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Arsenic (As) is a chronic poison that causes severe skin lesions and
cancer. Rice (Oryza sativa L.) is a major dietary source of As; there-
fore, reducing As accumulation in the rice grain and thereby dimin-
ishing the amount of As that enters the food chain is of critical
importance. Here, we report that a member of the Oryza sativa
C-type ATP-binding cassette (ABC) transporter (OsABCC) family,
OsABCC1, is involved in the detoxification and reduction of As in
rice grains. We found that OsABCC1 was expressed in many
organs, including the roots, leaves, nodes, peduncle, and rachis.
Expression was not affected when plants were exposed to low
levels of As but was up-regulated in response to high levels of
As. In both the basal nodes and upper nodes, which are connected
to the panicle, OsABCC1 was localized to the phloem region of
vascular bundles. Furthermore, OsABCC1 was localized to the to-
noplast and conferred phytochelatin-dependent As resistance in
yeast. Knockout of OsABCC1 in rice resulted in decreased tolerance
to As, but did not affect cadmium toxicity. At the reproductive
growth stage, the As content was higher in the nodes and in other
tissues of wild-type rice than in those of OsABCC1 knockout
mutants, but was significantly lower in the grain. Taken together,
our results indicate that OsABCC1 limits As transport to the grains
by sequestering As in the vacuoles of the phloem companion cells
of the nodes in rice.
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Arsenic (As) is a highly toxic metalloid that is classified as
a nonthreshold class-1 carcinogen (1, 2). Long-term expo-

sure to As in humans causes a number of diseases, including
hyperpigmentation, keratosis, and skin and internal cancers (3).
Due to As contamination of drinking water and soil from both
anthropogenic and geogenic sources, millions of people world-
wide suffer from As toxicity. This problem is particularly serious
in countries in South and Southeast Asia, such as India and
Bangladesh, where groundwater, which is used both as a drinking
water supply and for irrigating rice, contains high concentrations
of As (4). Therefore, reducing the As concentration in drinking
water and foods is a critical goal for promoting human health.
Rice (Oryza sativa L.), a staple food of half of the world’s

human population, is a major dietary source of As (5, 6). A re-
cent cohort study in West Bengal, India showed that high con-
centrations of As in rice are associated with elevated genotoxic
effects in humans (7). Rice accumulates As in the shoots and
grains more efficiently than do other cereal crops such as wheat
(Triticum aestivum) and barley (Hordeum vulgare) (8, 9). This
higher efficiency has been attributed to the increased bio-
availability of As under flooded conditions (such as those found
in paddy fields) and the efficient As uptake system in rice (10–
12). In the anaerobic paddy field, As is mainly present in the
form of arsenite, which is taken up by two silicon (Si) trans-
porters—namely, Lsi1 (low silicon 1), a Si influx transporter, and
Lsi2 (low silicon 2), a Si efflux transporter (11). These trans-
porters take up both arsenite and silicic acid, which have similar
chemical properties. Although other transporters are also able to

transport arsenite (11, 13, 14), Lsi1 and Lsi2 are the major
transporters of arsenite in rice due to their high expression in the
roots (11). Furthermore, the distinct cellular localization of Lsi1
and Lsi2 enables rice to take up Si and As more efficiently than
other cereal crops (11, 15). Lsi1 and Lsi2 are localized to both
the exodermis and endodermis of rice roots (16, 17). Whereas
Lsi1 is localized to the distal side of these two cell layers, Lsi2 is
localized to the proximal side, and the accumulation of high
levels of Si (and most likely As as well) in rice depends on the
cooperation of these two transporters (18).
After arsenite is taken up by the root cells, some of it is im-

