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SUMMARY 

 
The combining of benefits for human nutrition and agricultural productivity, resulting 
from breeding staple food crops which are more efficient in the uptake of trace minerals 
from the soil and which load more trace minerals into their seeds, results in extremely 
high ex ante estimates of benefit-cost ratios for investments in agricultural research in 
this area.  This finding derives from the confluence of several complementary factors: 
 

• Rates of micronutrient malnutrition are high in developing countries, as are the 
consequent costs to human welfare and economic productivity. 

• High trace mineral density in seeds produces more viable and vigorous seedlings 
in the next generation and efficiency in the uptake of trace minerals improves 
disease resistance, agronomic characteristics which improve plant nutrition and 
productivity in trace mineral “deficient” soils. 

• A significant percentage of the soils in which staple foods are grown are 
“deficient” in these trace minerals, which has kept crop yields low.  In general, 
these soils in fact contain high amounts of trace minerals.  However, because of 
chemical binding to other compounds, these trace minerals are “unavailable” to 
staple crop varieties presently used. 

• Adoption and spread of nutritionally-improved varieties by farmers can rely on 
profit incentives, either because of agronomic advantages on trace mineral 
deficient soils or incorporation of nutritional improvements in the most profitable 
varieties being released. 

• Because staple foods are eaten in large quantities every day by the malnourished 
poor, delivery of enriched staple foods (fortified by the plants themselves during 
growth) can rely on existing consumer behavior. 

• Benefits to relatively small investments in agricultural research may be 
disseminated widely, potentially accruing to hundreds of millions of people and 
millions of acres of crop lands.  

• Breeding advances are derived from initial, fixed costs, with low recurring costs, 
and thus tend to be highly sustainable as long as an effective domestic agricultural 
research infrastructure is maintained. 

 
With these factors as impetus, IFPRI took the lead in 1994 in organizing and coordinating 
the CGIAR Micronutrients Project, a multi-disciplinary effort among plant scientists, 
human nutritionists, and social scientists at five other collaborating institutions: CIAT, 
CIMMYT, and IRRI within the CGIAR, the Waite Agricultural Research Institute, 
University of Adelaide in Australia, and the USDA-ARS Plant, Soil and Nutrition 
Laboratory (PSNL) located at Cornell University in the United States.  More recently, the 
USDA-ARS Western Human Nutrition Research Center (WHNRC, now located at the 
University of California at Davis, joined the collaboration. 
 
The general objective of the project is to assemble the package of tools that plant 
breeders will need to produce mineral- and vitamin-dense cultivars.  The target crops are 
rice, wheat, maize, phaseolus beans, and cassava.  The target micronutrients are iron (Fe), 
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zinc (Zn), and vitamin A.  For these crops and nutrients, this project is conceived as a 
pre-breeding study to determine: 
 

• The range of genetic variability available for exploitation by future breeding 
programs; 

• The bioavailability of micronutrients contained in the grain (or seed of other 
storage tissue) of the best selections; 

• The genetics and physiology/biochemistry of the selected traits;  
• Screening protocols for use in later breeding programs. 

 
Encouraging research results to date under the project would seem to justify a much 
expanded effort in the future.  Project findings across crops may be summarized as 
follows: 
 

• Adequate genetic variation in concentrations of b-carotene, other functional 
carotenoids, iron, zinc, and other minerals exists in the major germplasm banks to 
justify selection.   

• Micronutrient-density traits are stable across environments.   
• In all crops studied, it is possible to combine the high micronutrient-density trait 

with high yield, unlike protein content and yield that are negatively correlated. 
• Genetic control is simple enough to make breeding economic.   
• It will be possible to improve the content of several limiting micronutrients 

together, thus pushing populations towards nutritional balance.   
• Bioavailability of the extra nutrient in elite breeding lines is high for rats and 

where the density is high enough for the test, also to human colon cell lines.  Tests 
on human populations are now a high priority. 
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I. INTRODUCTION 
 
Taken together, mineral and vitamin deficiencies affect a greater number of people in the 
world than does protein-energy malnutrition.  Because trace minerals are important not 
only for human nutrition, but for plant nutrition as well, plant breeding holds great 
promise for making a significant, low-cost, and sustainable contribution to reducing 
micronutrient, particularly mineral deficiencies in humans, and may have important 
spinoff effects for increasing farm productivity in developing countries in a way that is 
environmentally-beneficial (Cary et. al. 1994, Welch et. al. 1993, Kannenberg et. al 
1995). 
 
An underlying cause and fundamental constraint to solution of the micronutrient problem 
is that non-staple foods, particularly animal products, tend to be the foods richest in 
bioavailable micronutrients, which the poor in many developing countries desire to eat, 
but cannot afford.  Their diets consist mostly of staple foods, primarily cereals; in fact, 
per capita direct consumption of staple foods in the aggregate varies little by income 
level.  For the poor, these staple foods already are primary sources of what micronutrients 
they are able to consume, particularly minerals. 
 
The plant breeding strategy seeks to take advantage of this existing human consumption 
behavior by developing staple food crops that, in some sense, fortify themselves -- 
breeding staple crop genotypes that load high amounts of minerals and vitamins into their 
seeds. 
 
The strategy of breeding for mineral and vitamin enhancement of staple foods has several 
complementary advantages.  No behavioral change on the part of consumers is required.  
Indeed the strategy seeks to take advantage of the consistent daily consumption of large 
amounts of food staples by all family members.  Nevertheless, any intervention to 
improve micronutrient status targets women and children because of their elevated needs 
for minerals and vitamins (Nicklas 1995 and Perry et. al. 1995). 
 
Mineral-packed seeds sell themselves to farmers because, as recent research has shown, 
these trace minerals are essential in helping plants resist disease.  More seedlings survive 
and initial growth is more rapid. Ultimately, yields are higher, particularly in trace 
mineral "deficient" soils in arid regions.  Because roots extend more deeply into the soil 
and so can tap more subsoil moisture and nutrients, the mineral-efficient varieties are 
more drought resistant and so require less irrigation.  And because of their more efficient 
uptake of existing trace minerals, these varieties require fewer chemical inputs.  Thus, the 
new seeds can be expected to be environmentally beneficial as well.  After the onetime 
investment is made to develop seeds that fortify themselves, there are low recurrent costs 
— costs for supplementation, fortification, and nutrition education remain constant year 
after year. 
 
 
II. MICRONUTRIENT MALNUTRITION: EXTENT, COSTS, ALTERNATIVE 
INTERVENTIONS  
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As dismaying as the consequences of famines are, it is only relatively recently that 
nutritionists working in developing countries have been able to demonstrate conclusively 
that many more children and adults, particularly women in their childbearing years, suffer 
during times of relative economic and political stability due to a lack of essential vitamins 
and minerals in their diets, than due to a lack of calories.  Because people for the most 
part are not aware that their diets are lacking in these trace nutrients and hence do not 
associate these deficiencies with listlessness, poor eyesight, impaired cognitive 
development and physical growth, and more severe bouts of illness (sometimes leading to 
death), this general problem of poor dietary quality has been dubbed "hidden hunger."  
 
For example, it has been known for several decades that severe vitamin A deficiency can 
lead to blindness in children.  Surveys conducted by the World Health Organization in 
the 1960s established vitamin A-deficiency-related blindness as a serious public health 
problem in a large number of developing countries.  In the early 1970s, through 
experiments conducted in India and Indonesia, it was discovered that such blindness 
could be prevented safely by administering capsules or syrup containing massive doses of 
vitamin A once every six months (vitamin A, which is fat soluble, is stored in the liver).  
 
Later, in an observational study, researchers based at Johns Hopkins University and 
working in Indonesia, showed that there was a correlation between progressively serious 
eye damage in children and increased child mortality rates.  This was empirical 
information that was consistent with a long suspected link between vitamin A deficiency 
and the high child mortality rates common in developing countries. To test this 
hypothesis more rigorously, 10,000 Indonesian children were given high-dose vitamin A 
capsules (VAC) and 10,000 children were given a placebo (a low percentage of these 
children, no more than one percent, had clinically visible eye damage). Mortality rates 
were found to be 34 percent lower for children who received VAC.  
 
Such a large reduction in mortality was so startling and unexpected only a decade and a 
half ago that eventually it was necessary to conduct seven similar experiments in other 
countries in Africa and Asia (with similar results on average) before there was 
widespread acceptance in the international nutrition community by the late 1980s that 
widespread distribution of VAC could significantly reduce child mortality and should be 
given high priority for government intervention.  These dramatic, new research findings 
in the area of vitamin A deficiency, in turn, helped to focus more attention and spur 
further research related to other micronutrient deficiencies as well, in particular iron and 
iodine deficiencies.  
 
