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Arsenic (As) accumulation in rice (Oryza sativa) may pose a significant health risk to consumers. Plants take up different As
species using various pathways. Here, we investigated the contribution of the phosphate (Pi) transport pathway to As
accumulation in rice grown hydroponically or under flooded soil conditions. In hydroponic experiments, a rice mutant
defective in OsPHF1 (for phosphate transporter traffic facilitatorl) lost much of the ability to take up Pi and arsenate and to
transport them from roots to shoots, whereas transgenic rice overexpressing either the Pi transporter OsPht1;8 (OsPT8) or the
transcription factor OsPHR2 (for phosphate starvation response2) had enhanced abilities of Pi and arsenate uptake and
translocation. OsPT8 was found to have a high affinity for both Pi and arsenate, and its overexpression increased the maximum
influx by 3- to 5-fold. In arsenate-treated plants, both arsenate and arsenite were detected in the xylem sap, with the proportion
of the latter increasing with the exposure time. Under the flooded soil conditions, the phf] mutant took up less Pi whereas the
overexpression lines took up more Pi. But there were no similar effects on As accumulation and distribution. Rice grain
contained predominantly dimethylarsinic acid and arsenite, with arsenate being a minor species. These results suggest that the
Pi transport pathway contributed little to As uptake and transport to grain in rice plants grown in flooded soil. Transgenic
approaches to enhance Pi acquisition from paddy soil through the overexpression of Pi transporters may not increase As

accumulation in rice grain.

Inorganic arsenic (As) is a human carcinogen, with
exposure coming mainly from drinking water and
food (Tsuji et al., 2007; European Food Safety Author-
ity, 2009). Recent studies have identified rice (Oryza
sativa) as a major dietary source of inorganic As, which
may pose a significant health risk (Kile et al., 2007;
Mondal and Polya, 2008; Meharg et al., 2009). This is
because paddy rice is rather efficient at As accumula-
tion due to a combination of the anaerobic conditions
prevailing in paddy soil, which leads to arsenite
mobilization (Takahashi et al., 2004; Williams et al.,
2007b; Xu et al., 2008), and the inadvertent uptake of
arsenite through the rice silicic acid uptake pathway
(Ma et al., 2008). This problem is further exacerbated
by the widespread contamination of As in paddy
fields as a result of irrigation with As-laden ground-
water in south Asia (Meharg and Rahman, 2003;
Dittmar et al., 2010), mining, and the past use of
arsenical agrochemicals (Williams et al.,, 2007a; Zhu
et al., 2008). As contamination of paddy soils not only
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compromises food safety but also can cause substan-
tial losses in rice production (Panaullah et al., 2009). It
is important, therefore, to understand the mechanisms
of As uptake by rice.

As is a redox-sensitive metalloid, with arsenate [As
(V)] and arsenite [As(Il)] being commonly found in
soil. The two inorganic As species are readily intercon-
vertible depending on the environmental conditions
(especially the redox potential and pH). Arsenate pre-
dominates under aerobic conditions, whereas anaerobic
conditions in flooded paddy soil favor arsenite. Arse-
nite can also be methylated by soil microorganisms,
producing various forms of methylated As (e.g. mono-
methylarsonous acid [MMA] and dimethylarsinic acid
[DMA]; Cullen and Reimer, 1989). Plants are able to
take up various As species through different mecha-
nisms (for review, see Zhao et al., 2010b). Arsenate is a
chemical analog of phosphate (Pi) and is taken up by Pi
transporters. Evidence for this comes from physiolog-
ical studies showing competitive inhibition of arsenate
uptake by Pi (Abedin et al., 2002b) and isolation of
arsenate-resistant mutants of Arabidopsis (Arabidopsis
thaliana) defective in Pi transporters (Shin et al., 2004;
Gonziélez et al., 2005). In the rice genome, there are 13
sequences belonging to the Pht1 family encoding puta-
tive high-affinity Pi transporters (Paszkowski et al.,
2002). Some of them have been characterized with
regard to Pi uptake and transport (Ai et al., 2009).
However, their roles in arsenate transport remain un-
known. Furthermore, Pi uptake is highly regulated in
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plants (Raghothama, 1999; Chiou and Lin, 2011), and
this regulatory system may also control arsenate uptake
and translocation.

