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Iron, an essential nutrient, is not readily available to plants because of its low solubility. In addition, iron is toxic in ex-
cess, catalyzing the formation of hydroxyl radicals that can damage cellular constituents. Consequently, plants must
carefully regulate iron uptake so that iron homeostasis is maintained. The Arabidopsis 

 

IRT1

 

 gene is the major trans-
porter responsible for high-affinity iron uptake from the soil. Here, we show that the steady state level of 

 

IRT1

 

 mRNA
was induced within 24 h after transfer of plants to iron-deficient conditions, with protein levels peaking 72 h after trans-
fer. 

 

IRT1

 

 mRNA and protein were undetectable 12 h after plants were shifted back to iron-sufficient conditions. Overex-
pression of IRT1 did not confer dominant gain-of-function enhancement of metal uptake. Analysis of 

 

35S-IRT1

 

transgenic plants revealed that although 

 

IRT1

 

 mRNA was expressed constitutively in these plants, IRT1 protein was
present only in the roots when iron is limiting. Under these conditions, plants that overexpressed IRT1 accumulated
higher levels of cadmium and zinc than wild-type plants, indicating that IRT1 is responsible for the uptake of these met-
als and that IRT1 protein levels are indeed increased in these plants. Our results suggest that the expression of 

 

IRT1

 

 is
controlled by two distinct mechanisms that provide an effective means of regulating metal transport in response to
changing environmental conditions.

INTRODUCTION

 

Improving the mineral content of plants so that they can
serve as sources of the 14 minerals required in the human
diet presents researchers with a number of challenges. In
the case of iron, these include the facts that iron is not
readily available in the rhizosphere, often limiting plant
growth, and that iron can be toxic if present in excess, forc-
ing organisms to carefully regulate its uptake (Eide et al.,
1996; Robinson et al., 1999) and storage (Lescure et al.,
1991; Briat and Lobréaux, 1997; Wei and Theil, 2000). Be-
cause iron deficiency is the leading human nutritional disor-
der in the world today (World Health Organization, 2002)
and because plants serve as the primary source of dietary
iron for most of the world’s population, we clearly need to
understand iron homeostasis in plants if we wish to improve
the iron content of food.

Work in our laboratory has focused on iron uptake from
the soil into the plant root. After Fe(III) chelates are reduced

at the cell membrane (Robinson et al., 1999), iron is trans-
ported into the Arabidopsis root via IRT1 (Eide et al., 1996;
Vert et al., 2002). IRT1 is one of three founding members of
the ZIP (for ZRT-IRT–like proteins) family of transporters that
function in metal transport in a diverse array of eukaryotic
organisms (Guerinot, 2000). ZIP family members character-
ized to date function in the transport of iron, zinc, and/or
manganese in bacteria (Grass et al., 2002), yeast (Zhao and
Eide, 1996a, 1996b; MacDiarmid et al., 2000), humans
(Gaither and Eide, 2000, 2001), and plants (Eide et al., 1996;
Grotz et al., 1998; Pence et al., 2000; Assuncao et al., 2001;
Eckhardt et al., 2001; Vert et al., 2001). When expressed in
yeast, IRT1 itself mediates the uptake of iron (Eide et al.,
1996), zinc, and manganese (Korshunova et al., 1999). Cad-
mium inhibits the uptake of these metals by IRT1 (Eide et al.,
1996), and expression of 

 

IRT1

 

 in yeast results in increased
sensitivity to cadmium (Rogers et al., 2000), suggesting that
cadmium also is transported by IRT1.

Here, we report on the regulation of expression of the Ar-
abidopsis metal transporter IRT1. Previous work demon-
strated that 

 

IRT1

 

 mRNA accumulates preferentially in the
roots of iron-deficient plants (Eide et al., 1996). We hypothe-
sized that overexpression of IRT1 in transgenic plants might
lead to enhanced accumulation of iron. Using this approach,
we discovered post-transcriptional regulation of IRT1: IRT1
protein accumulated only in the roots of iron-starved trans-
genic 

 

35S-IRT1

 

 plants, despite the fact that 

 

IRT1

 

 mRNA
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was expressed constitutively in the same plants. 

 

35S-IRT1

 

transgenic plants showed enhanced sensitivity to cadmium
only when grown on iron-deficient medium, as a result of in-
creased levels of IRT1 protein in the roots of iron-deficient
transgenic plants. Thus, overexpression of IRT1 protein was
permitted only when plants were iron starved. Furthermore,
our results show that expression of IRT1 was regulated at
the level of transcript accumulation in response to iron, zinc,
and cadmium and at the level of protein accumulation in re-
sponse to iron and zinc. The fact that the accumulation of
IRT1 was controlled at multiple levels serves to emphasize
the importance of maintaining metal homeostasis within
cells.

 

RESULTS

Time Course of 

 

IRT1

 

 Induction and Turnover

 

IRT1

 

 mRNA is expressed in the roots of iron-starved Arabi-
dopsis plants 3 days after transfer of the plants to iron-defi-
cient growth conditions (Eide et al., 1996). To examine the
kinetics of the induction of 

 

IRT1

 

 expression, a time-course
experiment was performed in which the levels of both IRT1
mRNA and protein were evaluated. IRT1 antiserum was
raised against a synthetic peptide corresponding to a por-
tion of the variable region between transmembrane domains
III and IV. The antiserum detected a protein of 

 

�

 

35 kD in the
roots of iron-starved plants (Figure 1), corresponding well
with the predicted molecular mass of the processed protein
(35.9 kD). RNA gel blot analysis using the 

 

IRT1

 

 cDNA as a
hybridization probe showed that 

 

IRT1

 

 RNA was detectable
in the roots of plants 24 h after transfer of plants to iron-
deficient medium (Figure 2A). IRT1 steady state RNA levels
peaked 72 h after the transfer of plants to iron-deficient me-
dium. Immunoblot analysis showed that IRT1 protein was
detectable 48 h after the transfer of plants to iron-deficient
conditions and that protein levels were highest 72 h after the
transfer of plants to iron-deficient medium (Figure 2A).