mediately released into the rhizosphere, a process that is partially
mediated by Lsi1, a bidirectional channel (19). However, the
remaining As is sequestered into the root vacuoles or translocated
to the shoots and delivered to various organs (20). Phloem cells in
the nodes contain high levels of As and appear to play important
roles in delivering As to the grains (21), suggesting that this tissue
might sequester As and thereby reduce delivery of As to the grain.
Sequestration of As in phloem cells requires the presence of
a vacuolar As transporter in this tissue. However, transporters
involved in the vacuolar sequestration of As have hitherto not
been identified in rice. Recently, two different types of vacuolar
As transporters were discovered in the As hyperaccumulator fern
(Pteris vittata) and Arabidopsis thaliana. PvACR3 from P. vittata
compartmentalizes As into vacuoles, and knockdown of this gene
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results in As hypersensitivity (22). Thus, PvACR3 has been pro-
posed to function as a transporter that is essential for As tolerance
in the P. vittata gametophyte. Orthologs of PvACR3 have not been
identified in angiosperms. However, two transporters (AtABCC1
and AtABCC2) belonging to the ATP-binding cassette (ABC)
family were found to sequester As into the vacuoles in Arabidopsis
(23). Both AtABCC1 and AtABCC2 transport phytochelatin
(PC)–As complexes and atabcc1 atabcc2 double knockout plants
exhibited As hypersensitivity (23). These findings indicate that
AtABCC1 and AtABCC2 play a major role in As detoxification.
Recently, vacuoles isolated from barley were shown to have
a pattern of PC2–As transport similar to that of Arabidopsis
vacuoles (24), suggesting that similar ABC transporters are in-
volved in vacuolar sequestration in monocotyledonous plants such
as barley and rice.
In the present study, we report that an ABC transporter,

OsABCC1, is important for the vacuolar sequestration of As
and therefore for reducing As accumulation in rice grains.
OsABCC1, which is the only member of the ABC transporter
family in the rice genome to exhibit a high degree of similarity
to AtABCC1 and AtABCC2, forms a distinct cluster from
other members in this family (Fig. S1) (23). Our detailed
functional analysis revealed that OsABCC1 is involved in As
detoxification and, more importantly, in reducing As levels in
the rice grain by sequestering it in the node cell vacuoles.

Results
Expression Patterns of OsABCC1. OsABCC1 shared 70% and 72%
amino acid sequence identity, respectively, with AtABCC1 and
AtABCC2 (Fig. S1 A and B). The expression pattern of OsABCC1
was investigated in different organs throughout the growth period

of rice cultivated in paddy fields. OsABCC1 was expressed in all
organs; at the vegetative growth stage, it was expressed in the
roots, basal nodes, and leaves (Fig. 1A), and at the reproductive
growth stage, in the roots, nodes, leaves, peduncles, rachis, and
spikelets (Fig. 1A).
Whereas OsABCC1 expression in the roots was not affected by

low levels of As exposure (0.5 μM), it was slightly up-regulated by
5 μM As (Fig. 1B). By contrast, in the basal node and shoot, the
expression of OsABCC1 was unaffected by both low and high As
concentrations (Fig. 1B). However, publicly available microarray
data in different rice cultivars showed that OsABCC1 expression
was consistently up-regulated by As in roots as well as in other
organs (Fig. S2). This difference may be attributed to the high
concentration of As (1 mg·L−1) used in the microarray analysis.
To test this possibility, we evaluated OsABCC1 expression in rice
plants exposed to high concentrations of As (50 μM). The ex-
pression in shoot and root was indeed up-regulated after 6 and
24 h of exposure (Fig. S3). However, OsABCC1 expression was
not significantly affected by exposure to both low and high levels
of cadmium (Cd) in any organ (Fig. 1B and Fig. S3).
The tissue specificity of OsABCC1 expression in highly de-

veloped vascular bundles of the uppermost node I at the flow-
ering stage was investigated using laser microdissection (LMD).
Higher expression of OsABCC1 was found in the diffuse vascular
bundles (DVBs) than in the enlarged vascular bundles (EVBs)
(Fig. 1C). In the EVBs, expression of OsABCC1 was higher in
the phloem region (EVB P) than in the xylem region (EVB X)
(Fig. 1C). The expression patterns of two other genes in the same
samples, OsLsi6 in EVB X and OsHMA2 in EVB P and DVB
(Fig. S4), matched the results from the previous reports (25, 26)
and indicated the purity of the tissues sampled.