In contrast to arsenate, arsenite is present predom-
inantly as a neutral molecule (arsenous acid) under the
normal pH range that occurs in soil and in plant cells,
and it permeates through the plasma membranes via
the nodulin 26-like intrinsic protein (NIP) aquaporin
channels (Bienert et al., 2008; Isayenkov and Maathuis,
2008; Ma et al., 2008). Arsenite influx into rice roots is
mediated mainly through the silicic acid transporter
NIP2;1 (Lsil; Ma et al., 2008). Lsil also allows arsenite
to leak to the external medium when the internal
concentration is greater than the outside (Zhao et al.,
2010a). In addition, another silicon (Si) transporter,
Lsi2, mediates the efflux of both Si and arsenite from
exodermal and endodermal cells toward the stele for
xylem loading; Lsi2 plays a crucial role in As accu-
mulation in rice shoots (Ma et al., 2008). Rice is a Si
accumulator with both Lsil and Lsi2, being expressed
strongly in rice roots (Ma et al., 2006, 2007); the Si
uptake pathway thus constitutes the main route of
arsenite uptake in rice. Compared with inorganic As,
the methylated species MMA and DMA are taken up
less efficiently by roots but are more readily trans-
ported via xylem and phloem (Abedin et al., 2002b;
Raab et al., 2007; Li et al., 2009a; Carey et al., 2010; Ye
et al.,, 2010). The rice aquaporin Lsil is also able to
transport the undissociated form of MMA and DMA
(Li et al., 2009a).

The dynamics of As speciation in paddy fields are
complex, showing strong spatial and temporal varia-
tions (Stroud et al., 2011). While arsenite is the dom-
inant species in the soil solution of flooded paddy soil
(Takahashi et al., 2004; Xu et al., 2008; Li et al., 2009b),
arsenate can also be present in considerable propor-
tions (Stroud et al., 2011). Moreover, arsenite reaching
the root surface may undergo oxidation to arsenate
because of the oxygen released by rice roots. Rice roots
(the mature zone) are typically coated with orange-
colored iron plaque, which is formed from the oxida-
tion of ferrous iron (Fe’") and precipitation of ferric
oxides/hydroxides (mainly ferrihydrite; Liu et al.,
2006; Seyfferth et al., 2010). Iron plaque provides a
strong sink for As, especially arsenate (Liu et al., 2006).
The chemical reactions occurring in the rhizosphere of
paddy rice add substantial complexity to the biogeo-
chemical cycle of As. A particularly relevant question
concerns the contribution of the Pi transport pathway
to As accumulation in paddy rice. This is an important
question, because strategies to enhance Pi acquisition
in rice, an important goal for sustainable rice produc-
tion, may inadvertently lead to excessive As accumu-
lation if As is taken up as arsenate through the Pi
pathway. Apart from root uptake and root-to-shoot
translocation, it has been suggested that phloem trans-
port of As to rice grain may also take the form of
arsenate via the Pi pathway (Norton et al., 2010).

In this study, we first characterized Pi and arsenate
uptake and root-to-shoot translocation in hydroponi-
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cally grown rice using a mutant defective in Pi trans-
port and two transgenic rice lines overexpressing a Pi
transporter gene or a transcription factor regulating
phosphorus (P) starvation responses. These rice lines
and their wild types were then grown in soil under
flooded conditions to evaluate the effects on P and As
uptake, distribution, and As speciation in grain.

RESULTS

OsPHR2 Overexpression Enhanced Pi and Arsenate
Uptake and Root-to-Shoot Translocation

Zhou et al. (2008) showed that overexpression of
OsPHR2, a MYB-CC transcription factor and a homo-
log of Arabidopsis PHR1 (Rubio et al., 2001), up-
regulates a number of Pi transporter genes in rice
grown with sufficient Pi supply, resulting in excessive
P accumulation in the shoots. In this study, we used an
OsPHR?2-overexpressing line (PHR2-Ov) to investigate
the effect of PHR2 on Pi and arsenate uptake and root-
to-shoot translocation. The ratio of root to shoot bio-
mass of PHR2-Ov was slightly lower than that of
Nipponbare, but the difference was not significant
(Supplemental Fig. S1).

