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Access to healthy diet is a fundamental right of every
human being on this planet. Yet 800 million people,
mostly in developing countries, go to bed hungry
everyday. Micronutrient deficiencies affect 3 billion
people. Malnutrition hinders the development of human
potential and the nation’s social and economic
development. Access to food depends on income.
Currently, more than 1.3 billion of world’s population is
absolutely poor, somehow surviving on per capita income
of less than one U.S. dollar/day. Another two billion are
marginally better off [1]. Thus, investments in
employment generation are as important as investments
in food production. The malnutrition problem is further
exaggerated by increasing world population which is
likely to reach 8 billion by 2030. Most of this increase
(93%) will take place in the developing world, whose
share of global population is projected to increase from
78% in 1995 to 83% in 2020.

In addition to protein-energy malnutrition,
deficiencies of minerals and vitamins affect a high
proportion of the world’s population, particularly in the
developing world. Thus, human nutrition organizations
such as World Health Organization (WHO), and more
recently the Consultative Group on International
Agricultural Research (CGIAR), have made fighting this
‘hidden hunger’ (i.e. micronutrient deficiencies) a high
priority [1, 2]. The micronutrients iron (Fe), zinc (Zn),
iodine (I) and Vitamin A have been targeted for
intervention due to the immense magnitude of the
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problem of deficiencies of these micronutrients amongst
the world’s poor. Estimates are that two billion of the
world’s population are Fe deficient, with consequent
diminished work performance, impaired body
temperature regulation, impaired psychomotor
development and intellectual performance, detrimental
behavioral changes (e.g. significantly decreased
responsiveness and activity, and increased body tension
and fearfulness), decreased resistance to infection and
increased susceptibility to Pb poisoning [3]. Women and
children are particularly at risk of Fe deficiency because
of their elevated requirements for child-bearing and
growth respectively. An estimated 58% of the pregnant
women in developing countries are anemic, and their
infants are more likely to be born with a low birth weight.
WHO estimates 31% of these children under 5 years old
are also anemic.

At least 400 million of the world’s population have
vitamin A deficiency, and of that number more than 100
million are young children. As many as three million
children die annually as a result of Vitamin A deficiency.
Fourteen million children suffer from clinical eye
problems, and increased risk of respiratory diseases and
diarrhea [4].

One billion of the world’ population reside in I-
deficient regions, with numerous inhabitants of these
areas suffering from I-deficiency disorders, including
goiter, cretinism, lower intelligence quotients and
increased prenatal mortality [5]. Zn deficiency, thought
to be widespread, can lead to retarded growth, depressed
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immune function, anorexia, dermatitis, skeletal
abnormalities, diarrhoea, alopaecia, increased
complications, and mortality during childhood if it is
prolonged [5a]. Furthermore, Zn deficiency in man has
been linked to Vitamin A underutilization. Even in the
developed countries, micronutrient deficiencies affect a
significant number of the population. Taken together,
micronutrient deficiencies affect a far greater number of
the world’ population than protein-energy malnutrition [6].

Tackling the Micronutrient Malnutrition
Intervention program, including supplementation, food
fortification and education, have been successful in
reducing malnutrition in specific situations, and will be
needed in the future. For example, dietary I
supplementation program, through the use of iodized salt,
have proved to be effective in many countries. The
programs are inexpensive and reach many of the
populations most at risk [5]. However, for the
micronutrients Fe, Zn and vitamin A such program are
expensive, incur ongoing annual expenditures and are
unlikely to reach all of those at risk. Moreover, these
intervention programs have often been suspended for
economic, political and logistical reasons [7].

Nutritionists agree that part of the solution to
micronutrient deficiencies is convincing the population
to make their diets more nutritious. So far, however,
attempts to change eating behavior have been
unsuccessful. It is often difficult to make dietary changes
using local foods if you are poor. One project designed
to increase Vitamin A consumption among the poor in
Northeast Thailand showed positive results. The project
promoted vitamin-rich foods as something used by loving
and caring mothers, focusing on a locally-grown
vegetable, ivy gourd (Coccinia grandis), which is rich
in Vitamin A and they could cultivate themselves. Most
projects seeking to change diets, however, end with
participants returning to their old ways. Such approaches
have worked only in limited settings. They require a lot
of input, constant follow-up and education. When they
are scaled up, they rarely work, so they tend not to be
sustainable. Under these limitations, breeding for trace-
mineral-dense seeds has been considered most effective
for tackling micronutrient deficiencies. Crop varieties
with mineral-dense seeds are not only useful for
alleviation of hidden hunger, but also suitable for growing
on trace-mineral-deficient soils. Results from Australia
and elsewhere show that where the soil is deficient in a
particular micronutrient, seeds containing more of that
nutrient have better germination, better seedling vigor,
and more resistance to infection during the vulnerable
seedling stage. These benefits to crop establishment can,
in turn, result in higher grain yields. Thus, priorities for
human and plant nutrition may often coincide [8].