Cell Specificity of OsABCC1 Expression. To investigate the cell speci-
ficity of OsABCC1 expression, we generated transgenic lines
carrying GUS under the control of the OsABCC1 promoter.
Immunostaining with a GUS antibody showed that the GUS
signal was present in the exodermis and phloem region of the
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Fig. 1. Expression pattern of OsABCC1. (A) Relative expression of OsABCC1
in various organs at different growth stages. Rice was grown in a paddy field,
and various tissues were sampled at different growth stages. (B) Effect of As
on OsABCC1 expression. Rice seedlings (17-d-old) were exposed to a solution
containing 0, 0.5, or 5 μM arsenite or 5 μM Cd for 24 h. Significant differences
from WT at *P < 0.05 by Tukey’s test. (C) Expression of OsABCC1 in different
vascular tissues of node I separated by LMD at the milky stage. The expression
level was determined by quantitative real-time RT-PCR. Expression relative to
node I at the flowering stage (A), to the control roots (B), and to EVB P (C) is
shown. HistoneH3 and Actin were used as internal standards. Data are means ±
SD of three biological replicates. DVB, diffuse vascular bundle; EVB P, en-
larged vascular bundle phloem; EVB X, enlarged vascular bundle xylem.
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Fig. 2. Cell specificity of OsABCC1 expression. Immunostaining with a GUS
antibody was performed in transgenic rice carrying the OsABCC1 promoter
fused with GUS (A, C, E, G, I, and K) or WT as negative control (B, D, F, H, J,
and L) in different organs at the vegetative (A–F) and reproductive growth
(G–L) stages. Red color indicates the GUS antibody-specific signal. Blue color
indicates cell wall autofluorescence. Asterisks indicate crosstalk of back-
ground autofluorescence from a particular cell wall. (A and B) Root. (C and
D) Basal node. (E and F) Leaf blade. (G and H) Leaf sheath. (I and J) In-
ternode. (K and L) Node I. Insets in A, C, G, I, and K represent regions
magnified in yellow dotted boxes, respectively. (Scale bar, 50 μm.)
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roots, basal nodes, and leaf blades at the vegetative growth
stage (Fig. 2 A, C, and E). At the reproductive stage, the signal was
also observed in vascular tissues mainly in the phloem region of leaf
sheaths, internodes, and node I (Fig. 2 G, I, and K). No signal was
observed in any tissues of wild type (Fig. 2 B, D, F, H, J, and L),
demonstrating the specificity of the antibody.
The cell specificity of OsABCC1 localization to the roots, basal

node, and node I was further investigated by immunostaining with
an OsABCC1 antibody. Signal was observed in the exodermis and
pericycle of roots (Fig. 3 A and B), and in the phloem companion
cells of both the EVBs and DVBs at the basal node and node I
(Fig. 3 C, D, and G–I). The signal was stronger in the DVB than
in the EVB. No signal was observed in the OsABCC1 knockout
mutants (Fig. 3 E and F), indicating the specificity of this anti-
body. OsABCC1 expression in phloem cells of the node, which is
important for delivering minerals to the grain, suggests that
OsABCC1 might regulate As accumulation in the grain.

Tonoplast Localization of OsABCC1. The subcellular localization of
OsABCC1 was investigated by both immunohistological and
Western blot analysis using an antibody against OsABCC1. The
antibody cross-reacted with a major band corresponding to the
molecular size of OsABCC1 in the microsomal fraction of wild-
type rice but not of the mutant rice (Fig. S5). Although the an-
tibody detected another band in both the wild type and the
mutant, it was minor compared with the major band. This result
indicated the high specificity of the antibody to OsABCC1. Im-
munohistochemical observation using double staining with DAPI
for nuclei and OsABCC1 antibody revealed that endogenous
OsABCC1 protein was localized to a ring-like structure in phloem
companion cells in four consecutive optical sections with 2.5-μm
intervals in node I (Fig. 4A). The ring-like signals were separately
localized from the nucleus, and their size was larger than that of

the nucleus. This localization is different from that of cytosol
and other cytosolic small organelles, which are localized at the
peripheral region of the cells, especially around the nucleus. This
result shows that the OsABCC1 protein was localized to the to-
noplast rather than to other organelle membranes. This sub-
cellular localization was further confirmed by sucrose density
gradient fractionation of microsomal proteins and immunoblot
analysis with the same antibody. OsABCC1 showed the same
fractionation pattern with V-type ATPase, a marker protein of
tonoplast membrane (Fig. 4B), but different from the pattern of
H+-ATPase or binding immunoglobulin protein (BiP), which
represents the marker protein for the plasma membrane and
ER, respectively.