In a complementary experiment, we examined how quickly

 

IRT1

 

 mRNA and protein levels change in response to the
presence of iron. 

 

IRT1

 

 mRNA was present at time 0 but was
undetectable 12 h after transfer of plants from iron-deficient
to iron-sufficient conditions (Figure 2B). Immunoblot analy-
sis showed that IRT1 protein also was undetectable 12 h af-
ter transfer of plants to iron-sufficient conditions (Figure 2B).
These results indicate that steady state levels of both 

 

IRT1

 

mRNA and protein change rapidly after transfer of plants to
iron-sufficient conditions, demonstrating that the expres-
sion of IRT1 is tightly regulated. To control for potential
changes in 

 

IRT1

 

 mRNA or protein abundance in response to
the physical transfer of plants, we performed an experiment
in which plants were first transferred from B5 medium to
iron-deficient medium for 3 days and then transferred a sec-
ond time to iron-deficient medium. Roots were harvested at

0, 12, 24, 36, 48, and 72 h as well as 6 days after the trans-
fer. RNA gel blot and protein gel blot analysis revealed that
the transfer did not affect the abundance of either mRNA or
protein (data not shown).

 

Post-Transcriptional Regulation of 

 

IRT1

 

 by Iron

 

Expression of IRT1 in yeast leads to the uptake of iron, man-
ganese, zinc, and cadmium (Eide et al., 1996; Korshunova
et al., 1999; Rogers et al., 2000). We reasoned that overex-
pression of IRT1 in Arabidopsis might lead to enhanced
metal uptake. We constructed 

 

35S

 

-

 

IRT1

 

 transgenic plants
and identified six independent, homozygous, single-inser-
tion transgenic lines based on segregation ratios and ge-
nomic DNA gel blot analysis (data not shown). The 

 

35S

 

-

 

IRT1

 

transgenic lines showed no visible morphological pheno-
type when grown on soil or on B5 plates under standard
growth conditions (data not shown).

To examine steady state 

 

IRT1

 

 mRNA levels in the trans-
genic plants, we performed RNA gel blot analysis on four of
the 

 

35S

 

-

 

IRT1

 

 lines using the 

 

IRT1

 

 cDNA as a probe. RNA

Figure 1. Characterization of IRT1 Antiserum.

Wild-type plants were grown for 2 weeks on B5 medium and trans-
ferred to either iron-deficient or iron-sufficient medium, and roots
and shoots were harvested at 3 days after the transfer. Protein sam-
ples were prepared from each tissue sample and used to prepare
protein gel blots. IRT1 protein was detected using affinity-purified
antiserum raised against a synthetic peptide. The reaction of pro-
teins prepared from iron-deficient roots with preimmune serum is
shown as a control. Numbers at left indicate molecular mass (kD).
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was isolated from the roots and shoots of T4 plants grown
on either iron-sufficient or iron-deficient medium. The plants
were grown for 3 days under these conditions because 

 

IRT1

 

mRNA was abundant 3 days after the transfer to iron-defi-
cient medium (Figure 2A) and because 

 

IRT1

 

 mRNA was
undetectable 3 days after the transfer from iron-deficient to
iron-sufficient medium (Figure 2B). In wild-type plants, 

 

IRT1

 

mRNA was not expressed in the shoots of plants grown with
or without iron (Figure 3A) but was expressed exclusively in
the roots of iron-starved plants (Figure 3B), as has been
shown (Eide et al., 1996). As expected, 

 

IRT1

 

 mRNA was ex-
pressed at high levels in both the shoots (Figure 3A) and
roots (Figure 3B) of all four transgenic lines regardless of the
iron status of the plants.

Despite the fact that 

 

IRT1

 

 mRNA was present in the trans-
genic lines under all conditions examined, IRT1 protein only
accumulated to high levels in iron-deficient roots (Figure 4).
These results demonstrate that 

 

IRT1

 

 is subject to an addi-
tional level of regulation that occurs post-transcriptionally in
response to iron. Consequently, iron-deficient roots are
considered the “permissive” condition for the expression of
IRT1. It is important to note, however, that IRT1 protein lev-
els were increased in the roots of two transgenic lines (lines
1 and 4) compared with wild-type plants when plants were
iron deficient.

Next, we performed a time-course analysis using trans-
genic 

 

35S-IRT1

 

 (line 4) plants that were grown for 3 days on
iron-deficient medium and then transferred to iron-sufficient
medium. 

 

IRT1

 

 steady state RNA levels remained high after
the transfer of plants from iron-deficient to iron-sufficient
medium (Figure 5). The 

 

IRT1

 

 RNA detected corresponds to
expression of the endogenous 

 

IRT1

 

 gene as well as that of
the 

 

IRT1

 

 transgene. As a result, 

 

IRT1

 

 steady state RNA lev-

els were higher at 0 and 6 h than they were at later times be-
cause of expression of the endogenous 

 

IRT1

 

 gene (for
comparison, see Figure 2B). In contrast, IRT1 protein levels
declined to very low levels by 36 h after the transfer of trans-
genic plants from iron-deficient to iron-sufficient medium
(Figure 5).

