequences of 
the agreements. Nevertheless, it will be essential to mitigate the effects of IPR to ensure free exchange of 
materials if similar programs are to succeed in the future. 

Practical Technologies 

In the future, regardless of the technologies and programs involved, it is imperative that scientists who 
work in the field and not only the laboratory produce the varieties and seed for the farmer. This is to 
ensure that the technology is directly relevant to farmers and so that the scientists can respond 
immediately and practically to future problems that arise. 

Conclusions 
In conclusion, the successful efforts of the international wheat stem and leaf rust resistance programs over 
the past half-century have had significant economic returns as well as positive impacts on poverty 
reduction, nutrition, food security and the environment. Nevertheless, decreased donor support for the 
programs in recent years has had negative effects, and the recent occurrence of a new strain of stem rust 
that defeated key durable resistance genes has put large wheat areas in developing countries at risk. It is 
clear that there is a critical need for continuous research and vigilance to keep ahead of the ever-changing 
pathogens to maintain the progress that has been made.  
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