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M
ost of the world relies on
plants as their dietary
source of iron (1, 2). Un-
fortunately, plants are not a

good source of this essential nutrient for
two reasons: iron deficiency often limits
plant growth, and the iron that accumu-
lates in plants is not readily available.
The first problem stems not from the
abundance of iron in soil but rather
from its solubility, with pH and oxygen
controlling the amount of free iron
found in solution. When faced with an
iron shortage, plants either use a reduc-
tion strategy (strategy I) and take up
Fe2� or use a chelation strategy (strat-
egy II) and take up Fe3� (Fig. 1). How-
ever, not all plants are proficient at
mounting these iron-deficiency re-
sponses. Rice, one of the world’s most
important food crops, is much more sus-
ceptible to iron deficiency than other
grasses, presumably because it releases
low quantities of phytosiderophores that
act as Fe3� chelators (3). Although rice
plants are also capable of taking up
Fe2� (4), rice does not have an induc-
ible ferric chelate reductase activity, as
do plants that use the reduction strategy
to generate Fe2� from the more abun-
dant Fe3� found in aerobic soils. In this
issue of PNAS, Ishimaru et al. (5) ask
whether introducing this activity into
rice would improve its iron uptake abil-
ity. They report an impressive 7.9-fold
increase in grain yield for transgenic
rice plants engineered to express a ferric
chelate reductase when these plants are
grown in calcareous soil. Importantly,
the ferric chelate reductase that they
introduced had been selected for better
performance at high pH because the
native enzyme has an acidic pH opti-
mum (6). Because one-third of the
world’s soils are alkaline, the results
presented here could have a major im-
pact on rice production, allowing rice to
grow in soils now considered marginal
and increasing crop biomass in soils now
in cultivation. Furthermore, all plants,
except the grasses, use the reduction
strategy to mobilize iron from the rhizo-
sphere, and ferric chelate reductase
activity has been shown to be the rate-
limiting step for iron uptake (7). Thus,
all plants would benefit from increased
expression of a ferric chelate reductase
that functions better at alkaline pH.

For their experiments, Ishimaru et al.
(5) used a yeast ferric chelate reductase
gene that had been selected for
improved activity at high pH (6). The
allele, refre1/372, encodes three sub-
stitutions relative to the wild-type gene,
including a replacement of methionine
at position 312 with arginine. A substi-
tution of methionine with arginine or
lysine at this position was common to
most of the high-activity variants recov-
ered in the screen. Interestingly, this
mutation is near one of four heme-
coordinating histidine codons. The
refre1/372 allele had been previously in-
troduced into tobacco under control of
a strong, ubiquitously expressed pro-
moter and conferred enhanced tolerance
to low Fe availability (6). Ishimaru et al.
used the promoter from the Fe2� trans-
porter gene, OsIRT1, to drive expression
of the refre1/372 gene to ensure that fer-
ric chelate reductase expression was
coupled to expression of the Fe2� trans-
porter. The OsIRT1 promoter is highly
iron regulated and is expressed in the
epidermis of the root (4), exactly when
and where ferric chelate reductase activ-
ity would be needed. In addition to

monitoring ferric chelate reductase ac-
tivity, growth, and yield, Ishimaru et al.
directly measured iron uptake by using
a positron-emitting tracer imaging sys-
tem. Transgenic plants had initial rates
of iron uptake that were twice those of
vector controls.

It was disappointing, but perhaps not
surprising, that the increase in iron up-
take did not lead to an increase in the
iron content of the rice grain. We still
know very little about how iron is dis-
tributed in plants (8). It seems that iron
homeostasis is such that an increased
ability to take up Fe leads to increased
growth and seed yield but not to more
Fe being stored in the seed. To drive
more Fe into the seed, it will probably
be necessary to create an enhanced
‘‘sink’’ for Fe in the seed. A number of
studies have tried to increase seed Fe
content by expressing the Fe storage
protein, ferritin, under the control of
promoters that are specifically expressed
in rice seed (9–12). However, this tech-
nique has yielded modest, 2- to 3-fold
increases in seed Fe content, apparently
because of insufficient iron uptake (12,
13). Recently, it appeared that iron may
be stored in the vacuoles of provascular
cells in Arabidopsis seed (14), suggesting
another possible storage sink for Fe in
the seed.