 

Regulation of 

 

IRT1

 

 Expression by Zinc

 

Several experiments have shown that IRT1 transports zinc.
First, zinc inhibits IRT1-dependent iron uptake in yeast (Eide
et al., 1996). Second, expression of IRT1 complements the
zinc-limited growth defect of a yeast zinc uptake mutant
(

 

zrt1 zrt2

 

) (Korshunova et al., 1999). Finally, IRT1 mediates
the uptake of radiolabeled zinc in yeast (Korshunova et al.,
1999). Although the growth of plants on zinc-deficient
medium does not induce the expression of 

 

IRT1

 

 (our unpub-
lished data), we wanted to determine whether added zinc
could affect the expression of 

 

IRT1

 

. When wild-type plants
were grown for 3 days on iron-deficient plates containing
100 

 

�

 

M zinc, 

 

IRT1

 

 mRNA was detected in the roots (Figure
6A). However, IRT1 protein was undetectable in the roots of
the same plants despite the presence of high levels of 

 

IRT1

 

mRNA, indicating that 100 

 

�

 

M zinc results in post-transcrip-
tional regulation of IRT1 (Figure 6A). IRT1 protein was unde-
tectable in the roots of 

 

35S

 

-

 

IRT1

 

 transgenic plants grown
on iron-deficient medium containing zinc (Figure 6B), al-
though 

 

IRT1

 

 mRNA was abundant in the same tissue (Fig-
ure 6B), confirming that zinc causes post-transcriptional
regulation of IRT1.

When wild-type plants were grown on iron-deficient me-
dium containing 500 

 

�

 

M zinc, neither 

 

IRT1

 

 mRNA nor IRT1

Figure 2. Time Course of IRT1 mRNA and Protein Abundance Patterns in Response to Iron-Deficient and Iron-Sufficient Growth Conditions.

(A) Wild-type plants were grown for 2 weeks on B5 medium and transferred to iron-deficient medium, and roots were harvested at 0, 12, 24, 36,
48, and 72 h and 6 days after the transfer. RNA and protein samples were prepared from each tissue sample and used to prepare RNA and pro-
tein gel blots. The IRT1 cDNA was used to probe the RNA gel blot. Ethidium bromide–stained rRNA is shown as a control for loading. IRT1 pro-
tein was detected using an IRT1 affinity-purified peptide antibody.
(B) Wild-type plants were grown for 2 weeks on B5 medium, transferred to iron-deficient medium for 3 days, and transferred a second time to
iron-sufficient medium. Roots were harvested at various times as indicated, and RNA gel blot and immunoblot analyses were performed as de-
scribed above.



 

1350 The Plant Cell

 

protein could be detected in the roots. This result demon-
strates that zinc additionally mediates the regulation of 

 

IRT1

 

at the level of transcript accumulation when it is present in
the growth medium at high levels. Arabidopsis plants grown
on medium containing 500 

 

�

 

M zinc showed zinc toxicity
symptoms, including the arrest of root growth (data not
shown). As a result, the absence of 

 

IRT1

 

 RNA in plants
grown on medium containing 500 

 

�

 

M zinc may be attribut-
able simply to the toxicity of zinc. However, 

 

IRT1

 

 RNA was
present in the roots of 

 

35S-IRT1

 

 transgenic plants grown on
iron-deficient medium supplemented with 500 

 

�

 

M zinc (Fig-
ure 6B), supporting the idea that the repression of 

 

IRT1

 

 RNA
levels in wild-type plants in response to high zinc is medi-
ated through the 

 

IRT1

 

 promoter.

To determine how quickly IRT1 protein levels decline after
the addition of 100 

 

�

 

M zinc to the medium, a time-course
analysis was performed on wild-type plants that were grown
on iron-deficient medium for 3 days and then transferred to
iron-deficient medium containing 100 

 

�

 

M zinc. Although

 

IRT1

 

 steady state RNA levels remained high after the addi-
tion of 100 

 

�

 

M zinc, IRT1 protein levels declined rapidly af-
ter plants were exposed to 100 

 

�

 

M zinc (Figure 7). IRT1
protein was undetectable 6 h after the transfer of plants to
medium containing 100 

 

�

 

M zinc. Growth of wild-type plants
on medium containing 100 

 

�

 

M zinc resulted in a slight re-
duction in root growth over time, indicating that this level of
zinc is somewhat toxic for Arabidopsis (data not shown).

 

Regulation of 

 

IRT1

 

 Expression by Cadmium

 

Cadmium is not essential for plant growth and is known to
cause phytotoxicity at relatively low concentrations (Sanita
di Toppi and Gabbrielli, 1999). Cadmium is able to compete
for IRT1-dependent iron uptake in yeast (Eide et al., 1996).
In addition, yeast expressing IRT1 show enhanced sensitiv-
ity to cadmium (Rogers et al., 2000). These studies suggest
that IRT1 mediates the uptake of cadmium in addition to
iron, zinc, and manganese.

We examined the effect of cadmium on the expression of
IRT1. Wild-type plants were grown for 3 days on iron-defi-
cient medium and then transferred to iron-deficient medium
supplemented with 90 

 

�

 

M CdSO

 

4

 

. We chose 90 

 

�

 

M as the

Figure 3. RNA Gel Blot Analysis of Wild-Type and Transgenic 35S-
IRT1 Plants.