Over the 24-h time course, the uptake of *’P-labeled
Pi by PHR2-Ov was approximately two times larger
than that by the wild-type cv Nipponbare (Fig. 1A).
PHR2-Ov had significantly higher concentrations of
3P in both roots and shoots than the wild type, with
the effect on shoot *°P (2.7-fold increase) being greater
than that on root *P (1.7-fold increase; Fig. 1, Band C).
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Figure 1. Uptake and distribution of **P-labeled Pi in Nipponbare, the
PHR2 overexpression line, and the phf1 mutant of rice. A, Uptake per
root fresh weight (FW). B, **P concentrations in roots. C, **P concen-
trations in shoots. D, Ratio of shoot to root **P concentrations. Plants
were supplied with 100 um **P-labeled Pi for 2, 6, and 24 h. Data are
means = st (n = 4); where error bars are not visible, st values are smaller
than the symbol size.
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The ratio of shoot to root *P concentration increased
with time and was 1.6 times higher in PHR2-Ov than in
the wild type averaged across all time points (Fig. 1D).
These results indicate that PHR2 overexpression in rice
increases both the uptake and root-to-shoot transloca-
tion of Pi.

Unlike Pi, arsenate [As(V)] can be reduced rapidly
to arsenite [As(III)] in plant roots (Zhao et al., 2009);
therefore, it is necessary to analyze As speciation in
order to determine the effect of PHR2 overexpression.
When rice plants were exposed to 5 um As(V) for 2 or
24 h in the presence of 100 uMm Pi, root As(V) concen-
tration of PHR2-Ov was 2.6 to 2.8 times higher than
that of the wild type, compared with only a 1.4- to 1.8-
fold difference in root As(IIl) concentration (Fig. 2, A
and C). At 2 h, 65% and 49% of As in the roots of the
wild type and PHR2-Opv, respectively, was in the form
of As(III); the As(Ill) percentage increased to 88% and
83%, respectively, at 24 h. Xylem sap was collected at 2
and 24 h after As(V) exposure. At 2 h, As speciation in
the xylem sap was dominated by As(V), accounting for
85% and 90% of the total As in the wild type and
PHR2-Opv, respectively (Fig. 2B). Compared with the
wild type, PHR2-Ov had 4.2 and 2.8 times more As(V)
and As(Ill), respectively. By 24 h, As(Ill) had become
the dominant As species in the xylem sap, accounting
for 61% and 53% in the wild type and PHR2-Og,
respectively. At this time point, As(V) and As(III)
concentrations in the xylem sap of PHR2-Ov were
76% and 24% larger than those of the wild type (Fig.
2D). At 2 h, shoot As was below the detection limit of
the method used. At 24 h, only As(IIl) was detected in

the shoots, with PHR2-Ov containing 56% higher As
(III) than the wild type (Fig. 2E).

OsPHF1 Mutation Greatly Decreased Pi and Arsenate
Uptake and Root-to-Shoot Translocation

From an ethylmethane sulfonate-mutagenized pop-
ulation of the PHR2-Ov line, a number of arsenate-
tolerant mutants with mutation in the OsPHF1 gene,
which encodes a Pi transporter traffic facilitator, were
isolated (P. Wu, unpublished data). In this study, we
compared Pi and arsenate uptake and translocation
between a rice phfl mutant with a single nucleotide
substitution and its wild type (PHR2-Ov). Compared
with PHR2-Ow, phfl had a significantly larger ratio of
root to shoot biomass (Supplemental Fig. S1), a phe-
notype typically observed in P-deficient plants. Up-
take of ¥*P-labeled Pi by phfl was only 18% of the wild
type (Fig. 1A), and *P concentrations in roots and
shoots were 38% and 8.5% of the wild type (Fig. 1, B
and C). Root-to-shoot translocation of Pi was also
affected markedly, with the shoot-to-root 3P ratio of
the phfl mutant being only 23% of the wild type
(averaged across different time points; Fig. 1D).

Compared with PHR2-Ov, the rice phfl mutant lost
more than half of the arsenate uptake ability (Fig. 2).
After exposure to 5 um As(V) for 2 or 24 h, the roots of
the phfl mutant contained As(V) at levels that were
67% and 78%, respectively, of the wild type and
contained As(IIl) at levels that were only 26% and
10% of the wild type (Fig. 2, A and C). A notable
difference between the mutant and the wild type was
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Figure 2. As speciation in roots (A and C), xylem sap (B and D), and shoots (E) of Nipponbare, the PHR2-overexpressing line, and
the phfl mutant after 2 h (A and B) or 24 h (C-E) of exposure to 5 um arsenate. Data are means =* st (n = 4). FW, Fresh weight.
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in the percentage of As(Ill) in roots, only 27% to 39% in
the mutant compared with 49% to 83% in the wild
type, suggesting that arsenate reduction to arsenite
was also impaired in the mutant. The reason for this
effect is unclear. Analysis of As species in xylem sap
showed even greater differences than those in the
roots. At 2 h, As(V) in the xylem sap of phfl was only
1.8% of the wild type and As(Ill) was not detectable
(Fig. 2B), while at 24 h, As(V) and As(IIl) concentra-
tions were 6% and 38% of the wild type (Fig. 2D). At 24
h, shoots contained As(IIl) only, with the level in phfl
being 12% of its wild type (Fig. 2E).

