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Improving iron, zinc and vitamin A nutrition through plant

biotechnology

Michael B Zimmermann* and Richard F Hurrell

Recent understanding of plant metabolism has made it
possible to increase the iron, zinc and -carotene (provitamin A)
content in staple foods by both conventional plant breeding
and genetic engineering. Improving the micronutrient
composition of plant foods may become a sustainable strategy
to combat deficiencies in human populations, replacing or
complementing other strategies such as food fortification or
nutrient supplementation.
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Abbreviations
GGPP  geranylgeranyl diphosphate
RE retinol equivalent

Introduction

In developing countries, problems of politics, distribution
and poverty create food shortages and undernutrition.
Many populations survive largely on plant-based diets with
little or no meat or dairy products. Monotonous consump-
tion of cereal staples, roots or pulses, in the absence of
animal tissue, can lead to deficiencies of essential vitamins
and minerals. Despite improvements over the past 50 years,
over 2 billion people, one-third of the world’s population,
suffer from vitamin A, Zn and/or Fe deficiencies [1]. The
global population, which reached 6 billion in late 1999, is
estimated to climb to 8.3 billion in 2020. Most of this
increase will occur in the cities of the developing world [2°]
where the prevalence of these micronutrient deficiencies,
and their associated morbidity and mortality, is highest.

During the 20th century, conventional breeding produced
vigorous new plant varieties and hybrids that substantially
increased vyields and harvest stability, and improved
nutrition. But, ever-increasing populations and changing
demographics in the developing countries means the
struggle for food security is far from over. To meet the
macronutrient and micronutrient needs of over 8 billion
people by the end of the coming quarter century, it is likely
that both conventional crop technology and biotechnology
will be needed.

Most of the research on plant breeding over the past few
decades has concentrated on increasing resistance to

environmental stresses, pests and pathogens [3]. Genetic
engineering has even been used to improve the sensory
appeal of agricultural products, such as tomatoes [4°].
However, the recent application of plant biotechnology to
improve the nutritional content of staple food crops has
perhaps the greatest potential to benefit global health
[5,6,7°°,8°¢]. Because poverty limits food access for much
of the developing world’s population, it is important that
affordable staple foods be as nutritious as possible.

It may be possible to engineer synthetic pathways for
many of the vitamins into plants, once the pathways are
known and the corresponding genes have been cloned [9].
For example, Arabidopsis seed, like most oilseed crops,
contains a high proportion of y-tocopherol, which has only
10% of the vitamin E activity of d-tocopherol. Expression
of the synthetic enzyme Yy-tocopoherol methyltransferase
in Arabidopsis seed resulted in the conversion of the large
pool of y-tocopherol to a-tocopherol with a corresponding
10-fold increase in vitamin E activity [10]. Improving the
mineral content of plants, however, presents a different set
of challenges. Unlike vitamins, which are synthesized by
the plants themselves, plants must take up and store
essential minerals from the soil. In this review, we focus on
recent work with vitamin A and the minerals Fe and Zn.

Vitamin A

Half of the world’s population eat rice (Oryza sativa) daily
and depend on it as their staple food. Rice, however, is a
poor source of many essential micronutrients and vitamins.
In Southeast Asia, 70% of preschool children suffer from
vitamin A deficiency [11]. Improved vitamin A nutrition
could prevent 1 to 2 million deaths each year among
children aged 14 years [11]. In tropical areas, rice is
typically milled to remove the oil-rich aleurone layer to
reduce rancidity during storage. The remaining edible
portion, the endosperm, like the bran, lacks provitamin A
(the plant carotenoids that are vitamin A precursors).
Recently, Ye er al. [7°°] have used genetic engineering
techniques to produce rice grains containing B-carotene,
the major precursor of vitamin A.

Immature rice endosperm can synthesize the intermediate
compound geranylgeranyl diphosphate (GGPP). GGPP
can be used to produce phytoene, an uncolored carotene,
by expressing the enzyme phytoene synthase [12]. The
synthesis of B-carotene from phytoene requires comple-
mentation with three additional plant enzymes: phytoene
desaturase and [-carotene desaturase, each catalysing the
introduction of two double bonds, and lycopene B-cyclase,
encoded by the /Ay gene. Ye e al. [7°°] inserted the
B-carotene biosynthetic pathway into rice endosperm via
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Agrobacterium-mediated introduction of the genes for these
enzymes; the genes for phytoene synthase, phytoene desat-
urase and lycopene B-cyclase were obtained from daffodil
and the gene for carotene desaturase was of bacterial origin.

The simultaneous introduction of these genes was a major
technical advance. Most traits engineered to date have
only required the introduction of a single gene into the
plant. Moreover, Ye ez al. [7°°] successfully introduced two
of the genes (encoding phytoene synthase and phytoene
desaturase) on a single construct that did not have a selec-
table marker. They did this by simultaneously introducing
a second construct, which carried another of the genes of
interest (lycopene B-cyclase) as well as a selectable antibiotic
resistance gene. This approach might enable the investi-
gators to segregate the antibiotic resistance gene away
from the phytoene synthase and phytoene desaturase
genes, avoiding a major concern of opponents to genetically
modified crops [13].