Statistics now compiled by the World Health Organization (WHO) on a regular basis on 
the extent of micronutrient deficiencies demonstrate the enormous magnitude of the 
problem.  WHO reported in 1994 that 3.1 million pre-school age children had eye 
damage due to a vitamin A deficiency and another 227.5 million are subclinically 
affected at a severe or moderate level.  Annually, an estimated 250,000 and 500,000 
pre-school children go blind from this deficiency and about two-thirds of these children 
die within months of going blind.  
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It is estimated that 2.1 billion people globally are iron-deficient and that this problem is 
severe enough to cause anemia in 1.2 billion people.  The problem for women and 
children is more severe because of their greater physiological need for iron.  World-wide, 
roughly 50 percent of non-pregnant women and 60 percent of pregnant women have 
anemia.  Of the approximately 
500,000 maternal deaths that occur each year due to childbirth, mostly in developing 
countries, anemia is the major contributor or sole cause in 20 to 40 percent of such 
deaths.  Iron deficiencies during childhood and adolescence impair physical growth and 
mental development and learning capacity. In adults, iron deficiency reduces the capacity 
to do physical labor.  
 
Iodine deficiency is the greatest single cause of preventable brain damage and mental 
retardation in the world.  WHO estimates that around 1.5 billion people or one third of 
the world's population live in iodine deficient environments. Deficiencies in iodine that 
occur in late infancy and childhood have been shown to cause mental retardation, delayed 
motor development, growth failure and stunting, neuromuscular disorders, and speech 
and hearing defects. Even mild iodine deficiency has been reported to redu ce intelligence 
quotients by 10-15 points.  
 
Deficiencies in several other micronutrients, zinc in particular, may be similarly 
widespread with equally serious consequences for health. However, because there are no 
specific indicators to screen for deficiencies in these nutrients (other than a positive 
health response to supplementation), they have not received as much attention.  
 
Three worldwide conferences sponsored by a number of international and bilateral 
agencies held in the late 1980s and the early 1990s spurred the international community 
and country governments to greater action. Substantially more money was made available 
for combating micronutrient deficiencies.  Ambitious goals were set for the virtual 
elimination of vitamin A and iodine deficiency and the significant reduction in iron 
deficiency in developing countries by the year 2000.  
 
Initially there was some optimism that supplementation programs could solve much of 
the micronutrient deficiency problem quickly and easily, but this turned out not be to the 
case.  Universal supplementation is an expensive and difficult task logistically.  Targeted 
supplementation involves the costs and associated logistical problems of identifying those 
in need.  In both regimes, compliance can be a problem.  For example, in the case of iron 
deficiency, although capsules need to be taken frequently, there is some risk of toxicity if 
they are taken too often.  
 
Fortification is an alternative approach which has been used successfully in developed 
countries.  However, since markets for foods are not well developed in Third World 
identifying appropriate food "vehicles," processed by a relatively small number of 
manufacturers, is sometimes impossible.  Where appropriate "vehicles" are available and 
fortification statutes have been put into law, there have been problems with ensuring that 
manufacturers comply with these laws.  
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To provide some sense of the magnitude of the recurrent annual costs involved in 
fortification and supplementation, a lower-bound estimate of the cost of iron 
supplementation is $2.65 per person per year when all, administrative costs are taken into 
account (Levin et. al. 1993).  A lower bound estimate for iron fortification is 10 cents per 
person per year.  
 
In a populous country such as India (total population 880 million) there may be as many 
as 28 million anemic pregnant women in any given year. These numbers imply that 
treating only half of those women in any one year through a well-targeted 
supplementation program could cost as much as $37 million per year.  Iron fortification 
of half the entire population could cost $44 million per year.  
 
Notwithstanding these cost estimates, the benefits of properly managed interventions can 
be quite significant.  The World Bank's World Development Report 1993 found 
micronutrient programs to be among the most cost-effective of all health interventions.  A 
World Bank document estimates that deficiencies of just vitamin A, iodine, and iron 
alone could waste as much as five percent of gross domestic product (GDP) in 
developing countries, but addressing them comprehensively and sustainably would cost 
less than one-third of a percent of GDP.  Nevertheless, it is difficult for governments and 
international agencies to mobilize resources of the magnitude implied above, which are 
needed to address such a pervasive problem through existing strategies.  
 
Supplementation and fortification have the advantage that their successful 
implementation does not require a substantial change in individual behavior, but these 
interventions treat the symptoms rather than the underlying causes of micronutrient 
deficiencies.  This has led many to advocate the use of "food-based" interventions, such 
as nutrition education and promotion of home vegetable gardens, which address the 
underlying cause-poor quality diets, and importantly, provide a range of nutrients in the 
diet.  This approach, however, involves motivating substantial changes in human 
behavior which can be both expensive and difficult.  
 
Given the high payoffs to reducing micronutrient deficiencies and the initial 
disappointment with supplementation and fortification programs as ways to solve the 
problem quickly and completely, several nutrition education and home gardening projects 
have been implemented.  Only in a few cases has their effectiveness been carefully 
evaluated.  There is now some consensus that in any one country a mix of several 
approaches is required -- supplementation, fortification, promotion of breastfeeding, 
nutrition education, home gardening, and disease reduction -- but little agreement on how 
best to allocate scarce funds among these strategies in specific settings (see Maberly et. 
al. 1994 and Trowbridge et. al. 1993). 
 
In summary, nutritionists perceive an enormous opportunity, for which new and 
compelling scientific evidence is rapidly accumulating, for improving nutrition and 
health in developing countries by reducing micronutrient malnutrition.  Nevertheless, 
there is some frustration at not having well-developed tools appropriate for developing 
country contexts with which to solve the problem of micronutrient deficiencies quickly at 
reasonable cost.  
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III. THE CGIAR RESPONSE: HISTORICAL BACKGROUND 
 
The primary objective of plant breeding at agricultural research stations all over the 
world is to improve farm productivity, usually by developing crops with higher yields.  In 
crossing varieties with various traits, scientists also monitor and attempt to maintain 
consumer characteristics such as taste, cooking qualities, and appearance.  This is 
because such characteristics have a bearing on market price and so on profitability, which 
motivates farmers to adopt improved varieties.  
 
Enhanced nutrient content has only infrequently been a breeding objective.  During the 
breeding process, the nutritional qualities for human consumption (which, unnoticed, 
may improve, worsen, or change little) of improved crops are ignored for the most part.  
This is because it is presumed (i) that nutrient enhanced crops will be lower-yielding and 
so must command a higher price to be profitable, (ii) that consumers for the most part are 
unwilling to pay a premium for higher nutrient content of a specific food, even if the 
problem of reliably marketing the product as nutrient-enhanced could be solved, and (iii) 
an additional breeding objective of higher nutrient content will slow down the 
development of varieties with higher yields.  
 
Such views were reinforced within the CGIAR by previous experience with breeding for 
high-quality protein maize (QPM).  In the early 1970s, a major breeding program was 
begun at CIMMYT to produce QPMs.  At the time, nutritionists had identified quality 
protein (lysine) as a key limiting nutrient to better nutrition in developing countries.   
Although there is now new and successful work on QPM varieties which has built on 
previous research (and which will be reported on by S.K. Vasal of CIMMYT at the 
conference), the QPM breeding project is considered by many scientists within the 
CGIAR to have been a major misallocation of resources.  A primary problem was that the 
original genetic material that contained high concentrations of lysine was low-yielding.  
It took some time to develop varieties that were both high-lysine and high-yielding.  
However, the high-lysine, high-yielding varieties never matched the best-yielding, 
highest-profit maize varieties, so that farmer adoption was a major constraint.  Moreover, 
because most nutritionists have long since concluded that quality protein is not a key 
limiting nutrient to better nutrition, impetus to further breeding for nutritional objectives 
was diminished.  
 
With this as background, with funding from the USAID Office of Nutrition, IFPRI in 
1993 was commissioned to take the lead in identifying activities which the CGIAR might 
undertake to join other international and national organizations in the fight against 
micronutrient malnutrition.  When the idea of breeding for micronutrient content was first 
broached with individual scientists within the CGIAR in visits to Colombia, Ethiopia, 
India, Mexico, Peru, the Philippines, Syria, and Taiwan in 1993, the suggestion was 
generally met with skepticism.  Notwithstanding the fact that there was virtually no 
institutional knowledge of genotype variation in micronutrient content of crop varieties 
developed by the CGIAR centers, the presumption among most of those scientists was 
either that there again would be a trade-off between plant yield and nutritional value or 
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that, at best, there would be no correlation with yield and that adding an additional 
breeding objective (nutritional quality) would slow down the overriding breeding 
objectives of higher and more stable crop yields.  It probably did not help matters that the 
subject was introduced by an economist (one of the authors) with limited knowledge of 
plant physiology and plant breeding and no formal training in human nutrition.  
 
In the course of these discussions, one scientist recommended a visit to the Plant, Soil, 
and Nutrition Laboratory (PSNL), run by the USDA-ARS and located on the Cornell 
University campus, a visit which was to fundamentally change the direction of the 
CGIAR Micronutrients Project.  The PSNL, established in the 1930s, has been charged 
with looking at the linkages between minerals in soils and the nutrition of plants, animals, 
and humans in the United States.  
 