OsABCC1 Enhances As Resistance in Yeast and Arabidopsis. The effect
of OsABCC1 on As resistance was assayed in two yeast strains—
that is, SM4 and SM7. SM4 is a budding yeast mutant strain
lacking YCF1 [the yeast vacuolar As(GS)3 transporter] and three
other vacuolar ABCC-type ABC transporters, whereas SM7 is
a transgenic strain carrying the wheat PC synthase gene TaPCS1
in the SM4 background (23). In the absence of As, yeast growth
was similar in the empty vector and OsABCC1-expressing lines
in both the SM4 and SM7 backgrounds (Fig. 4C). Expression of
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Fig. 3. Cellular localization of OsABCC1. Immunostaining with an antibody
against OsABCC1 was performed in different organs of rice at the vegetative
(A–F) and reproductive growth (G–I) stage. (A and B) WT root. (C and D) WT
basal node. (E and F) abcc1-1 and abcc1-2 mutant basal node, respectively.
(G–I) WT node I. Red color indicates the OsABCC1 antibody-specific signal.
Blue color indicates cell wall autofluorescence. Yellow dotted boxes in A, C,
and G represent regions magnified in B (root stele), D, H (phloem of EVB),
and I (DVB), respectively. (Scale bar, 50 μm.)
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Fig. 4. Subcellular localization of OsABCC1 and As resistance mediated by
OsABCC1. (A) Immunostaining analysis of subcellular localization of OsABCC1.
Double staining with OsABCC1 antibody and DAPI was performed in node I of
rice at the flowering stage. OsABCC1 antibody (red) and DAPI (nucleus; blue)
fluorescence and cell wall autofluorescence (cyan) at four consecutive optical
sections of 2.5-μm intervals (a–d) of the same sample are shown. Different
colored arrowheads indicate the position of nuclei in each cell. (Scale bar,
5 μm.) (B) Immunoblot analysis of OsABCC1 localization. Microsomes extrac-
ted from rice roots were fractionated by sucrose density gradient. Polyclonal
antibodies of anti-OsABCC1, anti–V-ATPase (tonoplast marker), anti–H+-ATPase
(plasma membrane marker), and BiP (ER marker) were used. (C) Phytoche-
latin-dependent As resistance mediated by OsABCC1. Yeast strains SM4 and
SM7 transformed with empty vector (EV) or OsABCC1 were cultured in half-
strength SD agar plates with or without As(III) or Cd(II) at 30 °C for 3 d. (D)
Recovery of As resistance in the Arabidopsis atabcc1 atabcc2 double mutant
(atabcc1,2) by the introduction of OsABCC1. Wild-type (WT), atabcc1,2, and
atabcc1,2 Arabidopsis lines transformed with OsABCC1 were grown on half-
strength MS agar media supplemented with or without 30 μM As (V) for
3 wk. (E–G) Subcellular localization of thiol compounds. Seedlings (3-d-old)
of WT rice (E), the osabcc1-1 mutant (F), and the osabcc1-2 mutant (G) were
exposed to 0.5 μM As(III) for 3 h and then the roots were stained with
monobromobimane for thiol compounds (cyan) and propidium iodide for
the cell wall (red). Plasmolysis was induced by placing roots in 8% mannitol.
Merged images are shown. (Scale bar, 10 μm.)
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OsABCC1 in SM4 had little effect on tolerance to As (Fig. 4C).
However, expression of OsABCC1 in SM7 significantly enhanced
tolerance to As (Fig. 4C). These results indicate that OsABCC1
specifically enhances As resistance through the PC-dependent
pathway. OsABCC1 expression did not appear to affect Cd tol-
erance, although TaPCS1 expression greatly enhanced Cd toler-
ance in SM7 (Fig. 4C).
To examine whether OsABCC1 promotes As resistance in

plants, similar to AtABCC1 and AtABCC2 in Arabidopsis,
OsABCC1 was introduced into the Arabidopsis atabcc1atabcc2
double mutant under the control of the 35S promoter. In the ab-
sence of As, growth was similar in the wild type, atabcc1atabcc2, and
atabcc1atabcc2 transformed with OsABCC1 (Fig. 4D). By contrast,
in the presence of As, growth of the double mutant was inhibited,
whereas expression of OsABCC1 rescued the As-induced growth
inhibition of the double mutant (Fig. 4D). These results indicate
that OsABCC1, like AtABCC1 and AtABCC2 in Arabidopsis,
functions in As detoxification.