The new strategy for supplying micronutrients to
the poor in developing countries involves making the
staple foods they eat more nutritious by using
conventional plant breeding and biotechnology. This
strategy is low cost and sustainable, and it does not
require a change in eating habits and does not impose
the recurring costs that accompany fortification and
supplements. The greatest potential for improving
nutritional status on a large scale involves breeding
micronutrient dense staple crops (biofortification) which
feed world’s poor. Biofortification efforts are underway
in several crops.

Improving the amount and bioavailability of Iron
and Zinc
 A research project to develop improved rice varieties
with high Fe and Zn contents was initiated at the
International Rice Research Institute in 1992, with
screening of germplasm to identify donors.

About 7000 entries have been analyzed in
cooperation with the Department of Plant Science,
University of Adelaide, Adelaide, South Australia. A lot
of variation was observed in the rice germplasm for both
Fe and Zn contents in the grain. Among a subset of 1138
samples analyzed, Fe Concentration ranged from 6.3 to
24.4 mg/kg, with a mean value of 12.2 mg/kg. For Zn,
the range was 15.3-58.4 mg/kg. A comparison of the Fe
and Zn contents of selected varieties with those of widely
grown varieties IR 36 and IR 64 is shown in Table 1.
Traditional varieties Jalmagna and Zuchen contained
almost twice as much Fe and 50% more Zn compared
with IR36 and IR64. A number of aromatic rice varieties
such as Basmati 370 from India and Pakistan, and
Azucena from the Philippines also showed consistently
higher Fe as well as Zn contents [9]. Ortiz-Monasterio
and Graham [10] found a four- or five-fold variation
between the lowest and the highest Fe and Zn
concentrations in grain among several hundred wheat
accessions. The highest concentrations were twice those
of the popular modern cultivars.

Rice varieties with high Fe and Zn contents are tall,
traditional and low-yielding, and hence not suitable for
modern agriculture. Efforts are underway to develop
improved breeding lines with elevated levels of Fe and

Table 1 Iron and Zinc contents of brown (unmilled) rice of selected
varieties [9] (Mean values with their standard errors)

Fe (mg/kg) Zn (mg/kg)
Variety Mean SE Mean SE

Zalmagna 22.0 1.4 31.8 7.7
Zuchen 20.2 1.8 34.2 5.0
Xua Bue Nuo 18.8 0.8 24.3 0.7
Madhukar 14.4 0.5 34.7 2.8
IR64 11.8 0.5 23.2 1.4
IR36 11.8 0.9 20.9 1.4
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Zn. Crosses between these traditional varieties and high-
yielding varieties have produced progenies with both
high yield and high levels of these micronutrients. For
example, an improved breeding line with short stature,
IR68144-3B-2-2-3, from cross of a high-yielding variety
IR72 with the tall traditional variety Zawa Bonday from
India, has a high concentration of Fe in the grain about
21mg/kg in brown (i.e. unmilled) rice. Its yield potential
is comparable with that of improved rice varieties. A
human efficacy study using milled rice of this variety
was carried out during 9 month feeding trial among
young Filipino women in Philippines [11]. The results
showed 17 % higher total dietary iron consumption from
biofortified rice resulted in modest increase in serum
ferritin and total body iron. Interestingly the response
was greater in non-anemic subjects for ferritin and body
iron. This study proved that the consumption of
biofortified high iron rice increased the body iron
by 20 %.

Effect of Milling on the Iron Content of the Grain

Rice is consumed in the milled form after removal of
the bran. It is important, therefore, to determine what
proportion of Fe is lost during milling. Normally, rice is
milled for about 15 min. In the popular variety IR64 the
Fe content dropped by 35% after polishing for 15 min.
Thereafter, there was almost no reduction. Loss of Fe
after 15 min milling of Jalmagna and Tong Lan Mo Mi
was even higher and the Fe content decreased drastically
as polishing time increased. These observations confirm
reports that in rice grain, Fe and other micronutrients
are deposited in higher concentrations in the outer layers.
However, genotypic differences do exist with regard to
the distribution of micronutrients in different layers of
rice grain. The reduction in the Fe content of Xua Bue
Nuo, a traditional high-Fe rice from China, and IR68144-
3B-2-2 was much lower upon milling than that of other
varieties [9].