During that initial visit, Ross Welch of PSNL provided information about research 
conducted by Robin Graham of the Waite Agricultural Research Institute at the 
University of Adelaide in Australia to improve plant nutrition by breeding for crops that 
have improved efficiency in the uptake of trace minerals from "deficient" soils, and 
which load high amounts of these minerals into plant seeds. 
 
From the point of view of the Waite-PSNL collaboration, collaboration with the CGIAR 
presented the possibility to apply this work to the much more serious mineral deficiency 
problems found in developing countries.  From the point of view of the CGIAR centers, 
the Waite-PSNL collaboration represented a wealth of scientific information and 
experience previously untapped for possibly improving the productivity of CGIAR 
released crop varieties, in addition to potential benefits for human nutrition.  
 
After subsequent lectures by Robin Graham at CIAT, CIMMYT, and IRRI, attitudes 
toward the micronutrient-dense-seed plant breeding strategy among a core group of 
CGIAR plant breeders changed dramatically.  In January 1994 an organizational 
workshop was held (supported under the original funding from the Office of Nutriton of 
USAID), bringing together scientists from many disciplines from inside and outside the 
CGIAR, and practitioners from several organizations involved in combating 
micronutrient malnutrition in developing countries.  
 
The major outcome of that workshop was the development and endorsement of a 
coordinated five-year plan to develop the genetic material and breeding tools necessary 
for release to national breeding programs.  Since the organizational workshop, the 
research strategy has been presented and discussed at a number of international fora.  The 
strategy — and findings from research under the CGIAR micronutrients project -- has 
been the subject of a special issue of Field Crops Research (Graham and Welch, editors, 
1999, volume 60)and a forthcoming article in Advances in Agronomy. 
 
Beginning in 1996, major funding for the project has come from DANIDA, 
approximately U.S$1.2 million over four years, presently extending to mid-2000. 
Supplementary funding has also been provided by USAID for research on rice and by 
ACIAR to support the collaboration of the Waite Agricultural Research Institute at the 
University of Adelaide. 
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IV. CAN A BREEDING STRATEGY WORK? FIVE KEY QUESTIONS 
 
A strategy of breeding plants that enrich themselves, that load high amounts of minerals 
and vitamins into their edible parts, has the potential for substantially reducing recurrent 
costs that are associated with other strategies, such as fortification and supplementation.  
However, this approach will be successful only if farmers are willing to adopt such 
varieties, if the edible parts of these varieties are palatable and acceptable to consumers, 
and if the incorporated micronutrients can be absorbed by the human body.  In examining 
the feasibility of a plant breeding strategy, it was imperative to address five core 
questions. 
 
1. Is it scientifically feasible to breed for staple food varieties whose seeds are 
micronutrient-dense? 
 
At least three cases of agricultural research projects in developed countries have 
successfully manipulated the efficiency of mineral uptake of plants and the mineral 
content of plant seeds, all of which have been commercially successful.  Zinc-dense 
wheat varieties have been developed at the Waite Agricultural Research Institute of the 
University of Adelaide and are already being grown on a commercial basis in Australia 
(Rengel and Graham 1991).  In the United States, an iron-efficient soybean has been 
developed to overcome problems of iron "deficient" soils and cadmium levels in durum 
wheats have been reduced through plant breeding so as to meet quality standards in 
countries importing U.S. wheat. 
 
The Australian wheat strategy was motivated by previous, more basic scientific research 
at Waite involving the trace minerals manganese and copper.  The prior research 
suggested that genetic variation in the uptake and grain content of manganese, copper, 
and other microelements  was associated with tolerance to low availability of the 
elements in the soil. 
 
2. What effect will breeding for micronutrient-dense seeds have on plant yields? Will 
farmers adopt such varieties? 
 
Results from research at Waite and elsewhere had shown that where the soil is deficient 
in a particular micronutrient, seeds containing more of that nutrient have better 
germination, better seedling vigor and/or more resistance to infection during the 
vulnerable seedling stage (Pearson and Rengel 1995 and McCay et. al. 1995).  These 
benefits to crop establishment can result in higher crop yield.  Thus, the specific breeding 
goals for human and plant nutrition largely coincide.  There is the expectation, therefore, 
that the new cultivars with higher contents of micronutrients will have an agronomic 
advantage to ensure they are competitive in the market place.  There are many reasons to 
expect positive impacts on plant yields of crop varieties that are efficient in the uptake of 
mineral micronutrients from soils and that load high amounts of these minerals into 
seeds. 
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A soil is said to be "deficient" in a nutrient when addition of fertilizer containing that 
nutrient produces better growth.  However, the amount of a mineral micronutrient which 
is added to a soil to produce better growth is usually small compared to the total amount 
of that mineral found in the soil.  This is because the major part of the trace mineral in the 
soil is  "unavailable" to plants.  The trace mineral is chemically bound to other elements 
in the soil.  An alternative view, therefore, is that there is a genetic deficiency in the 
plant, rather than a deficiency in the soil. 
 
Tolerance to micronutrient-deficient soils, termed micronutrient efficiency, is a genetic 
trait of a genotype or phenotype that causes it to be better adapted to, or yields more in, a 
micronutrient deficient soil than can an average cultivar of the species (Graham and 
Rovira 1984).  Growing zinc-efficient plants on zinc-deficient soils, for example, 
represents a strategy of "tailoring the plant to fit the soil" in contrast with the alternative 
strategy of "tailoring the soil to fit the plant (Foy 1983)."  These efficient genotypes 
exude substances from their roots which chemically unbind trace minerals from other 
binding elements and so make the trace minerals available to the plant. 
 
It is well understood that depletion of soil nitrogen takes only a few years if there is no 
replacement.  Thus, it is pointless to breed for greater tolerance to nitrogen-deficient 
soils.  Phosphorus efficiency results in overall improvements in cost-efficiency but, 
without replenishment, depletion of soil phosphorous will eventually also occur.  In 
contrast, depletion of mineral micronutrients may take hundreds or thousands of years, or 
may likely never occur at all, due to various inadvertent additions and other processes, for 
example minerals carried in windblown dust (Graham 1991).   
 
Based on a number of soil surveys, particularly in China where the most extensive 
surveys have been done, it can be estimated that at least 50% of the arable land used for 
crop production world-wide is low in availability of one or more of the essential 
micronutrients.  For example, although iron is the fifth most abundant element in the 
earth's crust, the fraction of soil iron that is in soluble form for absorption by plants may 
only be 10-13 of total soil iron.  Thus, depletion of soil iron is never an issue; instead, the 
issue is the ability of the plant to mobilise sufficient iron to satisfy its needs (Han et. al. 
1994). 
 
Zinc deficiency is probably the most widespread micronutrient deficiency in cereals.  
Sillanpää (1990) found that 49 percent of a global sample of 190 soils in 25 countries 
were low in zinc.  Unlike other micronutrients, zinc deficiency is a common feature of 
both cold and warm climates, drained and flooded soils, acid and alkaline soils, and both 
heavy and light soils (Rahman et. al. 1993). 
 
Good nutrition balance is as important to disease resistance in plants as it is in humans.  
Efficiency in the uptake of mineral micronutrients from the soil is associated with disease 
resistance in plants, which leads to decreased use fungicides.  Micronutrient deficiency in 
plants greatly increases their susceptibility to diseases, especially fungal root diseases of 
the major food crops.  The picture emerging from physiological studies of roots spanning 
four decades is that phosphorus, zinc, boron, calcium, and manganese are all required in 
the external environment of the root for membrane function and cell integrity.  In 
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particular, phosphorus and zinc deficiencies in the external environment promote leaking 
of cell contents such as sugars, amides, and amino acids.  These substances are 
chematoxic stimuli to pathogenic organisms.  It appears that micronutrient deficiency 
predisposes the plant to infection, rather than the infection causing the deficiency through 
its effect on root pruning (Sparrow and Graham 1988 and Thongbai et. al. 1993).  
Breeding for micronutrient efficiency can confer resistance to root diseases that had 
previously been unattainable.  This means a lower dependence on fungicides, where they 
are already being used. 
 
Micronutrient-efficient varieties grow deeper roots in mineral deficient soils and are 
better at tapping subsoil water and minerals (Grubb 1994 and Brown et. al 1994).  When 
topsoil dries, roots in the dry soil zone (which are the easiest to fertilize) are largely 
deactivated and the plant must rely on deeper roots for further nutrition.  Roots of plant 
genotypes that are efficient in mobilizing surrounding, external minerals, not only are 
more disease resistant, but are better able to penetrate deficient subsoils and so make use 
of the moisture and minerals contained in subsoils.  This reduces the need for fertilizers 
and irrigation.  Plants with deeper root systems are more drought resistant. 
 