Overexpression of OsPT8 Markedly Increased Pi and
Arsenate Uptake and Translocation

OsPT8 (OsPhtl;8) is one of the 13 putative high-
affinity Pi transporters in rice (Paszkowski et al., 2002).
The OsPT8 gene is expressed in both root and shoot
tissues of rice (Paszkowski et al., 2002; Jia et al., 2011).
In this study, we constructed an overexpression vector
of OsPT8 driven by a constitutive cauliflower mosaic
virus 355 promoter and obtained two independent
transgenic lines that were confirmed by quantitative
reverse transcription (RT)-PCR and Southern-blot
analysis (Supplemental Fig. S2). When grown in a
normal nutrient solution (half-strength Kimura with
0.1 mm Pi), the two transgenic lines also contained sig-
nificantly larger concentrations of P in roots and shoots
than the wild type (cv Nipponbare; Supplemental Fig.
53). We then used one of the overexpression lines for
more detailed characterization. Compared with the
wild type, PT8-Ov had a significantly smaller ratio of
root to shoot biomass (Supplemental Fig. S1).
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Figure 3. Uptake and distribution of **P-labeled Pi in Nipponbare and
the PT8 overexpression line of rice. A, Uptake per root fresh weight (FW).
B, 3P concentrations in roots. C, >*P concentrations in shoots. D, Ratio of
shoot to root **P concentrations. Plants were supplied with 100 um
33p_labeled Pifor 2, 6, and 24 h. Data are means = st (n = 4); where error
bars are not visible, st values are smaller than the symbol size.
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Averaged across the three time points between 2 and
24 h, the uptake of **P-labeled Pi by PT8-Ov was 3.6
times larger than that of the wild type (Fig. 3A), **P
concentrations in roots and shoots were 2.3 and 4.6
times, respectively, larger than those in the wild type
gFig. 3, B and C), and the ratio of shoot to root
’P concentrations was 3.6 times larger (Fig. 3D).

Arsenate speciation in roots, shoots, and xylem sap
was determined after PT8-Ov and the wild type were
exposed to 5 uM arsenate for 2 to 24 h (Fig. 4). OsPT8
overexpression increased the concentrations of As(V)
and As(III) in roots by 2.0- and 2.5-fold, respectively,
at 2 h and by 2.5- and 4.6-fold, respectively, at 24 h
(Fig. 4, A and C). The percentage of As(Ill) was not
significantly different between PT8-Ov (68% and 91%
at 2 and 24 h, respectively) and the wild type (65%
and 88% at 2 and 24 h, respectively). OsPT8 over-
expression dramatically increased the As(V) concen-
tration in the xylem sap, by 23- and 11-fold at 2 and
24 h, respectively (Fig. 4, B and D). The effect on As
(III) concentration in the xylem sap was smaller but
still highly significant, with 3.2- and 4.2-fold increases
over the wild type at 2 and 24 h, respectively. As a
result, OsPT8 overexpression increased the propor-
tion of As(V) but decreased the proportion of As(III)
in the xylem sap. At 24 h, shoot As concentration was
increased by 10.4-fold compared with the wild type
(Fig. 4E). Moreover, As(V), although undetectable in
the wild-type shoots, accounted for 13% of the total
As in the PT8-Ov shoots.

We further determined the Pi and arsenate uptake
kinetics of PT8-Ov and its wild type. Within the
concentration range (1-50 um) in which high-affinity
transporters are expected to operate, uptake of **Pi
and arsenate was greatly enhanced by OsPT8 over-
expression (Fig. 5). The uptake kinetics can be de-
scribed by a Michaelis-Menten equation, and the
parameters obtained are shown in Table I. The max-
imum influx velocities (V,,,) of PT8-Ov for Pi and
arsenate were 3.4 and 5.5 times larger than those of the
wild type, respectively. The K, of Pi was slightly
higher in PT8-Ov than in the wild type, and that of
arsenate was about doubled. The K values of Pi and
arsenate were comparable, but V. for Pi was two to
three times larger than that of arsenate. Arsenate
uptake kinetics were also determined in the presence
of 100 uM Pi in the solution. Arsenate influx was
suppressed greatly by Pi in both PT8-Ov and the wild
type, although it was still higher in the former than in
the latter (Fig. 5B). In the presence of Pi, arsenate influx
was linear over the range of arsenate concentrations
tested, with the slope being about four times greater in
PT8-Ov than in the wild type (Table I).