It also appears possible to raise the micronutrient
content of cereals through genetic engineering. For
example, Goto et al. [12] transferred the soybean ferritin
gene into the rice variety Kitaake through
Agrobacterium-mediated transformation. The promoter
for the rice-seed storage protein glutelin GluB-1 was used
to localize the expression of the soybean gene specifically
in the endosperm. The Fe content of the transgenic seeds
was as much as threefold greater than that of
untransformed controls. Similarly Lucca et al. [13]
introduced ferritin gene from common bean into rice and
transgenic rice lines had double the amount of Fe in seeds
as compared to controls.

Another genetic engineering approach for increasing
the bioavailability of Fe in rice diets is the elimination
of phytate. This sugar-like molecule binds a high

proportion of dietary Fe, so that the human body is unable
to absorb the Fe. Lucca et al. [13] introduced a fungal
gene for the enzyme phytase which breaks down phytate,
thus improving the bioavailability of Fe in rice diets.

Rasmussen & Hatzack [14] isolated Na2O-induced
mutants of barley with a low phytate content. The level
of free phosphate was higher in these mutants. The results
indicate the possibility of improving the nutritional value
of crops through mutation breeding.

Studies at CIAT (International Institute of Tropical
Agriculture) showed that certain varieties of common
bean had as much as 60-80 % more Zn than those of
commercially grown varieties. Breeding efforts are
underway to incorporate higher levels of Zn into
improved varieties [15].

Improving the Vitamin A Content
As mentioned above poor people whose diets primarily
consist of cereal grains and tubers have serious
prevalence of Vitamin A deficiency. Therefore, focus of
crop improvement for enhancing Vitamin A is on cereal
and tuber crops.

Rice

Rice grains do not contain β-carotene, the precursor to
Vitamin A. However, they do contain geranylgeranyl
pyrophosphate which can be converted to β-carotene by
a sequence of three enzymes in the Vitamin A
biosynthetic pathway. The three genes for these enzymes,
two (psy and lyc) from daffodil (Narcisus
pseudonarcissus) and crt1 from the bacterium Erwinia
uredovora, were introduced into the rice variety Taipei
309 through Agrobacterium tumefacien-mediated
transformation. One to three transgene copies were found
in transformed plants. Ten plants harbouring all three
introduced genes showed the normal vegetative
phenotype, were fully fertile, and had a yellow
endosperm indicating carotenoid formation. Extracts
from the coloured grains were analyzed and the goal of
providing at least 2μg provitamin A/gm seems to be
realistic [16]. The rice variety Taipei 309 was used to
introduce the β-carotene biosynthetic pathway, as it is
easy to transform. Further research has shown that only
two genes psy and crt1 are sufficient to establish
biosynthetic pathway leading to development of β-
carotene in rice endosperm. When Psy from maize and
crt1 were introduced in US rice variety Cocodrie, β-
carotene level was 23 times of that of transformed Taipei
309.

Taipei 309 is not cultivated and Cocodrie is not
suitable for growing in Asia. Moreover, information on
bioavailability and food safety of so called “golden rice”
is necessary before it can be commercialized. To oversee
further development of golden rice, Golden Rice
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Humanitarian Board (HumBo) (www.goldenrice.org)
was established. Under the auspicious of HumBo
program to transfer psy and crt1 genes from transformed
Cocodrie into varieties commercially grown in Asia
through backcrossing are underway. Six countries (India,
Indonesia, Myanmar, Bangladesh, Philippines and
China) have undertaken such projects. The backcrossing
program is most advanced at IRRI where popular Asian
rice varieties IR 36 and IR 64 are being used as recurrent
parents [17]. At present BC2 F3 progenies are being
evaluated in contained field trials. Bioavailability and
food safety evaluations are under way. It is expected that
golden rice will be available for commercial production
in 2011.

Cassava

Cassava is an important staple for 50 million poor people
particularly in Africa where Vitamin A deficiency is
rampant. Genetic variation in Cassava roots for β-
carotene is high. Orange colored roots have 9-10 times
more β-carotene as compared to white roots (Table 2).
Harvest Plus Program (Breeding Crops for Better
Nutrition) of CGIAR is identifying orange colored clones
with superior agronomic traits for popularizing.