Micronutrient-dense seeds are associated with greater seedling vigor which, in turn, is 
associated with higher plant yield.  An important function of the seed is to supply the 
young seedling with minerals until it has developed a root system large enough to take 
over this role, but in nutrient poor soils, seed reserves may be insufficient to last while the 
extra roots are developed to compensate for the low mineral supply.  The result is a 
transient and critical period of deficiency when the seedling is particularly vulnerable.  
Pathogens and weeds may gain an advantage not otherwise given, so that the plants never 
regain lost potential. 
 
Although there is substantial genetic variability in the efficiency of uptake of mineral 
micronutrients from deficient soils and in nutrient loading into seeds, micronutrient 
efficiency is controlled by major, single gene inheritance.  The concentration and content 
of mineral micronutrients in seeds are the result of transport via living tissues (the 
phloem) from vegetative parts of the plant.  Thus, seed density depends on both the 
micronutrient density of vegetative tissues and on the efficiency of the transport process 
itself.  Both can be under genetic control, but there is considerable homeostasis built into 
the transport process so that even where the soil and vegetative plant are high in 
micronutrients, the levels in the seed are always relatively low.  An average view of 
genetic variation in micronutrient density is probably of the order of a factor of three, 
while their vegetative parts may vary perhaps one hundred times more than that. 
 
By far the most extensive survey of efficiency factors was carried out at the International 
Rice Research Institute by Ponnamperuma (1982).  Over a period of 10 years, some 
80,000 lines from the world collection were screened for types tolerant of a number of 
soil stresses, including micronutrient deficiencies.  Tolerant types gave a yield advantage 
of about two tons per hectare under any of seven different soil limitations.  
Ponnamperuma noted that zinc deficiency was widespread in wet rice and iron deficiency 
in dryland rice. 
 



 
A Workshop hosted by the International Rice Research Institute, Los Banos, Philippines organized by  the 

International Food Policy Research Institute 

 

Linkage of zinc efficiency to other efficiency traits (for example, manganese) is poor, 
suggesting independent mechanisms and genetic control not linked to gross root system 
geometry.  Zinc-efficient genotypes absorb more zinc from deficient soils, produce more 
dry matter and more grain yield, but do not necessarily have the highest zinc 
concentrations in tissue or grain.  Although high grain zinc concentration also appears to 
be under genetic control, it is not tightly linked to agronomic zinc efficiency traits and 
may have to be selected for independently. 
 
3. Will breeding for micronutrient-dense seeds change the processing or consumer 
characteristics of staple foods? 
 
Mineral micronutrients comprise a tiny fraction of the physical mass of a seed, perhaps 
ten parts per million.  Dense seeds may contain perhaps as many as fifty parts per million.  
It is not expected that such small amounts will alter the appearance, taste, texture, or 
cooking quality of foods. 
 
Increasing the seed content of betacarotene, which is associated with an orange or yellow 
color, will alter its color which might well reduce consumer preference.  However, 
nutrition education could turn this obstacle to an advantage, as consumers could be taught 
that deepness of color is visually representative of a nutrient-dense product. 
 
4. Will micronutrient intakes be increased to a significant degree? 
To what extent will the extra micronutrients in staple foods consumed be bioavailable? 
 
As stated in the introduction, an underlying cause and fundamental constraint to solution 
of the micronutrient malnutrition problem is that non-staple foods, particularly animal 
products, tend to be the foods richest in bioavailable micronutrients, which the poor in 
developing countries cannot afford.  Their diets consist mostly of staple foods, primarily 
cereals.  For the poor, these staple foods already are primary sources of what 
micronutrients they are able to consume, particularly minerals. 
 
This is demonstrated by food intake data shown in Tables 1 and 2 for survey populations 
in Bangladesh and the Philippines, respectively.1  Average incomes in these households 
range from U.S.$45 per capita per year in the poorest 20% of households to $250 in the 
richest 20% of households.  Thus, they are typical of the middle to lower end of the 
income distribution in rural areas of these countries. 
 

                                                           
1

  A detailed discussion of how these data were collected and patterns of food 
consumption for these populations is provided in Bouis and Novenario-Reese (1997) and 
Bouis and Haddad (1992) for Bangladesh and the Philippines, respectively.  The 
Bangladesh survey population is somewhat poorer than the Philippines survey 
population.  One half of the Bangladesh survey population was drawn from distressed 
areas.  
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The first priority for these poor households in terms of food purchases is to obtain 
calories to satiate hunger.  The most inexpensive sources of calories are food staples, rice 
and wheat in the case of Bangladesh and maize and rice in the case of the Philippines.  
Once a critical amount of calories are acquired from inexpensive food staples, as incomes 
increase consumers purchase non-staple foods at the margin, particularly animal products 
and fruits, and to some extent substitute more expensive but more preferred food staples 
for inexpensive staples.2 
 
Not only are food staples poor (non-dense) sources of trace minerals, but anti-nutrient 
(e.g. phytate) levels are high which reduces the bioavailability of overall intakes of trace 
minerals.  Nevertheless, for poor populations such as those represented in Tables 1 and 2, 
food staple consumption so dominates diets (their low incomes preclude the consumption 
of desired levels of non-staple foods) that primary food staples provide in the range of 
40-55% of total iron intakes for lower income households, as shown in Tables 1 and 2. 
 
If a single food staple provides 50% of total iron intakes for a poor population (e.g. for 
rice in Bangladesh), then a doubling of the iron density in that food staple will result in a 
50% increase in total iron intakes, and a tripling of the iron density will mean a doubling 
of total iron intakes. 
 
A strength of a plant breeding approach which focuses on food staples, then, is that it 
relies on existing consumer behavior.  The poor consume large amounts of food staples 
on a daily basis.  If a high proportion of the domestic production of food staples can be 
provided by nutritionally improved varieties, nutritional status can be improved without 
resort to programs which depend on behavioral change.3  Trace minerals constitute such a 
small physical part of the grain (at most a few dozen parts per million) that increasing 
density is not expected noticeably to change consumer characteristics (appearance, taste, 
odor, texture, cooking qualities). 
A key issue is whether the percent bioavailability of total iron (or zinc) intakes will 
remain constant or decline.  FAO/WHO recommend that people who obtain less than 10 
percent of their calories from animal foods need more iron because perhaps only 5 
percent of total intake is absorbed.  There is no reason to think that the degree of 
absorption of additional iron would be lower than the present rate of absorption.  For 
example, rat studies suggest that percent bioavailable iron (and zinc) remains relatively 
constant across cereal genotypes with high and low density (see paper presented by Ross 
Welch at this conference). 
 

                                                           
2 There is disagreement in the economics literature as to whether aggregate food staple 
intakes increase rapidly with income in developing countries (Subramanian and Deaton, 
1996) or not (Bouis, 1994). 

3 Likewise no behavioral change is required of farmers, if nutritionally-improved varieties 
have unique agronomic advantages on trace mineral deficient soils, or if these traits are 
incorporated into highly profitable varieties.  Profits then motivate farmers to adopt and 
produce these nutritionally-improved varieties. 
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A second key issue is the range of genetic diversity in iron (or zinc) density that can be 
identified for use in breeding programs, which will determine the maximum level to 
which trace mineral density can be increased.  Germplasm screening under the CGIAR 
Micronutrients Project suggests that trace mineral content of cereals can be doubled at 
minimum, as compared with commonly eaten cereal genotypes (see section V below).  
This would increase the iron intakes of the populations surveyed in Tables 1 and 2 by 
about 50 percent.  
 
Iron deficiency anemia is widespread among adult women in developing countries.  For 
the lower income households in Tables 1 and 2, iron intakes for women range between 
50-75% of recommended daily allowances.  Despite well-known difficulties with 
determining useful benchmarks for recommended daily allowances of iron, it would seem 
evident that a 50% increase in intakes of bioavailable iron would be of considerable 
benefit to anemic women with such low iron intakes.  Nevertheless, human studies still 
need to be undertaken to measure effects of increased iron (or zinc) density in food 
staples on iron (or zinc) status and consequent improvements in health and productivity. 
 
Similar arguments apply to those staples in which provitamin A content may be enriched 
by plant breeding (wheat, maize, and cassava, for example).  Some differences apply, 
however, as compared with trace minerals.  First, no agronomic advantages accrue to 
higher provitamin A content, so that high density will need to be bred into varieties which 
are otherwise high-yielding.  Second, the color of the final food product may change so 
that consumers may need to be educated as to the improved nutritional content, although 
if education programs are successful, the color change becomes an advantage in that it 
identifies those particular varieties of superior nutritional quality. 
 