The IRT1 cDNA was used to probe a RNA gel blot containing RNA
prepared from the shoots (A) and roots (B) of plants grown for 3
days on either iron-sufficient (�) or iron-deficient (�) medium. RNA
from wild-type plants (WT) was electrophoresed next to RNA from
the transgenic lines (lines 1 to 4). Ethidium bromide–stained rRNA is
shown as a control for loading.

Figure 4. Protein Gel Blot Analysis of Wild-Type and Transgenic
35S-IRT1 Plants.

IRT1 protein was detected using the affinity-purified IRT1 peptide
antibody. Each lane contained 10 �g of protein extracted from roots
(R) or shoots (S) of plants grown for 3 days on either iron-sufficient
(�) or iron-deficient (�) medium. Protein extracted from wild-type
(WT) plants was electrophoresed next to protein extracted from
transgenic lines 1 and 2 (A) and transgenic lines 3 and 4 (B).



 

Regulation of IRT1 1351

 

cadmium concentration for these experiments because pre-
vious studies showed that this concentration of cadmium in-
hibited root growth of wild-type Arabidopsis plants (Howden
and Cobbett, 1992). IRT1 RNA was abundant at the time of
the transfer (0 h) and declined steadily until it became unde-

tectable 72 h later. IRT1 protein levels also declined when
cadmium was present in the medium (Figure 8). Arabidopsis
plants grown on plates containing 90 

 

�

 

M cadmium exhib-
ited cadmium toxicity symptoms. It is possible that the de-
crease in IRT1 mRNA and protein abundance in response to
cadmium was attributable simply to the toxicity of cadmium.
As a control, we hybridized the RNA gel blot shown in Figure
8 with a gene-specific probe corresponding to the 5

 

�

 

 un-
translated region of the Arabidopsis H

 

�

 

 ATPase 2 (

 

AHA2

 

)
gene. 

 

AHA2

 

 mRNA levels were unchanged in response to
cadmium (data not shown).

 

35S-IRT1

 

 Plants Are Sensitive to Cadmium

 

To examine the effects of cadmium on the growth of the

 

35S-IRT1

 

 transgenic lines, we measured the root growth of
wild-type and 

 

35S-IRT1

 

 transgenic plants on iron-deficient
plates that contained various concentrations of cadmium (0
to 500 

 

�

 

M). The plates were placed in the growth chamber
in the vertical orientation so that the roots would grow down
along the surface of the agar, and root growth was mea-
sured every 24 h. Wild-type roots grew well on iron-deficient
plates supplemented with 50 

 

�

 

M cadmium. In contrast, the
growth of the roots of transgenic plants was arrested com-
pletely on iron-deficient plates supplemented with 50 

 

�

 

M
cadmium (Figure 9).

In addition, the transgenic lines showed sensitivity to cad-
mium at much lower concentrations than the wild type, pre-
sumably as a result of the expression of IRT1. Root growth
of transgenic plants was inhibited by 0.01 

 

�M cadmium,

Figure 5. Time Course of IRT1 mRNA and Protein Abundance Pat-
terns in 35S-IRT1 Plants.

35S-IRT1 plants (line 4) were grown on B5 plates for 2 weeks, trans-
ferred to iron-deficient plates for 3 days, and transferred again to iron-
sufficient plates. Roots were harvested at 0, 6, 12, 18, 24, 36, and 48 h
after the second transfer. RNA and protein samples were prepared
from each tissue sample and used to prepare RNA and protein gel
blots. The IRT1 cDNA was used to probe the RNA gel blot. Ethidium
bromide–stained rRNA is shown as a control for loading. IRT1 protein
was detected using the IRT1 affinity-purified peptide antibody.

Figure 6. Zinc Affects the Abundance of IRT1 mRNA and Protein.

Wild-type (WT [A]) and 35S-IRT1 (line 4) transgenic (B) plants were grown for 2 weeks on B5 plates. Seedlings were transferred subsequently and
grown for 3 days on iron-sufficient plates (lane 1), iron-deficient plates (lane 2), iron-sufficient plates supplemented with 500 �M zinc (lane 3), iron-
deficient plates supplemented with 100 �M zinc (lane 4), or iron-deficient plates supplemented with 500 �M zinc (lane 5). RNA and protein sam-
ples were prepared from each root sample and used to prepare RNA and protein gel blots. The IRT1 cDNA was used to probe the RNA gel blots.
Ethidium bromide–stained rRNA is shown as a control for loading. IRT1 protein was detected using the IRT1 affinity-purified peptide antibody.
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whereas the root growth of wild-type plants was not inhib-
ited by growth on cadmium levels �10 �M; the transgenic
plants were 1000 times more sensitive to cadmium than the
wild-type plants (data not shown). Finally, the sensitivity of
the 35S-IRT1 lines to growth in the presence of cadmium
was greatest when the plants were grown without iron.

Although root growth was inhibited by lower concentra-
tions of cadmium, the visible effects of cadmium on the
aerial portions of the plant were best seen using higher con-
centrations of cadmium (90 �M). Wild-type plants grown
without iron for 6 days appeared chlorotic (Figure 10). Wild-
type plants grown on iron-deficient plates that contained
cadmium resembled plants grown on iron-deficient plates
without cadmium. 35S-IRT1 plants resembled wild-type
plants when grown on iron-deficient plates. However, when
the transgenic plants were grown on iron-deficient plates
that contained cadmium, they showed a severe cadmium
sensitivity phenotype. Compared with wild-type plants, the
transgenic plants were smaller, and some leaves were
bleached and necrotic when grown on this medium. In addi-
tion, the leaves of the transgenic plants were purple, pre-
sumably because of the accumulation of the pigment
anthocyanin (Figure 10).