Compared with the wild type, the expression of
OsPTS$ in both roots and shoots was increased in the
PHR2-Ov line (Supplemental Fig. S2), suggesting that
OsPT8 expression is under the regulation of PHR2.
The expression of OsPT8 was also enhanced in the phf1
mutant, which can be attributed to P starvation in the
mutant.
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Figure 4. As speciation in roots (A and C), xylem sap (B and D), and shoots (E) of Nipponbare and the PT8 overexpression line
after 2 h (A and B) or 24 h (C—E) of exposure to 5 um arsenate. Data are means =* st (n = 4). FW, Fresh weight.

Effects of PHR2 or PT8 Overexpression, or PHF1
Mutation, on Pi and As Uptake by Rice Grown in
Flooded Soil

While the short-term hydroponic experiments de-
scribed above were conducted to investigate the mech-
anisms of uptake and root-to-shoot translocation, a
long-term experiment was carried out in which the
transgenic lines, mutants, and their wild types were
grown to maturity in soil under flooded conditions
that are normal for paddy rice. The soil used contained
a borderline level of available P (15 mg kg ; by the
Olsen extraction method), and the experiment in-
cluded two levels of P, control (no P addition) and
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the control soil, resulting in no grain and a much
reduced straw biomass compared with its wild type,
PHR2-Ov (Supplemental Fig. S4). In the +P treatment,
phfl grew better but still produced significantly lower
grain biomass than its wild type. There were no
significant differences between the PT8-Ov and
PHR2-Ov lines and their wild type (cv Nipponbare),
except that PHR2-Ov produced a significantly smaller
grain biomass than the wild type in the control treat-
ment (Supplemental Fig. 54).

Overexpression of OsPT§ significantly increased
total P concentrations in both grain and straw (by
46%-91%) but had no significant effect on straw or
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Arsenate concentration (LM)

Figure 5. Uptake kinetics of **P-labeled Pi (A) and arsenate (B) in Nipponbare and the PT8 overexpression line of rice. Data are

means * st (n = 4). FW, Fresh weight.
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Table I. Fitted parameters of Pi and arsenate uptake kinetics of Nipponbare and the PT8 overexpression line of rice

Rice Line Viax K., Linear Slope '2(1:11
nmol g~ root fresh wt h™! M

Pi uptake kinetics

Nipponbare 1,020 = 60 9.1 1.6 0.987

PT8-Ov 3,479 = 54 11.4 £ 0.5 0.999
Arsenate uptake kinetics

Nipponbare —P 326 = 13 6.5 = 0.9 0.992

PT8-Ov —P 1,796 £ 78 142 £ 1.6 0.996
Arsenate uptake kinetics

Nipponbare +P 52 *+0.2 0.990

PT8-Ov +P 1.3 = 0.04 0.992

grain As concentration (Fig. 6). Overexpression of
OsPHR? significantly increased straw P concentration
(by 21%-89%) but not grain P concentration. OsPHR?2
overexpression increased straw As concentration sig-
nificantly in the +P treatment (by 30%) but had no
effect on straw As concentration in the control treat-
ment or on grain As concentration in either treatment.
The PHF1 mutation decreased both straw and grain P
concentrations significantly (by 53%-58% in straw and
by 28% in grain; note the absence of grain production
by phfl in the control treatment). In contrast, PHF1
mutation had no significant effect on straw or grain As
concentration, except a significant increase in grain As
concentration in the +P treatment, which was likely
due to a much reduced grain biomass compared with
the wild type. The total amounts of P and As accumu-
lated in straw and grain are shown in Supplemental
Figure S5. Again, there were more significant differ-
ences between the overexpressing lines or the mutant
and their wild types in P accumulation than in As
accumulation; for the latter, the only significant differ-
ence was between the phfl mutant and its wild type,
which was mainly due to poor growth of the mutant.