A breeding strategy of lowering the level of inhibiting substances (anti-nutrients, e.g. 
phytates) in the grain has often been suggested as a way to increase the bioavailability of 
minerals already consumed.  Phytin is the primary storage form of phosphorus in most 
mature seeds and grains and is an important compound required for early seed 
germination and seedling growth (Welch 1986 and Wise 1995).  Phytin plays an 
important role in determining mineral reserves of seeds and, thus, contributes to the 
viability and vigor of the seedling produced (Welch 1993).  Selecting for seed and grain 
crops with substantially lower phytin content could have an unacceptable effect on 
production, especially in regions of the world having soils of low phosphorus status 
and/or poor micronutrient fertility (Graham and Welch 1996). 
 
Such attempts to significantly lower the antinutrient content of seeds and grains require a 
major shift in seed or grain composition.  Because most of the antinutrients known to 
occur in seeds and grains are major organic constituents of these organs, they may play 
additional, but as yet unrecognized, beneficial roles in plant growth and human health.  
Therefore, a breeding strategy of attempting to increase iron bioavailability by reducing 
antinutrient content is not recommended (Graham and Welch 1996). 
 
Certain amino acids (cysteine and lysine, but particularly methionine) enhance iron 
and/or zinc bioavailability (Hallberg 1981).  These amino acids occur in many staple 
foods, but their concentrations are lower than those found in meat products.  A modest 
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increase in the concentrations of these amino acids in plant foods may to have a positive 
effect on iron and zinc bioavailability in humans.  Iron and zinc occur only in micromolar 
amounts in plant foods, so only micromolar increases in the amounts of these amino acids 
may be required to compensate the negative effects of antinutrients on iron and zinc 
bioavailability.  These amino acids are essential nutrients for plants as well as for 
humans, so relatively small increases of their concentrations in plant tissues should not 
have adverse consequences on plant growth.  The optimal breeding strategy from the 
point of view of bioavailability may be to increase levels of promotor compounds 
(Graham and Welch 1996). 
 
5. Are there other lower-cost, more easily sustainable strategies for reducing 
micronutrient malnutrition? 
 
A plant breeding strategy, if successful, will not eliminate the need for supplementation, 
fortification, dietary diversification, and disease reduction  programs in the future.  
Nevertheless, this strategy does hold promise for significantly reducing recurrent 
expenditures required for these higher-cost, short-run programs by significantly reducing 
the numbers of people requiring treatment. 
 
The World Bank (1994) estimates that at the levels of micronutrient malnutrition existing 
in South Asia, 5% of gross national product is lost each year due to deficiencies in the 
intakes of just three nutrients: iron, vitamin A, and iodine.  For a hypothetical country of 
50 million persons burdened with this rate of malnutrition, deficiencies in these three 
nutrients could be eliminated through fortification programs costing a total of $25 million 
annually, or 50 cents per person per year. The monetary benefit to this $25 million 
investment is quite high in terms of increased productivity -- estimated to be $20 per 
person per year, or a forty-fold return on an investment of 50 cents.  These benchmark 
numbers will be used below as a basis of comparison with the benefits of a plant breeding 
strategy. 
 
Calculation of Benefit-Cost Ratios 
 
Calculation of benefit-cost ratios inherently requires making a number of assumptions.  
In order to tie the assumptions made here to a concrete example, it will be helpful to use 
the country of Turkey as a case in point.  The analysis will focus specifically on the 
problem of wheat production on zinc-deficient soils in Turkey and its relationship to 
human nutrition. 
 
Using numbers rounded off for illustrative purposes, about 10 million hectares of wheat 
are harvested each year in Turkey.  Average yields are about two tons per hectare, giving 
a production of 20,000 million kilograms for a population of 60 million people.  
International trade in wheat is negligible, giving a per capita annual availability of 330 
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kilograms, of which about two-thirds is directly consumed as wheat and bread products 
(FAO, 1995).  This establishes that wheat is the primary food staple consumed.4 
 
In deriving benefit-cost estimates, it will be useful to make assumptions which will likely 
understate benefits and overstate costs, as discussed below. 
 
About one-half of the ten million hectares harvested to wheat are planted on zinc-
deficient soils (Cakmak 1996).  Braun (personal communication) has estimated that 
development of zinc-efficient varieties (the seeds of which are more viable and vigorous 
as discussed in chapters 3 and 5) will allow a lowering of seeding rates from 250 to 150 
kilograms on these five million hectares.  A savings of 80 kilograms per hectare in seed is 
assumed below. 
 
Zinc-efficient varieties with zinc-dense seeds are higher-yielding in zinc-deficient soils 
for reasons discussed in  chapter 5.  Data from Cakmak (1996) show that wheat yields for 
present (non-efficient) genotypes be increased by between one and two tons per hectare 
on zinc-deficient soils through applications of zinc fertilizers.  In the benefit-cost 
analysis, an increase in yield of 300 kilograms (about 20% of the possible yield increase 
of 1.5 tons suggested by the data for zinc fertilizer applications) per hectare is assumed 
for improved zinc-efficient genotypes grown on zinc-deficient soils.5 
 
It is assumed that zinc-efficient varieties eventually are adopted on a maximum of only 
four million out of five million hectares.  This is forty percent of total area harvested for 
all wheat production in Turkey.  It is assumed that these improved varieties are consumed 
by the equivalent of 20 million people, or one-third of the population.6 
 

                                                           
4  220 kilograms per capita per year times a milling rate of 0.75 times 3,540 calories per 
kilogram of wheat flour, implies a daily per capita consumption of 1600 calories from 
wheat and bread products. 

5 It may be that returns to research on developing zinc-efficient varieties are higher in 
Turkey than other countries that have zinc-deficient soils.  However, as will be explained 
below, all the central costs incurred by the CGIAR Micronutrient Project are assigned 
only to benefits realized in Turkey and not elsewhere.  If benefits in Turkey alone pay for 
(justify) this central research cost, then spinoff benefits from this central research may be, 
in some sense, thought of as a free good to other countries.  These other countries, of 
course, will still have to incur country-specific research costs for adaptive breeding to 
realize these benefits. 

6  As with any fortification program, in practice it will not turn out that some persons will 
consume only the nutritionally-improved wheat varieties while all other persons will 
consume none of the nutritionally-improved varieties.  However, four million hectares 
planted to nutritionally-improved varieties could produce enough wheat to meet the total 
demand of 20 million persons, even if one-third of production goes to other uses (e.g. 
seed). 
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Between 1993 and 1996, international prices of wheat varied between $120 and $263 per 
ton (FAO 1997).  A value of $125 per ton is used in the benefit-cost analysis here.7  
 
Although there is increasing evidence that zinc deficiencies are a major public health 
problem in developing countries (Gibson, 1994), no estimates of the benefits of zinc 
intervention programs exist simply because zinc fortification and supplementation 
programs are not yet in place.  The World Bank analysis of a set of comprehensive 
fortification programs for three nutrients provides an estimate of benefits of $20 per 
person per year, or about $7 benefit per person per nutrient deficiency eliminated. 
 
For lack of a basis for a more precise estimate, the benefit-cost analysis here simply 
assumes a benefit of only $1 per person equivalent consuming the zinc-dense improved 
wheat varieties.8  As discussed in the previous section of this chapter, if zinc densities in 
food staples and other foods are similar to those of iron, and if zinc densities in wheat 
seeds were doubled and percent bioavailable zinc were to remain constant, this could 
represent the benefit derived from a daily increase of 50 percent in the intake of 
bioavailable zinc. 
 
Turning to costs, it is initially assumed that all first-phase central research costs (for all 
five crops for all three nutrients —- $10 million in total over five years) accrue to only 
one country, Turkey, and that this research is very narrowly successful -- only for zinc 
for wheat.  Second phase costs (over five years) for Turkey are also assumed to be $10 
million, again successful only for zinc for wheat.  Maintenance breeding costs are 
assumed to $200,000 per year after adaptive breeding (phase 2) is completed.9 
 
A benefit-cost analysis, shown in Table 3, is undertaken applying these assumptions.  
Note that no benefits are derived from plant breeding research until year 11 of the 
analysis, after all adaptive breeding is completed.  Improved varieties are assumed to be 
adopted on 0.8 million hectares, 1.6 million hectares, 2.4 million hectares, 3.2 million 
hectares, in years 11 through 14 respectively, and on 4.0 million hectares thereafter. 
 

                                                           
7  The low output price, then, takes into account any increase in production costs, say for 
harvesting and transport.  Also, prices quoted are f.o.b. so that farmgate prices will be 
lower.  However, seeding costs will be lower.  Also, trace mineral efficient varieties are 
more disease resistant and drought tolerant (see section V,  question 2), requiring fewer 
fungicides and less irrigation.  No calculation is made in the cost-benefit analysis to 
account for these savings. 

8  The actual benefit may be much higher than $1.  A conservative assumption is made in 
keeping with the strategy here of understating benefits and overstating costs.  