The roots of the transgenic plants were brown and root
growth was arrested completely when grown on iron-defi-
cient plates that contained 90 �M cadmium. The transgenic
plants were not dead, however, because they recovered
when transferred to iron-sufficient plates without cadmium

(data not shown). All four transgenic lines tested showed en-
hanced sensitivity to cadmium to varying degrees, with
transgenic line 4 showing the most severe phenotype; this
line also appeared to have the highest levels of IRT1 protein
in iron-deficient roots, as detected by immunoblot analysis
(Figure 4). Together, these results demonstrate that overex-
pression of IRT1 in transgenic Arabidopsis results in en-
hanced sensitivity to cadmium.

Elemental Analysis of 35S-IRT1 Plants

Finally, we wanted to determine whether or not the trans-
genic plants take up and accumulate increased levels of
metals when grown under the permissive condition for the
expression of IRT1 (iron deficiency). We performed elemen-
tal analysis on the roots and shoots of wild-type and 35S-
IRT1 plants that were grown without iron for 6 days. Zinc
levels in the 35S-IRT1 plants were significantly different
from the levels in wild-type plants (P � 0.05) (Table 1). 35S-
IRT1 plants contained less zinc in the shoots and more zinc
in the roots than the wild type. We found that iron and man-
ganese levels in the 35S-IRT1 plants were not significantly
different from the levels in wild-type plants (Table 1). It is not
surprising that iron levels were unchanged in the transgenic
plants compared with the wild type because the plants were
grown on iron-deficient medium. However, we expected
that manganese levels would be increased in the transgenic
plants compared with wild-type plants. It is possible that we

Figure 7. Time Course of IRT1 mRNA and Protein Abundance Pat-
terns in Wild-Type Plants Grown on Plates Containing Zinc.

Wild-type plants were grown on B5 plates for 2 weeks, transferred
to iron-deficient plates for 3 days, and transferred again to iron-defi-
cient medium supplemented with 100 �M zinc. Roots were har-
vested at 0, 6, 12, 24, 36, 48, and 72 h after the second transfer.
RNA and protein samples were prepared from each tissue sample
and used to prepare RNA and protein gel blots. The IRT1 cDNA was
used to probe the RNA gel blot. Ethidium bromide–stained rRNA is
shown as a control for loading. IRT1 protein was detected using the
IRT1 affinity-purified peptide antibody.

Figure 8. Time Course of IRT1 mRNA and Protein Abundance Pat-
terns in Wild-Type Plants Grown on Plates Containing Cadmium.

Plants were grown on B5 plates for 2 weeks, transferred to iron-defi-
cient plates for 3 days, and transferred again to iron-deficient me-
dium supplemented with 90 �M CdSO4. Roots were harvested at 0,
12, 24, 36, 48, and 72 h and 6 days after the second transfer. RNA
and protein samples were prepared from each tissue sample and
used to prepare RNA and protein gel blots. The IRT1 cDNA was
used to probe the RNA gel blot. Ethidium bromide–stained rRNA is
shown as a control for loading. IRT1 protein was detected using the
IRT1 affinity-purified peptide antibody.
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would be able to detect increased manganese levels in the
transgenic plants if we allowed the plants to grow on iron-
deficient medium for a longer period of time.

In addition, we performed elemental analysis on the roots
and shoots of wild-type and 35S-IRT1 plants that were

grown on plates that were iron deficient and contained cad-
mium. The results showed that cadmium levels in the 35S-
IRT1 plants were significantly different from the levels in
wild-type plants (P � 0.05); the roots of transgenic plants
contained �2000 �g/g dry weight more cadmium than the
roots of wild-type plants (Figure 11). Interestingly, the trans-
genic plants accumulated less cadmium in their shoots than
wild-type plants. Presumably, increased levels of cadmium
in the roots cause a stress response that results in more
cadmium being sequestered in the root and less cadmium
being mobilized to the shoot (Sanita di Toppi and Gabbrielli,
1999). A similar hypothesis would explain the zinc data de-
scribed above.

DISCUSSION

In this report, we have demonstrated that the abundance of
the Arabidopsis metal transporter IRT1 is controlled at the
levels of transcript and protein accumulation. Iron deficiency
resulted in an induction of IRT1 transcript accumulation,
whereas iron sufficiency resulted in a reduction in IRT1 tran-
script levels. High levels of zinc or cadmium also caused a
reduction in IRT1 transcript levels. Interestingly, iron and
zinc also caused post-transcriptional regulation of IRT1
such that IRT1 protein did not accumulate when these met-
als were present in the growth medium. It is logical that the
uptake of these metals is tightly controlled because they are
both essential and potentially toxic.

Zinc uptake in Saccharomyces cerevisiae is known to be
tightly regulated (Guerinot and Eide, 1999). ZRT1 and ZRT2,

Figure 9. Root Growth of 35S-IRT1 Transgenic Plants on Plates
Containing Cadmium.

Seedlings (wild type [WT] and transgenic line 4) were grown on B5
plates for 8 days before being transferred to iron-deficient plates that
contained 50 �M CdSO4. Plates were placed in the growth chamber
in the vertical orientation such that root growth occurred along the
surface of the agar, and root growth was measured every 24 h. Re-
sults are means of six independent measurements, and bars indicate
standard error of mean. The experiment was performed twice.

Figure 10. Sensitivity of 35S-IRT1 Transgenic Plants to Cadmium.