Subcellular Localization of Thiol Compounds. Because As forms
a complex with thiol compounds (e.g., PC), we investigated the
subcellular localization of thiol compounds in the roots of rice
plants using monobromobimane, a fluorescence dye for thiol
compounds. After exposure to As, thiol compounds were local-
ized to the vacuoles, which occupy most of the cell volume in the
roots of wild-type rice (Fig. 4E). By contrast, the thiol com-
pounds in the roots of the osabcc1-1 and osabcc1-2 mutants were
detected in the thin layer of cytosol and nucleus (Fig. 4 F and G).

Knockout of OsABCC1 Resulted in Increased As Sensitivity. To test
whether OsABCC1 is involved in As resistance in rice, we
obtained two independent T-DNA insertion lines (Fig. S6 A and
B). RT-PCR analysis showed that no OsABCC1 transcript was
present in either of the lines, indicating that these are true
knockout lines (Fig. S6C). In the absence of As, the growth of
the two knockout lines was similar to that of wild-type rice (cv.
Dongjin). However, in the presence of As (up to 10 μM), the
growth of both the roots and shoots of the knockout lines was
inhibited to a greater extent than was that of the wild-type rice
(Fig. 5A and Fig. S7). In an independent experiment, we found
that the shoot growth of the two knockout lines was completely
inhibited in the presence of 50 μM As (Fig. S8A). These results
indicate that OsABCC1 is involved in As tolerance in rice.
Cd tolerance was also compared between wild-type rice and

the two knockout lines. However, there was no difference in the
growth between these lines, regardless of whether the plants
were subjected to low or high Cd concentrations (Fig. S8).
Analysis of As accumulation showed that the two mutants

accumulated less As in the shoots compared with the wild-type
rice at all As concentrations tested (Fig. S9A). However, in the
roots, the mutants showed different patterns of accumulation
that depended on the external As concentrations. At low As
concentrations (<2 μM), the mutants accumulated more As than
did wild-type rice; however, similar and lower levels were found
at 5 μM and 10 μM As, respectively (Fig. S9B).

Knockout of OsABCC1 Resulted in Increased As Allocation to the Grain.
When grown to maturity in soil supplied with 1.3 mg As per 1 kg
soil, the mutants accumulated much less As in nodes I and II, but
more As in the flag leaf, rachis, husk, and brown rice compared
with the wild-type rice (Fig. 5B). Notably, in the brown rice, the
mutants’ As concentrations were 13- to 18-fold higher than those
of wild-type rice. An analysis of the As distribution in the organs of
the shoot showed that more As was delivered to the grain in the
two mutants than in the wild type (20–24% vs. 3.4%) (Fig. 5C).
Because OsABCC1 is also expressed in other organs, such as

roots, to exclude the possibility of an OsABCC1 effect in the
roots on As distribution, we investigated the role of OsABCC1

in As distribution to the grains using a short-term (1-d) feeding
experiment with arsenite and rubidium (Rb) (as a control) from
the second upper internode at the milky stage. Only 1.7% of
total As was allocated to the grain in wild-type rice (Fig. 5D). By
contrast, 10.6–17.5% of As was allocated to the grain in the
mutants. An opposite trend was found in the distribution of As to
node I: More As accumulated in node I of wild-type rice than of
the two mutants (Fig. 5D). There was only little difference in the
distribution of Rb between wild-type rice and the two mutants
(Fig. S10). These results are consistent with our experiment
described above (Fig. 5 B and C), indicating that OsABCC1 plays
an important role in limiting As transport to the rice grain.