9  The benefit-cost analysis is not sensitive to this particular assumption due to the fact 
that these expenses are incurred far enough in the future that the present value is  a low 
percentage of current costs. 
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All benefits and costs are expressed in terms of present value.10  A discount rate of 12% 
is used (see Gittinger 1982, p. 314).  Because of the long lag times between investment 
and benefits for agricultural research, benefits are discounted by 80-90% in years 15-20 
of the analysis. 
 
Expressed in present values, costs are about $13 million and benefits $274 million, giving 
a benefit-cost ratio of over 20, which is quite favorable despite the very conservative 
assumptions made and despite the long time lag between investments and benefits. 
 
In Table 3, the present value of central research costs ($8.1 million) constitute 62% of 
total costs.  Although the results of this central research may be applied in countries 
(developing and developed) all over the world, all costs are applied to Turkey.  Also in 
Table 3, agronomic benefits of the improved seeds account for 90% of the benefits, 
partially due to the conservative assumptions made as to nutritional benefits. 
 
Table 4 undertakes an analysis of the sensitivity of benefit-cost ratios to some of these 
assumptions.  Specifically, benefit-cost ratios are calculated assuming instead that: (i) 
10% of central costs are apportioned to Turkey, (ii) agronomic benefits are reduced by 
half over those assumed in Table 3, (iii) only nutrition benefits are realized (no 
agronomic benefits), and (iv) an additional five years and $10 million in costs are 
required to realize agronomic and human nutrition benefits. 
 
Under the more realistic assumption that only ten percent of central costs are applied to 
Turkey and maintaining the benefits structure applied in Table 3 intact, the benefit-cost 
ratio approaches the extremely high value of 50, which compares well with the benefit 
claimed by the World Bank for supplementation and fortification programs directed at 
micronutrient malnutrition.11 
 
Delaying benefits by five years (and increasing costs) reduces benefit-cost ratios by a 
factor of about three.  Still benefit-cost ratios remain at high levels, except in the extreme 
case where there are only human nutrition (and no agronomic) benefits and the 
realization of these benefits is pushed back to years 16-20. 
 

                                                           
10 The intuition behind concept of present value may be explained by asking: which has 
more value, $1 today or $1 a year from now?  $1 today is worth more in that it could be 
deposited (say) in a savings account so that it might be worth $1.05 next year, depending 
on the interest rate.  Applying the same logic backwards in time, a $1 benefit next year 
might be worth only 95 cents today, depending on the discount (interest) rate used.  Due 
to compounding of discount rates over a number of years, it is easily seen that the present 
value of a $1 benefit realized ten or more years in the future is a low percentage of $1.  In 
general, if the present value of benefits of a project is greater than the present value of 
costs (a benefit-cost ratio greater than 1), the project is a sound investment, assuming that 
an appropriate discount rate has been used. 

11  Turkey accounts for about 10% of wheat area harvested in Asia (FAO, 1995). 
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Does this mean that a plant breeding strategy directed at improving human nutrition 
depends critically on the coexistence of agronomic benefits?  Certainly not.  Benefit-cost 
ratios for scenarios involving only benefits to human nutrition in Table 4 reasonably 
could be multiplied by several multiples for the following reasons: 
 
1.  Size of population affected.  Zinc-dense varieties are assumed to reach 1 out of 3 
persons in Turkey (ignoring any population growth).  Some agricultural research could 
and should be directed at incorporating zinc-density into high-yielding wheat varieties 
grown in parts of the country where zinc-deficient soils are not a problem.  This would 
expand the population benefitting from improved zinc intakes. 
 
Morever, Turkey is not a large country in terms of population.  Turkey was selected for 
these calculations because of the availability of reasonably hard numbers for undertaking  
estimates of agronomic benefits (Cakmak 1996).   For more populous countries (e.g. 
India), the underlying research costs are not necessarily substantially higher, but the 
benefits may accrue to a much larger number of people. 
 
2. Size of benefit per person.  According to World Bank estimates cited earlier, 
elimination of iron, iodine, and vitamin A deficiency is worth an annual benefit of about 
$7 per nutrient per capita.  A figure of $1 per capita has been used here for zinc.  There is 
no specific reason for lowering the benefit by a factor of seven other than a 
methodological strategy of undertaking conservative estimates of benefits.  While the 
daily “dosage” of zinc supplied through nutritionally-improved staple grains will be 
lower certainly than could be supplied through supplementation or perhaps commercial 
fortification (although no zinc supplementation or fortification programs are as yet in 
operation in developing countries), once these varieties enter the food production and 
marketing system they will provide this dosage day in and day and day out for an entire 
lifetime eventually. 
This last point highlights an essential difference between investments in standard 
fortification programs and fortification through plant breeding strategies.  Standard 
fortification programs must be sustained at the same level of funding year after year.  If 
investments are not sustained, benefits disappear.  Such investments apply to a single 
geographical area such as a nation-state.  By contrast, investments in research in plant 
breeding have multiplicative effects -- benefits may accrue to a number of countries.  
Moreover, benefits are sustainable -- benefits from breeding advances typically do not 
disappear after initial investments and research are successful, as long as an effective 
domestic agricultural research infrastructure is maintained. 
 
 
V. FINDINGS-TO-DATE OF CGIAR MICRONUTRIENTS PROJECT 
 
Having been convinced that the existing scientific evidence provided satisfactory answers 
to the above five questions, DANIDA, USAID, and ACIAR have funded exploration of 
the potential in CGIAR germplasm banks of the major staple crops for micronutrient 
density.  As a major report was published recently (Graham, Senadhira, Beebe, Iglesias 
and Ortiz-Monasterio, 1999), a summary of our findings and interpretations is presented 
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here.  (Besides the authors named and the current authors, Drs G. Gregorio, W. Roca, and 
H. Cabellos have contributed to this effort.) 
 
Wheat:  From a survey of CIMMYT wheat germplasm, Dr Ortiz-Monasterio found four 
or five-fold variation between the lowest and highest iron and zinc concentrations in the 
grain among several hundreds of accessions.  The highest concentrations were about 
twice those of popular modern cultivars, so that a factor of two is the likely potential for 
improvement over the currently grown varieties.  However, Ortiz-Monasterio (1998) has 
found iron and zinc density in wild relatives of modern bread wheats to be even greater 
(100 and 140mg/kg respectively), up to 50% more again.  Since the seeds of these wild 
progenitors are often small, it remains to be shown whether their iron and zinc density 
will still be fully expressed when the trait is introgressed into high-yielding cultivars. 
 
Generally, what has been found for iron and zinc, has also been shown for other minerals 
in grain.  Moreover, there is a positive correlation of iron and zinc concentrations in 
grain.  This significant, but not perfect, “linkage drag” means that screening for iron 
alone is likely to improve the concentrations of several minerals, but the correlation is 
significant for iron, zinc and calcium, three cations of special importance to human 
nutrition.  Lines especially high in both iron and zinc have been found, and moreover, 
among high-yielding lines, it has been demonstrated that the high-density traits can be 
combined with high yield.  With micronutrient density traits, there appears to be no (or 
very little) negative correlation with yield.  This is a most aspect of the breeding strategy 
— getting these nutrition benefits to all consumers via varieties that farmers will want to 
grow.  The fact that we may be able to raise the concentrations of all or several minerals 
together, and especially the more critical ones, will benefit consumers in terms of 
nutritional balance as well. 
 
Rice:  The findings in the rice component of the project are particularly encouraging.  
Iron density in rice varied from 7-24 mg kg-1 (all concentrations reported are on a dry 
weight basis) and zinc density from 16-58 mg kg-1.  A benchmark was established in that 
nearly all the widely grown “green revolution” varieties were similar, about 12 and 22mg 
kg-1 for iron and zinc respectively.  The best lines discovered in the survey of the 
germplasm collection were therefore twice as high in iron and 1.5 times as high in zinc as 
the most widely grown varieties today.  High iron and to a lesser extent, high zinc 
concentration, were subsequently shown to be linked to the trait of aromaticity.  Most 
aromatic rices such as jasmine and basmati types are high in both iron and zinc, and as 
before, generally in most minerals (Senadhira and Graham, 1999; Graham et al., 1997, 
1999).  The close linkage to aroma suggests iron density in rice expresses as a single gene 
trait since aroma is itself controlled at a single locus.  As in other crops, these 
micronutrient density traits have been combined with high yield.   
 