Seedlings were grown for 2 weeks on B5 plates before being transferred to plates that were either iron deficient (�) or iron deficient plus 90 �M
CdSO4. Seedlings were allowed to grow for 6 days more before being transferred for photography. Wild-type (WT) plants are shown next to
transgenic line 4 plants.
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the yeast high- and low-affinity zinc transporters (Zhao and
Eide, 1996a, 1996b), are regulated at the level of transcrip-
tion by the ZAP1 transcription factor (Zhao and Eide, 1997;
Zhao et al., 1998). When zinc is limiting, ZAP1 induces the
expression of ZRT1 and ZRT2. ZRT1 activity is subject to a
second level of regulation in response to zinc availability;
high zinc causes the removal of the protein from the plasma
membrane (Gitan et al., 1998). High zinc concentrations trig-
ger the conjugation of ubiquitin to ZRT1, which in turn in-
duces endocytosis of the transporter (Gitan and Eide, 2000).
This regulatory system allows the rapid turnover of the
transporter when cells come in contact with high levels of
zinc, thus preventing the overaccumulation of zinc, which
can be toxic at high levels. ZRT2 also is subject to zinc-
induced endocytosis, although this regulation has not been
well characterized (D.J. Eide, unpublished data).

Recent studies in yeast have described the post-transla-
tional regulation of several plasma membrane metal trans-
porters in response to changing environmental conditions.
These include the SMF1 protein, a Nramp family member in-
volved in metal uptake (Liu and Culotta, 1999), and the
CTR1 protein, a copper transporter (Ooi et al., 1996). In ad-
dition, MAC1p, a copper-sensing transcription factor, also is
subject to degradation in a copper-specific manner (Zhu et
al., 1998). There also is evidence for post-translational con-
trol of metal transporters in mammalian cells. DMT1, a diva-
lent metal transporter involved in iron transport across the
apical membrane of human intestinal enterocytes, changes
its distribution between the plasma membrane and the cyto-
sol in response to iron levels (Sharp et al., 2002).

ZRT1 and ZRT2 are ZIP family members and thus show a
high degree of sequence similarity to IRT1. Most ZIP family
members contain eight potential membrane-spanning do-
mains and have a similar predicted membrane topology in
which the N and C termini are predicted to reside on the
outside surface of the plasma membrane. ZIPs also have an
intracellular loop between transmembrane domains III and
IV. This intracellular loop has been termed the variable re-
gion because it is variable in both length and sequence
(Guerinot and Eide, 1999). The variable region is of interest
here for two reasons.

First, it is the site of a His-rich repeat that may be involved
in metal binding and/or sensing. In IRT1, the sequence of

the repeat is HGHGHGH (Eide et al., 1996), and in ZRT1, the
sequence of the repeat is HDHTHDE (Zhao and Eide,
1996a). Second, mutation of a specific Lys residue in ZRT1
blocks zinc-regulated ubiquitination and endocytosis of
ZRT1; this critical Lys residue (Lys-195) resides in the vari-
able region (Gitan and Eide, 2000). Based on our knowledge
of the regulation of ZRT1, we hypothesize that the decline in
IRT1 protein abundance in response to iron and zinc is me-
diated post-translationally via a mechanism analogous to
the post-translational mechanism that controls ZRT1 abun-
dance in yeast. Indeed, there are two Lys residues present
within the variable region of the IRT1 protein that may serve
as ubiquitin attachment sites.

The permissive condition for the expression of IRT1 is iron
deficiency; IRT1 is not expressed in zinc-deficient roots
(data not shown). However, when plants are grown without
iron, high zinc causes post-transcriptional regulation of
IRT1. It is possible that post-transcriptional regulation of
IRT1 by zinc is mediated via either a direct or an indirect
mechanism. If the regulation is mediated via a direct mecha-
nism, then the sensing machinery would respond to either
high intracellular iron or zinc levels to activate post-tran-

Table 1. Elemental Analysis of Wild-Type and 35S-IRT1 Plants

Genotype Tissue Iron Zinca Manganese

Wild type Shoot 77.3 � 22 122 � 12.1 99.5 � 25.6
35S-IRT1 Shoot 66.2 � 8.4 68 � 13.6 154 � 24.7
Wild type Root 314 � 61.3 512 � 134 64.5 � 8.5
35S-IRT1 Root 200 � 26.1 779 � 178 59.2 � 16.2

Values shown are �g/g dry weight � SE.
a Means for zinc in wild-type and 35S-IRT1 plants are significantly
different (P � 0.05).

Figure 11. Elemental Analysis of Wild-Type and 35S-IRT1 Trans-
genic Plants Grown on Plates Containing Cadmium.

Plants were grown on B5 plates before being transferred to iron-
deficient medium that contained 90 �M CdSO4. Plants were allowed
to grow for 6 days, at which time the roots and shoots were har-
vested separately and subjected to elemental analysis. Approxi-
mately 50 plants were pooled for each experiment, and results are
means of three (WT) or six (35S-IRT1) independent experiments.
DW, dry weight. Bars indicate standard error of mean.
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scriptional regulation of IRT1. In contrast, it is possible that
high zinc levels alter iron pools within the cell, resulting in in-
direct activation of the post-transcriptional regulation of
IRT1. For example, it is possible that high zinc competes
with iron for ferrochelatase in the production of heme. As a
result, lower use of iron would lead to higher iron pools,
which in turn would affect IRT1 protein accumulation.