Discussion
As in the form of arsenite inhibits plant growth by binding to
vicinal sulfhydryl groups of proteins, thereby causing structural
changes or loss of catalytic functions (27). Detoxification of As in
plants has been proposed to occur via the formation of complexes
with thiol compounds and the subsequent sequestration of these
complexes into the vacuoles (20). Our results indicate that
OsABCC1 is involved in As detoxification by sequestering As–PC
into the vacuoles. OsABCC1 is localized to the tonoplast of rice
cells (Fig. 4 A and B) and enhances As resistance in yeast
expressing PC synthase (Fig. 4C). Knockout of OsABCC1 resulted
in significantly decreased As tolerance (Fig. 5A and Figs. S7
and S8). The introduction of OsABCC1 into the Arabidopsis
atabcc1atabcc2 double mutant complemented As-mediated root
growth inhibition (Fig. 4D), indicating that OsABCC1 can rescue
the function of AtABCC1 and AtABCC2, which sequester As
into Arabidopsis vacuoles. Furthermore, thiol compounds were
detected in the vacuoles of wild-type roots, but in the cytosol of
osabcc1 mutant roots (Fig. 4 E–G). Therefore, the function of
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Fig. 5. Phenotypic analysis of osabcc1 mutants. (A) The As tolerance test.
Seventeen-day-old seedlings of wild-type (WT) rice and two OsABCC1
knockout lines (abcc1-1 and abcc1-2) were exposed to a nutrient solution
containing different As concentrations. After 2 wk, the plants were photo-
graphed. (B and C) The As concentration (B) and distribution (C) in different
organs at the ripening stage. Both wild-type rice and two knockout mutants
were grown in soil containing 1.3 mg As per 1 kg soil. Different organs were
sampled and subjected to As determination. The distribution of As in organs
above node I was calculated; specifically, the amount of As accumulated in
each organ versus the total As accumulated in the aboveground parts was
determined. Data are means ± SD of three biological replicates. (D) Short-
term As distribution in different organs. The plants were cut at the second
upper internode below node II and then fed with 10 μM As(III) solution at
the cut end. After 24 h, each organ was separately harvested for As de-
termination. Data are means ± SD of four to five biological replicates. Sig-
nificant differences from WT at *P < 0.05 and **P < 0.01 by Tukey’s test.
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OsABCC1 in rice is similar to that of AtABCC1 and AtABCC2 in
Arabidopsis (23). However, in contrast to AtABCC1 and AtABCC2,
which are also involved in Cd detoxification (28), OsABCC1 did
not confer Cd tolerance in rice (Fig. S8). This difference may
be attributed to the presence of OsHMA3 in rice. OsHMA3,
a member of the P-type ATPase family, is a tonoplast-localized
Cd2+ transporter (29) and is responsible for the sequestration of
Cd into the vacuoles of rice roots. Although a homolog of
OsHMA3 exists in Arabidopsis (AtHMA3), its function has been
lost due to mutation in the Columbia ecotype (30). Another
possible explanation for this difference involves the different sta-
bilities of As– and Cd–thiol complexes in the cells. Cd–PC com-
plexes are stable in neutral and alkaline conditions, as found in the
cytosol, but not in acidic environments (31). By contrast, As–PC
complexes are stable under the acidic conditions found in root
vacuoles (32). Therefore, the formation of Cd–thiol complexes in
the cytosol results in strong Cd detoxification (24), whereas As–PC
complexes must be sequestered into vacuoles for the complete
detoxification of As.
Because rice grains are a major source of As intake (5), re-

ducing the As concentration in the grain is an important objec-
tive of efforts to reduce As poisoning. A physiological study
showed that transport of arsenite to the grain occurs mainly via
phloem (33). However, the underlying molecular mechanism for
this process was hitherto unknown. In this study, we found that
OsABCC1 plays an important role in preventing As transport to
the grain. Knockout of OsABCC1 resulted in a greater increase
in As concentration in the brown rice (Fig. 5 B and C). Alloca-
tion of mineral elements, including As, to the grains is mediated
by transporters in the nodes of rice (34). There are two major
vascular bundles in the node—namely, the EVBs and DVBs. At
the uppermost node (node I), EVBs are connected to the lower
node and the flag leaf, whereas the DVB initiates at the node
and is connected to the panicle (34). Efficient delivery of min-
erals to the grains requires the intervascular transfer of mineral
elements from EVBs to DVBs. OsABCC1 is mainly localized to
the tonoplast of phloem companion cells (Figs. 2, 3, and 4 A and
B). Moreover, As was present at high concentrations in the
nodes of wild-type rice (Fig. 5 B–D). These results indicate that
As was sequestered into the phloem cells before translocation to
the grain. In addition to its expression in the phloem region of
upper nodes, OsABCC1 is also expressed in the phloem region
of other organs, including basal nodes, leaf sheaths, and peduncles
(Figs. 2 and 3). Localization of OsABCC1 to these organs also likely
reduces As movement up to the grain by sequestering As into the
vacuoles of the phloem companion cells. This notion is supported
by a previous report describing As accumulation in the phloem
region of these organs (21).
Knockout of OsABCC1 did not decrease As accumulation in