In addition to genetic variation in nutrient density in rice grains, there are genotypic 
differences in the relative loss of iron and zinc in the milling process.  Both because iron 
is inherently low in rice and because milling removes half or more of total iron in the 
seed, rice is the poorest in iron of all the cereals. 
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Maize:  A cereal with enormous yield potential, maize offers equally great potential 
nutritionally, although this is not generally accepted.  Generally, maize kernels have 
higher iron and zinc concentrations than grains of the other high yielding cereals, though 
as the project leader, Dr Banziger has shown, the potential to increase these 
concentrations by further deliberate selection within high-yielding germplasm appears to 
be less than in wheat or rice.  However, multiple aleurone layer (MAL) types are known 
and have been shown to have higher concentrations of all minerals than normal single 
layer maize (R.M. Welch, unpublished).  Modern maize also has much variation for 
protein and the modern high-lysine types offer better amino acid balance in this limiting 
nutrient.  Tissue culture selection (Phillips and McLure, 1985) has made available high 
methionine germplasm that further enhances the quality of the protein and potentially the 
absorption of iron and zinc in the gut.  Most importantly, in maize there are high  -
carotene types (yellow maize) that are very high yielding and available in combination 
with high-lysine and the other nutritional traits.  Bearing in mind the synergistic 
interactions among nutrients, this represents the best-balanced nutritional package 
available among the most productive staple crops.  While it is obviously deficient in 
vitamin C and tryptophan, a nutritionally enhanced maize has the potential to help 
balance a poor diet that is based on very few components.   
 
Beans:  In beans, Dr Beebe has shown considerable genetic variation in mineral 
concentrations among both wild beans and modern cultivars but domestication has not 
changed the mean concentrations of iron and zinc in the seeds, nor the range.  This is 
most surprising, given the marked increase in yield between wild and modern beans; 
obviously, the loading of iron and zinc into the bean seed has increased in proportion to 
the yield over the time of domestication.  The concentration of zinc in beans is one of the 
highest among vegetable sources, and is nearly equal to dairy products (Pennington and 
Young, 1990).  Unlike wheat and rice, the concentrations of iron are generally even 
higher than those of zinc, but like the cereals, iron and zinc are positively correlated.  
However, unlike the cereals, there is no correlation with calcium.  The concentrations of 
iron at the high end (100mg kg-1) are much higher than in the cereals, although relatively, 
the increase that is possible through deliberate selection is less.  Again, like wheat and 
rice, the high-density traits are fairly stable across environments, although, as in all crops, 
the environmental effect is also highly significant. 
 
Beans are high in phytate and tannins, both considered antinutrients that inhibit the 
absorption of dietary iron and zinc from the gut.  However, in the most comprehensive 
studies done to date, the bioavailability of the iron and zinc to rats and to humans is not 
dependent on the concentrations of either antinutrient, even though the amounts present 
varied over a wide range.  Genetic variation for these antinutrients exists but its 
exploitation depends on further bioavailability data to justify the effort and to define 
whether to increase or to decrease these constituents.  There are nutritional arguments for 
not decreasing their concentrations.  On the other hand, promoters of absorption, such as 
the sulfur-containing amino acids, also vary with genotype and have heritabilities that 
make breeding practical, if needed.  Since these amino acids are generally low in beans, 
as in many pulses, such a breeding effort would appear worthwhile, though the potential 
for increasing them may be only of the order of 20-30% of the current mean 
concentrations. 
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Cassava:   Like maize, cassava has much more potential nutritionally than is generally 
accepted.  Its poor reputation is probably because the root has low protein concentration, 
and dates from the 1960s when protein was considered the primary limiting factor for 
nutrition.  Cassava leaves and roots generally contain cyanogenic glycosides and so 
require careful processing to eliminate the cyanide before consumption.  The toxin is 
apparently useful in protecting the crop from insects, wild pigs and other animals, so the 
crop can be stored in the ground as a drought reserve.  However, sweet types exist that 
require less in the way of special preparation to remove the cyanide.  The CIAT team, 
Drs Iglesias, Roca, Bellotti and Cabellos, have advocated the use of the leaves as a green 
vegetable because some Brazilian populations depend on leaves from this crop for 
additional nourishment.  The study of the leaves strongly indicates considerable 
nutritional value, since they are high in protein, iron, zinc and other minerals, as well as 
vitamins A, B and C.  They are, therefore, a useful supplement to the roots that provide 
much energy but are low in protein.  Even so, studies have shown that there is 
considerable genetic variation for root protein, iron, zinc, calcium,  -carotene and vitamin 
C.  At the high end of the range, these concentrations can make an important contribution 
to nutrition.  For example, the concentration of vitamin C in the roots can be as high as 
40mg kg-1 (fresh weight basis), and the iron can be as high as 10mg kg-1, higher than in 
most milled rice.  In particular, there are in the Brazilian collection many accessions of 
cassava with yellow and even orange-colored storage roots.  For cassava roots,  -carotene 
varies from nil to 2.5 mg kg-1 of fresh root, sufficient to supply the recommended intake 
of a child from a portion the size of a small potato (Iglesias et al., 1997).  They have 
shown that the genetic control of  -carotene, in a cross of high x low pigmented types, is 
by two genes with epistatic effect controlling respectively transport and loading of 
precursors.  Genetic variation has also been shown in the extent of losses in nutritional 
value resulting from cooking and processing, a potentially fruitful area of research in 
food systems for health. 
Carotenoids:  The prospects for improving the provitamin A carotenoid density of staple 
plant foods are very good indeed.  Yellow types are well known in all the usual white 
starchy plant foods, but less known in rice.  Although the genetics are complex and 
somewhat obscure, rapid breeding progress is nevertheless possible since genetic gain in 
carotene content can be visually estimated with accuracy (Simon, 1992).  Recently, 
carotenoids other than  -carotene have been shown to be present in the eye where they 
function in preventing age-related macular degeneration (Khachik et al., 1999).  Such 
carotenoids are contained in many vegetables and fruits, as well as pasta and bread 
wheats (Rosser et al., 1999).  Strong carotenoid pigmentation was common in older bread 
wheat varieties, and yellow bread is still common in China where it is prized for its 
aroma and taste.  This century, wheat breeding has been focused on wheats producing 
white flour, driven by market demand, and the traits for high grain carotenoid content 
have been eliminated.  By re-educating consumers, these types could be brought back 
into breeding programs in all countries, but the benefits would be greater for resource-
poor consumers.  The importance of carotenes to iron deficiency anemia is indicated by 
the recent work of Garcia-Casal et al. (1998) who showed both vitamin A and  -carotene 
increased the gut absorption of iron from fortified cereal-based meals (see section VII).  
It remains to be shown whether other carotenoids can have the same effect.  Carotenoids 
abound in cereal germplasm, and even  -carotene can almost certainly be increased in 
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wheat through breeding.  It is already high in yellow maize and has eliminated vitamin A 
deficiency in pigs housed in winter (Brunson and Quackenbush, 1962).  The significance 
of carotenoids in cereals is the high intake of these staples and the chemical diversity of 
carotenoids present, so giving a spectrum of potential for quenching damaging free 
radical reactions within cells. 
 
Genotype environment interactions:  Expression of the micronutrient-density traits has 
been tested over a wide range of environments, and although the environmental effect 
itself is strong, the genotype effect is consistent across environments (implying the G*E 
interaction is not serious), sufficient to encourage a breeding effort.  Environmental 
factors considered by one or more of the crop programs include acid soils, alkaline soils, 
saline soils, acid-sulfate soils, iron-deficient soils, time of planting, field site, season, 
nitrogen fertilization, phosphorus fertilization, potassium status, elevation and drought 
stress. 
 
 
VI. CONCLUSIONS 
 
The time is long overdue for involving agricultural research directly in the fight against 
micronutrient malnutrition.  Because trace minerals are important not only for human 
nutrition, but for plant nutrition as well, plant breeding holds great promise for making a 
significant, low-cost, and sustainable contribution to reducing micronutrient, particularly 
mineral deficiencies in humans, and may have important spinoff effects for increasing 
farm productivity in developing countries in a way that is environmentally-beneficial. 
 
Results so far obtained under the CGIAR Micronutrient Project indicate that the breeding 
parameters are not difficult and are highly likely to be low cost.  The following points are 
seminal: 
 
    Adequate genetic variation in concentrations of b-carotene, other functional 

carotenoids, iron, zinc, and other minerals exists in the major germplasm banks to 
justify selection.   

    Micronutrient-density traits are stable across environments.   
    In all crops studied, it is possible to combine the high micronutrient-density trait with 

high yield, unlike protein content and yield that are negatively correlated. 
    Genetic control is simple enough to make breeding economic.   
    It will be possible to improve the content of several limiting micronutrients together, 

thus pushing populations towards nutritional balance.   
    Bioavailability of the extra nutrient in elite breeding lines is high for rats and where the 

density is high enough for the test, also to human colon cell lines.  Tests on human 
populations are now a high priority. 

 
Moreover, from a broader food-human nutrition systems perspective, the combining of 
benefits for human nutrition and agricultural productivity, resulting from breeding staple 
food crops which are more efficient in the uptake of trace minerals from the soil and 
which load more trace minerals into their seeds, results in extremely high ex ante 
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estimates of benefit-costs ratios for investments in agricultural research in this area.  This 
finding derives from the confluence of several complementary factors: 
 
    Rates of micronutrient malnutrition are high in developing countries, as are the 

consequent costs to human welfare and economic productivity. 
    High trace mineral density in seeds produces more viable and vigorous seedlings in the 

next generation and efficiency in the uptake of trace minerals improves disease 
resistance, agronomic characteristics which improve plant nutrition and productivity in 
trace mineral “deficient” soils. 

