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H
umans require a minimum
daily intake of essential mi-
cronutrients, vitamins, and
minerals to maintain optimal

health. Micronutrient malnutrition, the
dietary insufficiency of one or more mi-
cronutrients, has far-reaching negative
health consequences at all stages of life
and was a pervasive health issue for all
countries at the turn of the 20th cen-
tury. Micronutrient malnutrition has
been significantly alleviated for those
populations in developed countries as
a result of programs established in the
mid-20th century that fortified pro-
cessed foods with the necessary micro-
nutrients. Similar fortification efforts
have had only modest success in devel-
oping countries because an industrial
level of agriculture, food-processing, and
distribution that is limited or lacking in
many of the targeted countries is re-
quired. Micronutrient malnutrition thus
has remained a widespread and persis-
tent global health problem in developing
countries where it continues to exact an
enormous toll on individuals, popula-
tions, and society (1).

In the past decade, a complementary
approach to fortification of processed
foods, termed biofortification, has been
undertaken to deliver the necessary
daily micronutrients directly in the sta-
ple crops being grown and consumed by
at-risk populations in developing coun-
tries (2). All plants have the biochemical
activities necessary to synthesize or ac-
cumulate a near full complement of
essential dietary micronutrients (the ex-
ceptions being vitamins D and B12). Un-
fortunately, the plant-based foods most
abundantly consumed by at-risk popula-
tions (e.g., rice, wheat, cassava, and
maize) contain levels of several individ-
ual micronutrients that are insufficient
to meet minimum daily requirements,
even when the crop is the most abun-
dant component of the diet. Biofortifica-
tion seeks to increase the levels of spe-
cific, limiting micronutrients directly in
crops by combined breeding and genetic-
engineering approaches. Significant
progress has been made in biofortifica-
tion of vitamin E and provitamin A in
plants (3–5), and in this issue of PNAS,
the work of Diaz de la Garza et al. (6)
extends the approach to include folate,
one of the most important of the B vita-
mins in the human diet.

The recommended dietary allowance
for folate ranges from 400 �g per day
for adults to 600 �g per day for preg-
nant women (7). Plant-based foods are
the primary source of folate in the hu-
man diet. Folate is a complex molecule
that is assembled from three different
molecular components: pteridine,
para-amino benzoic acid (PABA), and
glutamate. The pteridine moiety is syn-
thesized in the plant cytosol, PABA is
synthesized in the chloroplast, and fo-
lates are synthesized from these two
precursors in the plant mitochondria
(Fig. 1). In addition to biosynthetic en-
zymes, membrane-bound transporters
for folates and various pathway interme-
diates must be present (8). Previous
studies (9, 10) have shown that overex-
pression of the first committed enzyme
of the cytosolic pteridine pathway, GTP
cyclohydrolase I (GCHI), resulted in a
100- to 1,000-fold increase in pteridine
levels but only a 2- to 3-fold increase in
folates. In tomato fruit engineered for

GCHI overexpression, endogenous
PABA levels were depleted, suggesting
that PABA synthesis might limit folate
levels in the transgenic lines. Consistent
with this hypothesis, folate levels could
be further increased in tomato fruit
overexpressing CGHI by exogenous ap-
plication of PABA (9).

Diaz de la Garza et al. (6) report en-
gineering of PABA levels in tomato
fruit by overexpression of the nuclear-
encoded, chloroplast-targeted enzyme
aminodeoxychorismate (ADC) synthase
(ADCS). The best ADCS transgenic
lines accumulated PABA in tomato fruit
at levels nearly 20-fold higher than con-
trols, although folate levels were still
unchanged relative to controls. When
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Fig. 1. Structure and biosynthesis of folates in plants. (A) The chemical structure of monoglutamyl
tetrahydrofolate is shown. The pteridine-, PABA-, and glutamate-derived moieties are color-coded. (B)
The plant folate biosynthetic pathway is shown. The pteridine pathway leading to hydroxymethyldihy-
dropterin (HMDHP) is shown in blue, the pathway leading to p-aminobenzoate is shown in green, and
steps localized in the mitochondria are in black. Open circles indicate possible transporters. Red arrows
indicate the two enzymes (GCHI and ADCS) engineered by Diaz de la Garza et al. (6). DHN, dihydrone-
opterin; -P, monophosphate; -PP, pyrophosphate; -PPP, triphosphate; DHM, dihydromonapterin.
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the ADCS-overexpressing lines were
crossed to previously characterized
GCHI-overexpressing lines (9), the total
folate level of fruit was increased up to
25-fold relative to controls. Indeed, the
folate levels reported for ADCS/GCHI
double transgenics were several times
higher than those for green leafy vegeta-
bles, which are considered some of the
best sources of folate in the diet. The
level of folate accumulated in ADCS/
GCHI transgenic fruit tissue (840 �g to
100 g) would be more than sufficient to
provide the entire recommended dietary
allowance of folate for a pregnant
woman (600 �g per day).

Although folate levels were substan-
tially increased in the ADCS/GCHI dou-
ble transgenics, PABA and pteridines
were still present at elevated levels, im-
plying that other pathway activities or
membrane-bound transporters still con-
strain folate synthesis in the transgenic
fruit. In considering the future imple-
mentation of folate biofortification in
the food supply, the accumulation of
folate pathway intermediates, PABA
and pteridines, in ref. 6 must be consid-
ered. In this regard, it is important to
stress that PABA is already classified as
a ‘‘generally recognized as safe’’ food

additive and has been shown to have
low toxicity at intake levels �10 times
that present in a 100-g serving of
ADCS/GCHI double transgenics. For
pteridines, such concerns are less clear,
although it is important to note that hu-
mans do both synthesize and degrade
pteridines and that the pteridine levels
in transgenic fruit represent �10% of
the total pteridines excreted daily in hu-
man urine (11).

It should also be stressed that the pri-
mary goal of the experiments reported
by Diaz de la Garza et al. (6) was to
maximize the production of folates in
plant tissues rather than to minimize
accumulation of pathway intermediates.
They have accomplished this goal by
driving the expression of both ADCS
and GCHI from strong fruit-specific
promoters and selecting lines with the
highest expression level for each trans-
gene for subsequent crosses (6, 9). The
high levels of expression selected for
each gene construct undoubtedly con-
tribute to the elevated levels of pathway
intermediates in ADCS/GCHI double
transgenics. However, as with all trans-
genic experiments, a range of expression
levels was observed for both ADCS and
GCHI overexpression lines (6, 9), and

crossing lines with more modest levels
of overexpression might lead to a reduc-
tion in accumulation of intermediates,
while still allowing significant enhance-
ment of the level of folates in plant
tissues. Alternatively, subsequent engi-
neering efforts to apply the folate
enhancement technology so clearly dem-
onstrated by Diaz de la Garza et al. to
biofortify the folate level of staple crops
could use promoters with more moder-
ate expression levels to achieve folate
increases while limiting accumulation of
pathway intermediates. Regardless of
these issues for future implementation
of folate biofortification, the work of
Diaz de la Garza et al. (6) and others
(9, 10, 12, 13) has opened the door for
enhancing folate levels in a wide range
of agricultural crops, including those
consumed as staples by populations in
developing countries. Although folate
biofortification has clear potential bene-
ficial impacts in developed countries,
given the greater prevalence and dire
consequences of folate deficiency in de-
veloping countries (14, 15), the benefits
to be derived from folate biofortification
in world staple crops have the potential
to be proportionately greater.
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