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Biofortified and bioavailable: The gold standard for
plant-based diets
Jeeyon Jeong and Mary Lou Guerinot*
Department of Biological Sciences, Dartmouth College, Hanover, NH 03755

M
uch of the world’s popula-
tion relies on a few staple
foods (rice, maize, wheat,
and cassava) that are poor

sources of essential nutrients. Biofortifi-
cation, the process of enriching the nu-
trient content of crops as they grow,
provides a sustainable solution to mal-
nutrition worldwide, because other
methods, such as diversifying people’s
diets or providing dietary supplements,
have proved impractical, especially in
developing countries (1). One of the
first biofortified crops was golden rice,
which was engineered to produce beta-
carotene or provitamin A in the edible
portion of the grain (2). Since then,
there have been similar successes with
other crops, giving us a variety of
carotenoid-enriched foods (1) as well as
crops enriched with other micronutrients
such as vitamin E (3) and folate (4).
However, in each of these cases, as-
sumptions about whether the nutrients
are bioavailable—i.e., whether the nutri-
ents can be readily absorbed by humans—
remain untested. In a recent issue of
PNAS, Morris et al. (5), using feeding
studies with both mice and humans, re-
port that carrots genetically engineered
to accumulate twice as much calcium as
control carrots are indeed a good source
of this essential nutrient, resulting in a
�50% increase in calcium absorption.

Calcium is a critical mineral nutrient
for bone health, and it is the most
abundant mineral in the human body.
Because the skeleton functions as a cal-
cium reserve, calcium deficiency results
in low bone mass, which is a major
cause of osteoporosis (6). Studies have
shown that adequate intake of calcium
reduces the risk of osteoporotic frac-
tures, as well as other diseases (6). Ac-
cording to the Institute of Medicine, the
recommended adequate intake for cal-
cium is 1,000–1,300 mg/d for adults and
1,300 mg/d for children above 9 years
old (7). However, a significant percent-
age of both children and adults consume
less than the recommended amount of
calcium (6). Dairy foods are good
sources of calcium (8), but the amount
of bioavailable calcium in fruits and veg-
etables is generally low (9). Although
many vegetables contain high levels of
calcium, plants also have oxalic acid and
phytate, which inhibit calcium absorp-
tion (9).

Calcium, like other mineral nutrients,
is taken up by plants from the environ-
ment. Mineral enhancement strategies,
therefore, focus on increasing uptake,
transport, and/or accumulation in edible
portions of the plant. The first success-
ful biofortification effort for a mineral
nutrient was iron-fortified rice; in this
crop, the iron storage protein ferritin
was engineered to be overexpressed in
the grain (10). The strategy used by
Morris et al. (5) also relies on increasing
storage. In the case of calcium, the plant
vacuole is an important storage location.
The vacuolar calcium pool is maintained
by Ca2�-ATPases and Ca2�/H� anti-
porters located on the vacuolar mem-
brane (Fig. 1). The Arabidopsis CAX1
(cation exchanger 1) was the first
Ca2�/H� antiporter identified in plants,
on the basis of its ability to complement
a yeast mutant defective in vacuolar cal-
cium transport (11). Expression of
CAX1 is highly induced in response to
exogenous calcium (12). At the post-
translational level, the N-terminal region
of CAX1 undergoes an intramolecular
interaction and inactivates itself via a
conformational change (13). In planta,
the N terminus is not cleaved to activate
CAX1, but when it is artificially trun-
cated, a shorter version of CAX1 or
sCAX1 is translated and results in con-
stitutive CAX1 activity (13).

Previously, the Hirschi group (12)
showed that tobacco plants expressing the

Arabidopsis full-length CAX1 contained
significantly increased levels of calcium. In
fact, these tobacco plants accumulated
more calcium in their roots than they did
in the shoots (12). This finding led to the
idea that an engineered version of CAX1
could be used for biofortification, by in-
creasing calcium levels of edible roots,
such as carrots. It is generally more effi-
cient to construct biofortified crops that
accumulate a nutrient of interest in their
roots, because the nutrient does not have
to be translocated to the aerial parts. The
attempt to increase calcium content in
carrots was successful, with the sCAX1-
expressing carrots accumulating 1.4- to
1.6-fold more calcium in the edible part
compared with calcium levels in control
plants, without perturbing growth, devel-
opment, or fertility, under the laboratory
conditions tested (14).