the roots, but rather reduced As accumulation in the shoots
compared with wild-type rice at relatively low As concentrations
(Fig. S9). This is different from findings for OsHMA3, a tono-
plast-localized Cd transporter (29). Loss of function of OsHMA3
resulted in decreased Cd accumulation in the roots, but in-
creased Cd accumulation in the shoots. This difference may be
attributed to the existence of different forms of and transporters
for As and Cd. In contrast to Cd, which is likely sequestered by

OsHMA3 into the vacuoles in the ionic form and loaded into the
xylem in the same form by other transporter(s) (26, 29), As is
sequestered by OsABCC1 into the root vacuoles most likely in
the form of As–PC complexes (Fig. 4C), but loaded into the
xylem in the ionic form (i.e., not bound to thiols) by Lsi2, a silicic
acid and arsenite efflux transporter (11). One possibility is that
knockout of OsABCC1 results in increased toxicity, which
induces the biosynthesis of thiol compounds, such as glutathione,
which bind to As. Because thiol–As complexes are not trans-
located to the shoots by Lsi2, As might accumulate in the roots
of osabcc1 mutants (Fig. S9). At higher As concentrations
(>5 μM), because the roots were severely damaged in the
mutants (Fig. 5A and Fig. S7), the As concentration change may
be indirectly caused by increased toxicity.
In conclusion, OsABCC1 is not only involved in As de-

toxification but, more importantly, is also involved in reducing
the allocation of As to the rice grain. Particularly during the
reproductive growth stage, the localization of OsABCC1 to the
tonoplast of the phloem companion cells of vascular bundles at
the upper nodes effectively reduces the translocation of As to the
grains, thereby protecting the next generation of plants (which
will grow out of the grains) from accumulating high levels of As.
Overexpression of OsABCC1 may be used as a strategy to breed
As-tolerant and low As-accumulating rice cultivars in the future.

Materials and Methods
Plant Materials, Growth Conditions, and Phenotypic Analysis. Wild-type rice
(cv. Dongjin) and two independent OsABCC1 T-DNA insertion lines were grown
hydroponically or in a pot filled with 3.5 kg of soil containing 1.3 mg As·kg−1

in a greenhouse at 25–30 °C under natural light. At different growth stages,
various organs were separately harvested and subjected to As determination
by inductively coupled plasma mass spectrometry. The As tolerance was
evaluated by exposing the plants to different As concentrations. The root
length was measured before treatment and again after 48 h of treatment.
The growth was also compared between wild-type rice and two independent
OsABCC1 T-DNA insertion lines after 2 wk of exposure to different As con-
centrations. The distribution of As was investigated by feeding As to the cut
end of the second upper internode of rice for 1 d at the milky growth stage.

Functional Characterization of OsABCC1. OsABCC1 expression was investigated
in different organs at different growth stages by real-time RT-PCR. Different
tissues of node I (i.e., the node directly beneath the panicle) were collected by
LMD and subjected to expression analysis. The cell specificity of OsABCC1
expression was examined by immunostaining with an antibody against GUS
in transgenic lines carrying the OsABCC1 promoter–GUS fusion. The cellular
and subcellular localization of OsABCC1 was further investigated by immu-
nostaining and immunoblot analysis using an OsABCC1 antibody. The As
resistance test was performed in two yeast mutant strains, SM4 and SM7, and
in the Arabidopsis abcc1 abcc2 double knockout mutant.

For other methods, see SI Materials and Methods.
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