The B-carotene was expressed in the grain at 1.6-2.0 ug/g
fresh weight. Assuming that 6 pg B-carotene is converted
to 1 pg retinol equivalents (REs) [14], 1.2 kg of ‘golden’
rice per day would be necessary to provide all the
recommended vitamin A intake of a 4-8 year old child
(400 pg RE). Therefore, even a relatively high rice intake
of 200 g/day would provide only 70 pug RE or some 20% of
the recommended vitamin A intake for this age group. The
key question, however, is the bioavailability to man of the
newly introduced [B-carotene. Although the conversion
factor to vitamin A for synthetic B-carotene and [-carotene
in fruits is approximately 6:1, the conversion factor in
vegetables, such as spinach, may be as low as 24:1 owing to
poor release of the carotenoid during digestion [15]. The
B-carotene level of this first transformation appears
relatively low, when true-breeding lines are available it will
be possible to more accurately determine levels of each
type of carotenoid.

Whether the production of carotenoids in rice endosperm
will cause adverse metabolic effects in field testing is
unknown. Shunting the precursor GGPP to [-carotene
production might decrease levels of other compounds
whose synthesis is dependent on GGPP. For example,
tomatoes engineered to produce more phytoene exhibit
signs of dwarfism, owing to a 30-fold reduction in
gibberellic acid, a plant hormone that shares the precursor
GGPP with phytoene [13]. However, tomato plants
express phytoene synthase in all tissues, whereas the rice
of Ye ez al. expresses it only in the endosperm, because the
inserted genes are placed under the control of endosperm-
specific promoters. This may reduce the potential for
metabolic disturbance throughout the plant. Other recent
examples of plant engineering of the terpenoid pathway to
increase carotenoids in plant foodstuffs include manipula-
tion of the later steps of the plastid terpenoid pathway to
produce transgenic canola (Brassica napus) seed [16] and
tomato (Lycopersicon esculentum) [17°°]. For all of these

foods, it remains to be demonstrated whether the provitamin
A will be bioavailable in human studies.

Iron and zinc

Fe and Zn deficiencies are widespread in developing
countries, where it is estimated that 40-45% of school-age
children are anemic; approximately 50% of this anemia
results from Fe deficiency [18]. Fe and Zn deficiencies
weaken immune function and may impair growth and
development. A major etiologic factor is the low bioavail-
ability of Fe and Zn from diets based on staple cereals and
legumes that are high in phytic acid, an absorption inhibitor
[19]. There are several potential approaches to increasing
the bioavailability of Fe and Zn in plant crops, including
conventional breeding and genetic engineering [6].

Plant-breeding strategies

For staple crops, thousands of different genotypes of rice,
wheat, maize, beans and cassava exist, and genotype influ-
ences the nutrient content of the plant and seeds [20]. In a
recent screening of germ plasm, a high variation in the Fe
and Zn content was reported in the edible parts of staple
foods (wheat, bean, cassava, maize, rice and yam) between
cultivars of a given species. For example, the Fe content of
wheat cultivars varied from 25-56 mg/kg and the Zn con-
tent ranged from 25-64 mg/kg [6]. Moreover, the amounts
of Fe and Zn in different rice and bean seeds appear to be
highly correlated with each other [21,22]. However, the
speciation and bioavailability of the minerals is not known.
Research groups are searching for the genes determining
high Fe and Zn levels, and several candidate genes have
been identified in wheat on chromosomes 6A and 6B [23].

King ¢z al. [24°] recently compared Fe and Zn bioavailability
in humans for two varieties of the common red bean: an
Fe- and Zn-rich genotype and a lower density genotype.
The bioavailability of Fe and Zn from both varieties was
low, about 1.5% and 13%, respectively. The 40% increase
in Fe content in the high-density beans did not improve
the amount of Fe absorbed. The 75% increase in Zn con-
tent was associated with a 40% increase in total absorbed
Zn. The high phytate:mineral ratios of both genotypes
probably lowered their mineral bioavailability. Reducing
the phytate content of nutrient-dense plants might be
necessary in order for these varieties to have a positive
impact on human nutrition.

Using genetic screening, Raboy [25°°] has identified
several genotypes of maize, barley and rice that are low
phytic acid (/pz) mutants. In these mutants, although the
total phosphorus content of the seeds is unchanged, the
phytic acid phosphorus is reduced by 55 to 66%. One of
these maize mutants, /pal-1, was used to develop inbred
lines of isogenic hybrids. Compared with normal hybrids,
few differences in agronomic characteristics were found,
except for a 6% yield loss. Growth studies in chickens have
found increased weight gain in chickens fed with a low
phytic acid corn mutant versus normal hybrids [25°°]. The
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impact of low phytic acid maize consumption on Fe and
7Zn bioavailability has been tested in humans. Fe bioavail-
ability was 49% greater from tortillas made with low phytic
acid maize compared with wild-type maize (Fe absorption
8.2% versus 5.5%) [26]. Other studies, however, have
shown that the phytic acid content of soy and wheat flour
must be reduced by 290% to achieve a meaningful twofold
increase in Fe absorption [27]. Adams e7 /. [28°°] measured
Zn bioavailability from low phytic acid maize versus wild-
type maize. Mean Zn absorption from polenta prepared
with the low phytic acid maize was 78% greater than for
wild-type maize. These studies demonstrate that substitution
of a low phytate variety may improve the bioavailability of
these two trace minerals, but the impact on Fe nutrition in
particular is uncertain. Combining cross-breeding techniques
for developing low phytic acid plants with selection of
highly nutrient-dense seeds could be an effective method
for improving mineral nutrition.