Feeding trials by Morris et al. (5)
demonstrated that calcium absorption
was significantly increased in both mice
and humans with diets containing
sCAX1-expressing carrots. The authors
first validated that either radioactive or
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Fig. 1. Schematic diagram of sCAX1-expressing carrots showing enhanced calcium bioavailability in mice
and humans. Stable isotopes, 42Ca and 46Ca, were used to trace calcium absorption in human subjects,
whereas the radioactive isotope 45Ca was used for mice. sCAX1 constitutively transports calcium into the
vacuole, increasing the content of bioavailable calcium in the engineered carrots. Although not drawn in
this figure, the ER is another important calcium store in the cell (23). C, cytoplasm; V, vacuole.
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stable calcium isotopes could be used
for the feeding studies (5). Using stable
isotopes for human subjects is a safe
method that meets ethical standards
even for children, and it provides tech-
nical advantages, because long-distance
collaborations combining field studies
and feeding or clinical studies can be
easily developed (15). Meanwhile, it is
noteworthy that the authors conducted
both extrinsic and intrinsic labeling, and
they obtained consistent results. Because
the bioavailability of calcium depends
on the exchangeability of multiple cal-
cium species in the food, extrinsic label-
ing, or adding the tracer as calcium
salts, can be informative (15, 16). By
using intrinsic labeling, the tracer is uni-
formly distributed among the calcium
ions. Thus, this method of labeling is
useful if the food contains antinutrients
that inhibit the absorption of a nutrient
(17), which is the case for calcium in
vegetables containing oxalic acid.

It should be stressed that increased
levels of nutrients are not necessarily
correlated with enhanced bioavailability.
In fact, the calcium absorption efficiency
from sCAX1-expressing carrots was
lower than that from control carrots,
probably because not all of the extra
calcium in the vacuole was bioavailable
due to the antinutrients within the car-
rots (5). The sCAX1 carrot is still a bet-
ter source of calcium, because total cal-
cium absorbed from sCAX1 carrots was
higher than that from the same amount
of control carrots (5). However, this re-
sult might not be the case for other
modified crops. Meanwhile, this finding
also suggests that, in addition to increas-
ing nutritional content, eliminating or

reducing antinutrients that interfere
with bioavailability could be another
strategy for biofortification (1), as the
example of Medicago cod5 (calcium ox-
alate deficient 5) mutant demonstrates
(18). cod5 plants have significantly less
oxalic acid but have similar levels of cal-
cium compared with wild-type Medicago
plants, and they showed increased cal-
cium bioavailability in mice (18). An-
other strategy to improve the nutritional
qualities of plants is to use promoters or
enhancers for absorption, such as inulin

for calcium or ascorbate for iron and
zinc (1, 19).

As the authors themselves point out
(5), CAX1-expressing crops might have
increased bioavailability of other metals,
because calcium is not the only substrate
of CAX1 (20, 21). Under the hydro-
ponic growth conditions used for the
authors’ labeling studies, no increase in
the content of other minerals was seen,
with both control and sCAX1 carrots
having values similar to the U.S. De-
partment of Agriculture food composi-
tion guide. However, if plants were to
be grown in soils contaminated with
toxic heavy metals, such as cadmium,

there is the potential for unwanted ac-
cumulation. By using site-directed mu-
tagenesis, it was shown that substrate
specificity of sCAX1 could be manipu-
lated (22). This finding suggests that
CAX1 can potentially be used to fortify
other nutrients or engineered to exclude
toxic metals. Meanwhile, because cal-
cium acts as a signaling molecule in-
volved in various metabolic processes
(23), overexpressing CAX1 or altering
cellular calcium pools may produce un-
desirable metabolites.

Other concerns regarding sCAX1 car-
rots, or biofortified crops in general,
include social and economic issues, such
as cost-effectiveness and social accep-
tance. There is no question that the nu-
tritional qualities of plants can be en-
hanced through conventional breeding
by taking advantage of natural variation
(1, 19). However, breeding alone is
often not an adequate solution, because
of the characteristics of the plant species
itself or the nutrient of interest (1, 19).
The best biofortifcation strategies will
probably involve breeding where practi-
cal and genetic modification when
necessary.

Despite the questions remaining, the
work by Morris et al. (5) provides a well
executed and timely example of what
needs to be done for all biofortified
crops. Seven years after the introduction
of golden rice, scientists are still ques-
tioning its nutritional benefits, and to
date, no feeding studies have been re-
ported (24). It is no longer sufficient to
simply show that a particular food has
increased levels of a nutrient. We must
ensure that such foods are ‘‘fed’’ into a
pipeline to test bioavailability. Such
studies are critical for public acceptance
of biofortified foods.
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Increased levels of
nutrients are not

necessarily correlated
with enhanced
bioavailability.
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