As speciation in rice grain was also analyzed. Un-
polished rice grain contained mainly DMA (60%—87%)
and As(III) (12%-38%), with As(V) being present only
as a minor As species (0.6%—-2.2%; Fig. 7). There were
no significant differences between rice lines or be-
tween the control and + P treatments in As(IIl) con-
centration, with the exception of a significant increase
in PHR2-Ov compared with the wild type in the
control treatment. +P significantly decreased As(V)
concentration in each rice line, but the overall effect on
grain As was negligible because As(V) was a very
minor component. +P also tended to increase DMA
concentration, with the effect being significant for
PHR2-Ov. Compared with PHR2-Ov, the phfl mutant
had significantly higher DMA in grain in the +P
treatment, probably due to the much smaller grain
biomass (see above).

DISCUSSION

Given the possibility of arsenite oxidation in the
oxygenated rhizosphere of rice roots (Liu et al., 2006;

Plant Physiol. Vol. 157, 2011

Seyfferth et al., 2010) and the potential phloem trans-
port of arsenate from the vegetative tissues to rice
grain (Norton et al., 2010), it is important to investigate
how the Pi transport pathway contributes to As accu-
mulation in rice, a staple crop that makes a large
contribution to the dietary intake of inorganic As (Kile
et al.,, 2007; Mondal and Polya, 2008; Meharg et al.,
2009).

Arsenate Uptake via the Pi Transport Pathway

Although it is well known that plants take up
arsenate via the Pi transport pathway in general
(Zhao et al., 2009), there has been little research on
the role of individual Pi transporters and the regula-
tory components of Pi homeostasis in arsenate uptake
and translocation in rice. Previous studies with Arabi-
dopsis have shown that AtPhtl;1 and AtPhtl;4 are

A B
Straw P Grain P
2 = Nipponbare 2
s} «  zzaPTROV =
"o 3 £SO PHR2-Ov "o
o [=)
£ £
S 21 5
5 8
kS <
o 14 [0}
o o
=4 =
Q Q
o o
o Q- o
Control +P Control +P
C 16 Straw As Grain As
—— Nipponbare
14 A vzzz1 PT8-Ov

12 4 &SN PHR2-Ov

As concentration (ug g DW) O

As concentration (ug g™ DW)

Control +P Control +P

Figure 6. Concentrations of P (A and B) and As (C and D) in straw (A
and C) and grain (B and D) of different rice lines grown in the pot
experiment under flooded soil conditions. * Significant difference (P <
0.05) from the wild type. DW, Dry weight.
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Figure 7. As speciation in rice grain from the soil 1600 T
experiment. DW, Dry weight.
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involved in Pi and arsenate uptake (Shin et al., 2004)
and that AtPHF1 mutation resulted in increased arse-
nate tolerance (Gonzalez et al.,, 2005). Mutation in
AtPHF1 resulted in retention in the endoplasmic re-
ticulum of the Pi transporter PHT1;1 (PT1) and possi-
bly also other higher affinity Pi transporters (Gonzalez
et al., 2005). This study has provided direct evidence
that arsenate is taken up by rice roots via Pi trans-
porters and that the arsenate uptake is also subject to
the control of the Pi regulatory system. Mutation in
OsPHF1 resulted in decreased uptake of Pi and
arsenate from nutrient solutions, whereas overex-
pression of OsPHR2 or OsPT8 produced the opposite
effect (Figs. 1-4). PHF1 mutation may affect the
trafficking of Phtl;1 (PT1), and possibly also some
other Pi transporter proteins, from the endoplasmic
reticulum to the plasma membrane (Gonzalez et al.,
2005). Interestingly, the expression of OsPT8 was
enhanced in the mutant, probably due to a P-starva-
tion response. The fact that the phfl mutant was still
able to take up some Pi and arsenate suggests that
there exist Pi/arsenate transporters not under the
control of PHF1. The transcription factor OsPHR2
has been shown to regulate the expression of multi-
ple Pi transporters (Zhou et al., 2008). OsPT8 expres-
sion also appears to be under the regulation of
OsPHR2 (Supplemental Fig. S2). The ability of
OsPTS8 to transport both Pi and arsenate was clearly
demonstrated by the short-term uptake kinetics (Fig.
5; Table I). The K, values for Pi and arsenate of both
the wild-type cultivar (Nipponbare) and PT8-Ov are
within the range reported for the high-affinity trans-
porters of Pi (typically 2-10 uMm for Pi; Lee, 1982;
Barber, 1984; Raghothama, 1999) and of arsenate (2-
14 um; Abedin et al., 2002b). Interestingly, Pi and
arsenate had similar K, values in both the wild type
and the PT8-overexpressing line, although the V.
for Pi was two to three times larger than that of
arsenate. Our results differ from previous studies
with other plant species, which showed a higher
affinity for Pi than for arsenate (Ullrich-Eberius et al.,
1989; Meharg et al., 1994).
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Root-to-Shoot Translocation of Pi and As