Genetic engineering strategies

There are several genetic engineering approaches that could
be used to increase the Fe content and bioavailability in plant
foods. The Fe content could be increased by increasing soil
Fe uptake or Fe storage within the edible plant [29].
Increasing the levels of siderophores, chelating agents, reduc-
ing agents, enzymes, and transporter proteins in roots could
increase Fe uptake. Samuelsen ¢z /. [30] recently reported on
a transgenic tobacco plant expressing a yeast ferric reductase
gene, which increased leaf Fe by 50%. Similarly, increasing
the concentration of the storage proteins phytoferritin and
metallothionein could increase the content of Fe and Zn,
respectively. Goto er al. [31] reported a twofold to threefold
increase in Fe in transgenic rice expressing the soybean
ferritin gene. It may also be possible to introduce heat- and
acid-resistant phytases into cereal grains. These phytases
could withstand cooking and degrade phytic acid in the gut
during digestion, thereby increasing absorption of Fe and
7Zn [32]. Finally, another option would be to introduce Fe
absorption enhancers, such as ascorbic acid, cysteine-containing
peptides or hemoglobin, into the edible plant tissues [33].
However, the Fe level of hemoglobin (0.3%) is probably too
low to be a meaningful option, and the biosynthetic pathway
for ascorbic acid in plants remains to be elucidated [34].

Although increasing the ferritin content of plants is likely to
be the most realistic approach, ferritin Fe from animal
sources is only 5-40% as well absorbed as ferrous sulfate [35],
and absorption of plant ferritin has not been tested.
Decreasing phytate in seeds is limited by the need for
phytate during germination. Also, widespread introduction of
phytases could increase Fe absorption in population groups,
such as adult men and postmenopausal women, that already
have ample body stores of Fe. This may be undesirable in
that excess body Fe stores have been linked to several chronic
diseases, including cardiovascular disease and cancer [36].

Lucca e al. [8°*] reported on a combination of three genetic
engineering approaches for improving the bioavailability

and level of Fe in rice grains. Firstly, a thermostable
phytase from Aspergillus fumigatus, active over the pH range
found in the gastrointestinal tract, was introduced using an
Agrobacterium-mediated transformation. The phytase had
been developed to withstand food processing [37]. In addi-
tion, a ferritin gene from Phaseolus vulgaris was introduced.
Finally, as cysteine peptides are considered to be
enhancers of Fe absorption, the endogenous cysteine-rich
metallothionein-like protein in rice was overexpressed. All
three genes were expressed in the endosperm. The phytase
activity increased sevenfold to a concentration similar to
that of rye, which is the highest of the cereal grains.
Phytic acid in uncooked rice was completely degraded
during a simulated intestinal digestion, however, the phytase
was not as thermostable after expression in the rice
endosperm and was destroyed when the rice was cooked.
The Fe content, however, was increased from 10 to 22 Ug/g
and the cysteine residue content increased from 45 to
320 mg/g protein [8°*]. The influence of these changes on
Fe bioavailability remains to be investigated.

Conclusions

Before modified crops can be incorporated into agricultural
systems to improve nutrition, several important background
questions need to answered. Is there a demonstrated and
clear need? Is the food to be altered important for the
population and will it be delivered reliably and continually?
Will it be acceptable? What are the biological barriers to
genetic improvement and are there other more cost-effective
approaches available? Considering these issues before
beginning an engineering or breeding program is critical to
a program’s potential for success [38]. After the modified
crop is field-tested, its nutritional efficacy needs to be
carefully determined using iz vitro and in vivo tests before
it is added to the food supply of a target population. After
introduction, the nutrition and health impact, as well as the
environmental impact, needs to be monitored. These
implementation steps require a coordinated effort of policy-
makers, plant scientists, nutritionists and economists.

Significant progress has been made since the mid-1980s in
the molecular understanding of many nutritionally related
plant pathways and in the use of cloned genes to engineer
plant metabolism. A gap remains, however, between the
ability to clone and manipulate individual genes, and the
understanding of how they integrate into and impact on
plant metabolism [39]. Preliminary studies indicate that Fe,
Zn and B-carotene levels can be increased in staple foods by
plant breeding and/or genetic engineering. The challenge
is now to show that they can be increased to nutritionally
useful levels and to demonstrate that the additional
micronutrient is bioavailable. This has not yet been evalu-
ated. Despite this, these approaches show great promise as
sustainable ways to combat micronutrient deficiencies.
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