The observation that 35S-IRT1 transgenic plants are sen-
sitive to cadmium when grown on iron-deficient medium
supports the hypothesis that IRT1 mediates the transport of
this metal. Cadmium is an important environmental pollut-
ant; it is released into the environment by a number of an-
thropogenic activities, including the use of power stations
and waste incinerators (Sanita di Toppi and Gabbrielli,
1999). Plants take up cadmium and thus serve as the entry
point for cadmium into the food chain, where it poses a
threat to human health. In recent years, phytoremediation,
the use of plants to clean up contaminated areas, has been
proposed as an environmentally friendly, inexpensive way to
remove toxic metals such as cadmium from the environ-
ment. Because IRT1 mediates the transport of cadmium, it
may be possible to engineer plants that specifically hyper-
accumulate cadmium, thus removing it from contaminated
soils. Indeed, recent work showed that single amino acid
changes in IRT1 result in altered selectivity of transport and
is promising for this application (Rogers et al., 2000). How-
ever, to design plants capable of hyperaccumulating cad-
mium, we first must elucidate the mechanism of post-
transcriptional regulation in response to metals.

Together, our results demonstrate that metal uptake via
IRT1 is a carefully regulated process that is controlled at the
levels of transcript and protein accumulation, thereby pro-
viding a means to take up sufficient amounts of essential
metals while preventing their accumulation to potentially
toxic levels. Studies of the iron-storage protein ferritin in the
maize ys1 mutant have shown that it too is subject to post-
transcriptional regulation in response to iron (Fobis-Loisy et
al., 1996). ys1 accumulates less iron than wild-type plants,
and it is known that ferritin protein abundance correlates
with iron loading. Fobis-Loisy and coworkers showed that
ferritin mRNA but not protein accumulates in the maize ys1
mutant when treated with iron.

Thus, the use of the ys1 mutant allowed the uncoupling of
ferritin mRNA and protein accumulation. Our study repre-
sents a new example of metal-dependent post-transcrip-
tional regulation of a metal transporter in plants. Moreover,
this result demonstrates that the targeted overexpression of
IRT1 is not sufficient to confer dominant gain-of-function
enhancement of metal uptake. It seems that it will not be a
straightforward matter to engineer plants that accumulate
iron; currently, we are working to identify mutations within
IRT1 that render it insensitive to post-transcriptional regulation.
Overexpression of such IRT1 alleles may lead to increased
iron accumulation in plants, particularly in conjunction with
the overexpression of other proteins necessary for the
transport and storage of iron in plants.

METHODS

Plant Growth Conditions

Wild-type seeds of Arabidopsis thaliana (ecotype Columbia gl-1) and
transgenic 35S-IRT1 seeds were surface-sterilized, placed in the
dark at 4�C for 2 days, and then sown on plates of Gamborg’s B5
medium (Sigma-Aldrich, St. Louis, MO) supplemented with 2%
sucrose, 1 mM Mes, and 0.6% agar, pH 5.8. Transgenic plants
were grown on plates supplemented with kanamycin (50 �g/mL).
Plates were incubated at 21�C under constant illumination (�90
�E·m�2·s�1) for 12 to 14 days until they reached the four- to six-true-
leaf stage. Plants were grown under a yellow filter (acrylic yellow-2208;
Cadillac Plastic and Chemical, Pittsburgh, PA) to prevent the photo-
chemical degradation of Fe(III)-EDTA (Hangarter and Stasinopoulos,
1991).

Seedlings were transferred to plates that were either iron sufficient
[50 �M Fe(III)-EDTA] or iron deficient {300 �M FerroZine [3-
(2-pyridyl)-5,6-diphenyl-1,2,4-triazine sulfonate]; HACH Chemical,
Ames, IA}. The medium contained macronutrients and micronutrients
(Marschner et al., 1982), 0.6% agar, and 1 mM Mes, pH 6.0. In some
cases, plants were grown on either iron-sufficient or iron-deficient
plates that were supplemented with 100 �M ZnSO4, 500 �M ZnSO4,
50 �M CdSO4, or 90 �M CdSO4. Plants were incubated for various
times after transfer in a growth chamber as described.

Construction of the Chimeric 35S-IRT1 Gene of Cauliflower 
mosaic virus

The Arabidopsis IRT1 cDNA was cloned into the BamHI site of
pCGN18, creating pIRT1 sense. pCGN18 is derived from pCGN1547
(McBride and Summerfelt, 1990). A HindIII-KpnI fragment containing
the 35S promoter of Cauliflower mosaic virus and 3� nopaline syn-
thase terminator was cloned into the HindIII-KpnI sites of pCGN1547
to create pCGN18 (a kind gift of Dr. T. Jack, Department of Biological
Sciences, Dartmouth College, Hanover, NH). The promoter and ter-
minator are separated by a single BamHI site.

Plant Transformation

The pIRT1 sense construct was used to transform Agrobacterium
tumefaciens strain ASE (Rogers et al., 1988), and transformants were
selected on medium containing kanamycin (50 �g/mL) and genta-
mycin (30 �g/mL). Agrobacterium-mediated transformation of wild-
type Arabidopsis plants (Columbia gl-1) was accomplished using
vacuum infiltration (Bent et al., 1994). T1 seeds obtained from self-
fertilization of the primary transformants were surface-sterilized and
sown on Gamborg’s B5 medium supplemented with kanamycin.
Kanamycin-resistant plants were transferred to soil, and the T2
seeds resulting from self-fertilization were collected.