In addition to the uptake by roots, Pi transporters
are also involved in the root-to-shoot translocation of
arsenate. As transported in the xylem sap consisted of
both arsenate and arsenite, with their proportions
changing over the time course of arsenate exposure;
arsenate was initially the dominant species, but by 24 h
the majority of As was arsenite in the wild-type cv
Nipponbare. This time course reflects the reduction of
arsenate to arsenite in rice roots (Figs. 2 and 4).
Overexpression of OsPHR2 or, especially, OsPT8 in-
creased the proportion of arsenate in the xylem sap,
consistent with their role in increasing Pi and arsenate
loading into the xylem vessels. A recent study showed
that the transcription factor OsPHR2 acts to up-regulate
OsPT2, which is localized to the vascular tissue of rice
roots and is likely to mediate Pi (and arsenate) loading
into the xylem (Liu et al., 2010a). In the OsPT8 over-
expression line, the transporter is likely to be overex-
pressed in different cell types, including those in the
vascular tissues (Jia et al., 2011). The concentration of
arsenite in the xylem sap was also increased in the two
overexpression lines and decreased in the phfl mutant;
these changes were caused by the altered arsenite pool
in the root cells as a result of altered arsenate influx.
Arsenate arriving in rice shoots was also reduced to
arsenite, because in most cases, arsenite was the only
As species detected in the shoots. Only in PT8-Ov did
some arsenate in shoots remain unreduced, suggesting
that the amount of arsenate delivered to the shoots
exceeded the reduction capacity in this transgenic line
(Fig. 4).

Although arsenate shares the Pi transport pathway,
its reduction to arsenite causes a diversion from this
pathway. Arsenite is transported via the silicic acid
transporters in rice (the aquaporin Lsil and the efflux
carrier Lsi2; Ma et al., 2008). Furthermore, arsenite has
a high affinity for thiol compounds (Schméger et al.,
2000), and arsenite-phytochelatin complexes are the
main storage form in roots (Raab et al., 2005; Liu et al.,
2010b). Arsenite-phytochelatin complexes are trans-
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ported into vacuoles via ATP-binding cassette transporter-
type proteins (Song et al., 2010). A recent study showed
that As is stored mainly in the vacuoles of pericycle
and endodermal cells of rice roots, with a strong
colocalization with sulfur (Moore et al., 2011). Com-
plexation with thiol compounds and subsequent
vacuolar sequestration constitute an important mech-
anism for arsenite detoxification in plants (Zhao et al.,
2009), and this process may also explain the much
lower root-to-shoot translocation of As than P (at 24 h,
the shoot-to-root ratio of *P is about 20-30 times
higher than that of As).

Effect of the Overexpression of Pi Transporters on Pi
Acquisition from the Soil

It is generally thought that Pi acquisition by plant
roots growing in soil is limited by the diffusion of Pi to
the root surface (Barber, 1984). Modeling studies
showed that Pi uptake by soil-grown soybean (Glycine
max) was most sensitive to changes in the root surface
area and then to changes in soil Pi supply, but it was
rather insensitive to changes in the parameters of Pi
uptake kinetics (either changing K, or increasing V-
Silberbush and Barber, 1983). Similar results were
obtained by Huguenin-Elie et al. (2009), who modeled
Pi uptake by rice growing in either flooded or moist
soil. This raises a question of whether the overexpres-
sion of Pi transporters, which increased V. (Table I),
can be effective in increasing Pi uptake from the soil.
Overexpression of AtPT1 in tobacco (Nicotiana taba-
cum) cultured cells was found to enhance Pi uptake
from the solution and cell growth under Pi-limiting
conditions (Mitsukawa et al., 1997). In contrast, Rae
et al. (2004) reported that overexpression of the Pht1;1
gene in barley (Hordeum vulgare) did not improve Pi
uptake from either nutrient solution or from soil at a
range of P supply levels, possibly due to posttrans-
criptional regulation of the transporter activity. Due to
the lack of an effect on the Pi uptake from nutrient
solution, the study of Rae et al. (2004) could not
adequately test the hypothesis of whether the expres-
sion of Pi transporters can increase Pi uptake from soil.
In our study, Pi uptake from nutrient solution was
increased markedly by overexpression of either OsPT8
or OsPHR2. Enhanced Pi uptake was also obtained in
the soil pot experiment under two different levels of P
supply (Fig. 6), indicating that an increased V_, did
lead to increased Pi acquisition from the soil. In the
case of the PHR2-Ov line, increased root elongation
and root hair proliferation under P-deficient condi-
tions (Zhou et al., 2008), in addition to increased
expression of Pi transporters, could also have contrib-
uted to the greater Pi acquisition from the soil. How-
ever, the root-shoot ratio of the PT8-Ov line was
smaller than that of the wild type in hydroponic
experiments; therefore, its superior ability to acquire
Pi was not due to enhanced root growth. It is known
that flooding soil increases Pi availability and de-
creases the diffusion limitation (Huguenin-Elie et al.,
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2009); both changes could have enhanced the effect of
Vmax ON Pi acquisition by rice from the flooded soil.
The results from our study demonstrate that it is
possible to increase Pi acquisition from soil by over-