    A significant percentage of the soils in which staple foods are grown are “deficient” in 
these trace minerals, which has kept crop yields low.  In general, these soils in fact 
contain high amounts of trace minerals.  However, because of chemical binding to 
other compounds, these trace minerals are “unavailable” to staple crop varieties 
presently used. 

    Adoption and spread of nutritionally-improved varieties by farmers can rely on profit 
incentives, either because of agronomic advantages on trace mineral deficient soils or 
incorporation of nutritional improvements in the most profitable varieties being 
released. 

    Because staple foods are eaten in large quantities every day by the malnourished poor, 
delivery of enriched staple foods (fortified by the plants themselves during growth) can 
rely on existing consumer behavior. 

    Benefits to relatively small investments in agricultural research may be disseminated 
widely, potentially accruing to hundreds of millions of people and millions of acres of 
crop lands.  

    Breeding advances are derived from initial, fixed costs, with low recurring costs, and 
thus tend to be highly sustainable as long as an effective domestic agricultural research 
infrastructure is maintained. 

 
In treating iron deficiency in developing countries, Yip (1994) argues that if prevalence 
rates are above 25%, the best approach is to develop programs to improve the iron status 
of the entire population.  In such situations, which for preschoolers and women in 
developing countries are the rule rather than the exception, this is cheaper than screening 
for iron-deficient individuals.  By increasing the iron content of food staples through 
plant breeding, the entire iron status distribution curve can be shifted to the right, so that 
targeting a subsequently smaller group of iron-deficient persons could become feasible.  
On the other hand, since the cultivars under development probably contain phytate-bound 
iron of plant origins, their dissemination can be expected not to increase the risk of iron 
toxicity that may exist in a very low percentage of wealthy individuals in the population. 
 
Unfortunately, much less is known about the prevalence of zinc deficiency in developing 
countries, or about the distribution curve for biochemical indicators of zinc status.  Even 
less is known about the cost of interventions for the prevention and control of zinc 
deficiency simply because wide-scale testing of possible interventions awaits conclusion 
of the debate over whether zinc deficiency should be regarded as a major public health 
problem.  Certainly, plant breeding is an option that should be exploited as quickly as 
possible to reduce zinc deficiency. 
 



 
A Workshop hosted by the International Rice Research Institute, Los Banos, Philippines organized by  the 

International Food Policy Research Institute 

 

A plant breeding strategy, if successful, will not eliminate the need for supplementation, 
fortification, dietary diversification, and disease reduction programs in the future to 
combat micronutrient malnutrition.  Nevertheless, this strategy does hold great promise 
for significantly reducing recurrent expenditures required for these higher-cost, short-run 
programs by significantly reducing the numbers of people requiring treatment.  Cost is 
not a key issue in the decision to pursue a plant breeding strategy to improve human 
nutrition.  A relatively modest level of resources is required and the potential payoff is 
quite high. 
 
Rather, the two key issues are: (i) will staple varieties with mineral-dense seeds be widely 
adopted by farmers in developing countries, either because of agronomic advantages on 
trace mineral-deficient soils or through this characteristic being bred into the highest-
yielding varieties?; and (ii) will the additional nutrients contained in the seeds be of  a 
sufficient magnitude and sufficiently bioavailable so as to have an appreciable impact on 
micronutrient status? 
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Table 1. Food Expenditures Per Capita Per Week and Percent Contributions to Calorie 
and Iron Intakes For A Survey Population in Bangladesh. 
 

 
 

Food 
Group 

Poorest 20% of 
Surveyed Households 

Richest 20% of 
Surveyed Households 

Average For All 
Surveyed Households 

 Percent Contribution to Household Food Expenditures 
Rice, Wheat 69 54 62 
Meat, Fish 9 19 14 

Other Foods 22 27 24 
Total 100 100 100 

 Percent Contribution to Household Calorie Intakes 
Rice, Wheat 87 81 84 
Meat, Fish 1 4 2 

Other Foods 12 15 13 
Total 100 100 100 

 Percent Contribution To Household Iron Intakes 
Rice, Wheat 55 43 51 
Meat, Fish 3 6 5 

Other Foods 42 52 45 
Total 100 100 100 
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Table 2. Food Expenditures Per Capita Per Week and Percent Contributions to Calorie 
and Iron Intakes For A Survey Population in the Philippines. 
 

 
 

Food 
Group 

Poorest 20% of 
Surveyed Households 

Richest 20% of 
Surveyed Households 

Average For All 
Surveyed Households 

 Percent Contribution to Household Food Expenditures 
Maize, Rice 45 24 33 
Meat, Fish 28 39 32 

Other Foods 27 37 35 
Total 100 100 100 

 Percent Contribution to Calorie Intakes 
Maize, Rice 84 70 79 
Meat, Fish 4 10 6 

Other Foods 12 20 15 
Total 100 100 100 

 Percent Contribution To Iron Intakes 
Maize, Rice 43 30 36 
Meat, Fish 18 36 25 

Other Foods 40 34 39 
Total 100 100 100 
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Table 3.  Benefit-Cost Analysis for Breeding for Zinc-Dense Wheats in Turkey. 
 

 
 
 

Year 

Investment 
Cost 

  Fortification 
Through Plant 

Breeding 

  

  
 

In Current 
Dollarsa  

Factor for 
Compu- 
tation of 
 Present 
Valueb 

 
 

Present 
Value 

 
No. of 

Persons 
Affected 
(millions) 

 
 

Nutrition 
Benefit 

 
 

Benefit of 
Reduced 
Seeding 

 
Benefit of 

Higher Plant 
Yields 

Total 
Benefits 

        Current 
Dollars 

Present Value 

0 2.0 1.000 2.00 - - - - - - 
1 2.0 0.893 1.79 - - - - - - 
2 2.0 0.797 1.59 - - - - - - 
3 2.0 0.712 1.42 - - - - - - 
4 2.0 0.636 1.27 - - - - - - 
5 2.0 0.567 1.13 - - - - - - 
6 2.0 0.507 1.01 - - - - - - 
7 2.0 0.452 0.90 - - - - - - 
8 2.0 0.404 0.81 - - - - - - 
9 2.0 0.361 0.72 - - - - - - 
10 0.2 0.322 0.06 - - - - - - 
11 0.2 0.287 0.06 4.0 4.0 8.0 30.0 42.0 12.05 
12 0.2 0.257 0.05 8.0 8.0 16.0 60.0 84.0 21.59 
13 0.2 0.229 0.05 12.0 12.0 24.0 90.0 126.0 28.85 
14 0.2 0.205 0.04 16.0 16.0 32.0 120.0 168.0 34.44 
15 0.2 0.183 0.04 20.0 20.0 40.0 150.0 210.0 38.43 
16 0.2 0.163 0.03 20.0 20.0 40.0 150.0 210.0 34.23 
17 0.2 0.146 0.03 20.0 20.0 40.0 150.0 210.0 30.66 
18 0.2 0.130 0.03 20.0 20.0 40.0 150.0 210.0 27.30 
19 0.2 0.116 0.02 20.0 20.0 40.0 150.0 210.0 24.36 
20 -- 0.104 -- 20.0 20.0 40.0 150.0 210.0 21.84 

Total 22.0 -- 13.07 -- 160.0 320.0 1200.0 1680.0 273.76 
a   All dollar values are in millions of dollars. 
b   Assumes a 12% discount rate. 
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Table 4. Sensitivity of Benefit-Cost Ratio to Alternative Cost and Benefit Assumptions. 
 
 
Assumptions Regarding 
Central Research Costs 

 
Assumptions Regarding 
Magnitude of Benefits 

Benefit-Cost Ratio  

   
Benefits Applied in Years 
11-20 As Shown in Table 3 

Benefits Applied in Years 
16-25 With 5 Years Additional 
Research Costs in Turkey a  

 
 
All Central Research Costs 
Applied to Turkey 

Benefits As Shown in Table 3 
 

 
20.9 

 
7.8b 

 150 Kg. Increment in Yield 
And 40 Kg. Seed Savings 

 
11.5 

 
4.3 

 Only Human Nutrition Benefit 
 

 
2.0 

 
0.7 

 
 
One-Tenth of Central Research 
Costs Applied to Turkey 

Benefits As Shown in Table 3 
 

 
47.3 

 
14.6 

 150 Kg. Increment in Yield 
And 40 Kg. Seed Savings 

 
25.9 

 
8.0 

 Only Human Nutrition Benefit 
 

 
4.5 

 
1.4 

 
 
a  $10 million increase in current costs in years 10-14 ($2.6 million increase in present value cost), although present values of 
    of maintenance breeding costs declines to $0.24 million. 
 
b Present value of benefits declines to $120.1 million from $273.8 million in Table 3. 
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