The T2 seeds were surface-sterilized, plated on the same medium,
and scored for resistance to the antibiotic. Transgenic lines that dis-
played 3:1 segregation for kanamycin resistance to kanamycin
sensitivity in the T2 generation and that were 100% kanamycin re-
sistant in the T3 generation were selected for further analysis. Six
independent, single-insertion transgenic lines were isolated in this
way. Single insertions were verified using genomic DNA gel blot anal-
ysis. All further experiments were performed using T4 or T5 seeds.



1356 The Plant Cell

Isolation of RNA and RNA Gel Blot Analysis

Total RNA was prepared (Verwoerd et al., 1989) from the roots and
shoots of plants grown axenically on plates that were either iron de-
ficient or iron sufficient. Plates were supplemented with 100 �M
ZnSO4, 500 �M ZnSO4, or 90 �M CdSO4 as noted. RNA samples (10
�g) were modified covalently by treatment with glyoxal (McMaster
and Carmichael, 1977), separated on a 1.2% agarose gel containing
10 mM NaPO4, pH 6.5, transferred to a nylon membrane, and bound
to the membrane by UV cross-linking (Stratalinker; Stratagene, La
Jolla, CA). Hybridizations were performed in 50% formamide at 42�C
using standard procedures (Ausubel et al., 2002). Membranes were
washed twice for 15 min at room temperature in 1 	 SSC (1	 SSC is
0.15 M NaCl and 0.015 M sodium citrate) and 0.1% SDS, followed by
two 15-min washes in 0.1 	 SSC and 0.1% SDS at 65�C. The 1.4-kb
NotI fragment from pIRT-1 containing the IRT1 cDNA was used as a
probe for RNA gel blot analysis (Eide et al., 1996). The probe is spe-
cific for IRT1, because no signal is detected on a RNA gel blot of RNA
prepared from an IRT1 knockout plant (Vert et al., 2002). DNA frag-
ments used as probes were radiolabeled according to the random-
primer method (Feinberg and Vogelstein, 1984).

Isolation of Protein and Immunoblot Analysis

Total protein was prepared from the roots and shoots of plants
grown axenically on plates that were either iron deficient or iron suf-
ficient. Extracts were prepared by grinding tissue (2 mL of buffer per
1 g of wet tissue) on ice in extraction buffer (50 mM Tris, pH 8.0, 5%
glycerol, 4% SDS, 1% polyvinylpolypyrrolidone, and 1 mM phenyl-
methylsulfonyl fluoride) followed by centrifugation at 4�C for 15 min at
14,000g. The supernatant was recovered, and total protein was esti-
mated using the bicinchoninic acid protein assay (Pierce, Rockford,
IL). Samples for SDS-PAGE were diluted with an equal volume of 2 	
sample prep buffer (Ausubel et al., 2002) and boiled for 2 min.

Total protein (10 �g) was separated by SDS-PAGE (Laemmli,
1970) and transferred to polyvinylidene fluoride membranes by elec-
troblotting (Towbin et al., 1979). Membranes were blocked in 1 	

PBST (0.1% Tween 20 in 1	 PBS) with 5% nonfat dry milk for 3 h at
37�C and then washed two times in 1 	 PBST for 5 min each. The
membranes then were incubated overnight at 4�C with affinity-puri-
fied IRT1 peptide antibody (1:1000 dilution in 1	 PBST and 1% non-
fat dry milk). The IRT1 peptide antibody was raised against a
synthetic peptide (PANDVTLPIKEDDSSN) that corresponds to amino
acids 162 to 177 of the IRT1 deduced protein sequence and is
unique to IRT1 (Quality Controlled Biochemicals, Hopkinton, MA).
The antibody is specific for IRT1, because no antigen is detected in
extracts from an IRT1 knockout line (Vert et al., 2002). Next, the
membranes were washed in 1 	 PBST four times for 15 min each.
Membranes then were incubated for 1 h with goat anti-rabbit IgG
conjugated to horseradish peroxidase (1:5000 dilution in 1	 PBST
and 1% nonfat dry milk) followed by four washes for 15 min each in
1 	 PBST. Chemiluminescence was performed using the Renais-
sance protein gel blot chemiluminescence reagent according to the
directions of the manufacturer (DuPont–New England Nuclear, Bos-
ton, MA).

Elemental Analysis

Mineral concentrations in the shoots and roots of wild-type and
transgenic plants grown on plates were determined. Plants were ger-

minated on Gamborg’s B5 medium and were transferred at the four-
to six-true-leaf stage to plates that were either iron sufficient or iron
deficient either with or without added cadmium (90 �M CdSO4). After
6 days, plants were harvested, and the roots and shoots were sepa-
rated and dried overnight in a 65�C oven. Approximately 50 plants
were pooled for each sample. Elemental analysis was performed us-
ing inductively coupled argon plasma spectrometry at the Soil and
Plant Tissue Testing Laboratory at the University of Massachusetts
(Amherst). The data were analyzed using the multivariate analysis of
variance test.

Root Growth Sensitivity to Cadmium

Seedlings (Columbia gl-1 and transgenic line 4) were grown for 8
days as described above. After 8 days, plants were transferred to
plates that were either iron sufficient [50 �M Fe(III)-EDTA] or iron de-
ficient (300 �M FerroZine) and contained 0, 0.01, 0.1, 1, 10, 50, 100,
250, or 500 �M CdSO4. Plants were placed on the plates such that
their roots extended in as straight a line as possible across the sur-
face of the agar. Plates were placed in the growth chamber in a ver-
tical orientation so that the roots grew down along the surface of the
agar. Root length was measured at days 0, 1, 2, 3, 4, 5, and 6.

Accession Number

The GenBank accession number for the IRT1 cDNA is U27590.
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