Sweet Potato

Orange fleshed varieties of sweet potato are rich in
Vitamin A. However, consumer in Africa and elsewhere
prefer white fleshed varieties which are devoid of
Vitamin A. An action project was implemented by Kenya
Agricultural Research Institute (KARI), Nairobi, Kenya
in collaboration with International Potato Center (CIP),
Lima, Peru. Orange-fleshed varieties, both high yielding
and rich in β-carotene were introduced to women
farmers. The result was that orange-fleshed sweat
potatoes, both eaten alone and as ingredients in processed
foods were highly acceptable to both processors and
consumers. Using standard methods of analysis it was
demonstrated that their increased consumption did
indeed contribute to the alleviation of Vitamin A
deficiency in case study households [18]. In east and
southern Africa sweet potatoes are an important source
of calories for poor people. Most of the sweet potato
varieties grown there are white- fleshed and thus lack
β-carotene. Under a special project “Reaching end users
of orange-fleshed sweet potato in east and southern

Africa” Harvest Plus program (Harvest Plus, [19] is
popularizing orange-fleshed sweet potato varieties
amongst poor growers and consumers.

Maize

Maize is a dominant subsistence crop in much of Sub-
Saharan Africa. and the Americas where 17 to 30 % of
children under the age 5 are Vitamin A deficient. Most
of the maize consumers in Africa prefer white maize
which is devoid of β-carotene. A team consisting of
scientists from Cornell University, the University of
Illinois, Boyce Thompson Institute, DuPont Crop
Genetics and International Maize and Wheat
Improvement Center (CIMMYT) is working on
improving the β-carotene content of maize. The project
analyzed 300 genetic lines of maize selected to represent
the global diversity of maize and identified some varieties
that came close to the target amount of 15 microgram of
β-carotene per gram as compared to as low as 0.1
microgram per gram in standard varieties ((http://
www.news.uiuc.edu.news/08/0117maize.html)

Wheat

Strong carotenoid pigmentation was present in older
bread-wheat varieties. However, during this century
market demand has driven wheat breeding to be focused
on the production of wheat for white flour. These types
could be brought back into breeding program if desired.

Bananas

Queensland University of Technology in Australia has
developed transgenic bananas with β-carotene, vitamin
E as well as Fe. Introduction of psyB73 gene from maize
and crt1 from Erwinia uredovora led to the establishment
of biosynthetic pathway for the production of β-carotene.
Genes for enhanced iron content and vitamin E have also
been incorporated. The university has applied for license
to the Australian Government for international release
of these the biofortified bananas (http://
www.ogtr.gov.au).

Improving the Amino Acid Balance
Human diet derived from cereal grains is deficient in
some of the ten amino acids which are required for
normal growth and development. Lysine is the most
limiting amino acid. Natural variation in maize
germplasm was exploited to develop quality protein
maize (QPM) at CIMMYT in Mexico. The opaque2
gene was incorporated into maize varieties through
breeding and it led to doubling of lysine and tryptophane.
QPM maize varieties have been released in several
countries in Africa and are grown on almost a million
hectares [20].

Millions of people in Sub-Saharan Africa suffer from
health problems associated with vitamin and mineral

Table 2 Average Carotene content in Cassava roots classified according
to root color

Root Color Numerical  Carotene Standard
Scale Mg/100gm Deviation

White 1 0.13 0.48
Cream 2 0.39 0.28
Yellow 3 0.58 0.28
Deep Yellow 4 0.85 0.17
Orange 5 1.26 0.11
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deficiency. Africa Biofortified Sorghum (ABS) project
seeks to a long-term solution using biotechnology to
create “super sorghum” that grows well in harsh
environments but also contains high levels of essential
nutrients. The project funded under Bill and Malinda
Gates Foundation under its Grand Challenge for Health
program aims to develop more nutritious and easily
digestible sorghum that contains increased levels of
essential amino acids especially lysine and Vitamin A
and E and more Fe and Zn. The Africa-based food
organization, Africa Harvest is partnering with scientific
teams from DuPont through its subsidiary Pioneer Hi-
Bred International and Council for Scientific and
Industrial Research in South Africa to make this project
a reality (http://www.supersorghum.org).

Biotechnology approaches are being used to enhance
the lysine content of rapeseed, corn and soybean.
Introduction of bacterial genes for dihydrodipicolinic
acid (DHPHS) and aspartokinase (AK) enzymes encoded
by dapA gene from Corynebacterium and lysC gene from
Escherichia coli led to fivefold increase of lysine in
canola, corn and soybean [21]. Similarly, amino acid
profile and total protein content of potato was improved
through introduction of AMAI1 gene from Amaranthus
hypochondriacus [22]. The biofortified potatoes have
been evaluated in field trials and now await a decision
from the regulators with respect to approval or need for
further testing [23].
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