There was a previous attempt to ex-
press the Arabidopsis ferric chelate re-
ductase gene FRO2 from its endogenous
promoter in rice, but no expression of
the transgene was observed (15). Ex-
pression of the Arabidopsis ferric chelate
reductase gene FRO2 from the 35S pro-
moter in soybean did improve growth
under alkaline conditions but did not
result in more iron in the seed when
plants were grown in the greenhouse
(16). No information was given as to
whether there was any change in seed
yield. There did appear to be a penalty
for constitutive expression of the FRO2
gene under iron-sufficient conditions
(16), underscoring why the choice of the
OsIRT1 promoter to drive expression of
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Fig. 1. Iron deficiency responses. (Upper) The
reduction strategy as typified by Arabidopsis is
shown. An inducible ferric chelate reductase,
FRO2, reduces Fe(III) chelates in the soil, releasing
Fe2� for transport across the plasma membrane by
the Fe2� transporter IRT1. Plasma membrane
ATPase activity is also increased under iron defi-
ciency, acidifying the rhizosphere and increasing
Fe solubility. (Lower) The chelation strategy as typ-
ified by maize and rice is shown. Phytosider-
ophores (PS) are synthesized in the cytoplasm. PS
are released into the soil, and Fe–PS complexes are
subsequently transported across the membrane via
the YS1 transporter. See Grotz and Guerinot (8) for
a more detailed description of these responses.
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the ferric chelate reductase gene makes
good biological sense.

It is interesting to speculate as to why
rice does not have an inducible ferric
chelate reductase. The rice genome en-
codes two ferric chelate reductase genes
that have high similarity to the Arabi-
dopsis FRO genes (17). Ishimaru et al.
(5) posit that the progenitors of mod-
ern-day rice came from swampy, water-
logged soils, where Fe2� would be found
in abundance, thus precluding a need
for ferric chelate reductase activity. And
why do the grasses have a chelation
strategy, whereas other plants do not?
This question is harder to answer. The
chelation strategy is clearly less sensitive
to pH than the reduction strategy, but
there is a cost to synthesizing and re-
leasing phytosiderophores because they
may or may not be recovered after re-
lease into the rhizosphere.

So, what about enhancing the chela-
tion strategy? For strategy II plants,
there is a strong, positive correlation
between the amounts of phytosider-

ophores released and the resistance of
plants to iron deficiency (3). The biosyn-
thetic pathway that leads to the forma-
tion of the rice phytosiderophore,
deoxymugineic acid, provides several
targets for increasing the amount of
phytosiderophore produced. Takahashi
et al. (18) introduced two barley genes
encoding nicotianamine aminotransfer-
ase (NAAT), the enzyme that catalyzes
the second step in the biosynthesis of
deoxymugineic acid, into rice. Under
iron deficiency, these transgenic rice
plants released more phytosiderophores
that correlated with improved growth in
alkaline soils. Similar to what was seen
with the plants engineered to express
the ferric chelate reductase, the NAAT
plants yielded four times as much grain
as control plants. Engineering other
steps in the phytosiderophore biosyn-
thetic pathway could further increase
phytosiderophore release. For example,
NAAT may be limited for its substrate,
nicotianamine, that is synthesized from
S-adenosyl methionine. Nicotianamine

itself is thought to play a role in iron
homeostasis, serving as an iron chelator
(8). Thus, another question to be
answered is whether diverting more
nicotianamine into the production of
phytosiderophores will have any effect
on iron distribution in the plant itself.
And then there is the question of divert-
ing more S-adenosyl methionine, a pri-
mary donor of methyl groups, into the
production of nicotianamine.

Given the concern with introduction
of genes from other species into crop
plants, it would seem that the next step
should be selection for improved expres-
sion of rice’s own ferric chelate gene(s).
The ‘‘to do’’ list also includes field tests,
because the impressive yield increases
reported here are for plants grown in
the greenhouse. And most importantly,
the transgenic plants are now in hand to
test whether plants with increased
phytosiderophore production do better
than plants expressing a high-pH-
adapted Fe(III) chelate reductase or
whether plants with both enhancements
do best of all.
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