expressing Pi transporters in rice.

Effect of the Overexpression of Pi Transporters on As
Acquisition from the Soil

While hydroponic experiments are useful for dis-
secting individual physiological processes, it is im-
portant to consider plants growing in soil, where
complex chemical reactions, microbial processes, and
plant-soil interactions occur, especially in the rhizo-
sphere. This is particularly true for As, which is a
redox-sensitive metalloid that can also be methylated
by soil microorganisms. In this study, while over-
expression of OsPT8 or OsPHR2 increased, and
OsPHF1 mutation decreased, P acquisition by rice
plants from flooded soil significantly, there was gen-
erally little effect on As accumulation (Figs. 6 and 7).
These results strongly suggest that the Pi/arsenate
transport pathway contributes little to As accumula-
tion in rice grown under flooded soil conditions. This
is, to our knowledge, a new and significant finding. It
is likely that arsenite was the main form of As taken
up by rice roots, via the silicic acid pathway (Ma etal.,
2008). As speciation was not analyzed in the soil
solutions of this study, but previous experiments
using the same soil and similar experimental condi-
tions showed that arsenite accounted for 70% to 95%
of the soluble As (Xu et al., 2008; Li et al., 2009b).
Although some oxidation of arsenite is possible in the
rice rhizosphere, the oxidized arsenate may be pref-
erentially retained by the iron plaque because of its
greater affinity for iron oxides/hydroxides than ar-
senite. Indeed, Chen et al. (2005) showed that the
formation of iron plaque decreased arsenate influx
into rice roots but, surprisingly, increased arsenite
influx. Rice roots may also take up some methylated
As species from flooded soil, but this uptake is again
mediated mainly through the silicic acid transporter
Lsil (Li et al.,, 2009a). Furthermore, even if some
arsenate is taken up from the relatively oxygenated
rhizosphere of rice roots, the pentavalent As is effi-
ciently reduced to arsenite in roots and shoots, so that
arsenite became the dominant form transported in
the xylem and phloem. While both arsenate and
arsenite were present in the xylem sap from rice
plants exposed to arsenate in hydroponic experi-
ments (Figs. 2 and 4), the proportion of arsenate
decreased with the exposure time. Analysis of xylem
sap from rice plants grown in a flooded soil supple-
mented with arsenate revealed only arsenite and
methylated As species (F.-]. Zhao and W.L. Ye, un-
published data). There are no previous reports of As
speciation in the phloem sap of rice. A recent study of
castor bean (Ricinus communis) showed that arsenite
typically accounted for approximately 90% of the
total As in the phloem sap (Ye et al., 2010). Analysis of
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As speciation in rice grain showed the dominance of
arsenite and DMA, with arsenate being present at
negligible concentrations (Fig. 7). Furthermore, there
was a lack of an inhibitory effect from the addition of
P fertilizer on As accumulation in soil-grown rice
(Figs. 6 and 7; Abedin et al., 2002a). In fact, addition of
P tended to increase DMA concentration in rice grain.
This effect can be explained by Pi replacing the
adsorbed arsenate/arsenite from the soil solid phase
(e.g. Fe oxides/hydroxides), thus enhancing micro-
bial methylation of inorganic As in the soil solution,
leading to increased DMA accumulation in rice.
Therefore, the use of P fertilizers would not suppress
As accumulation in rice grown in flooded paddy
soils. The significant increase in grain P concentra-
tion, but not in grain As concentration (Fig. 6), in the
PT8-Ov line suggests that OsPT8 is involved in the
phloem transport of Pi, but not As, to rice grain. A
recent study also showed the involvement of OsPT8
in Pi transport from rachis to rice grain (Jia et al,,
2011).

Taken together, our study shows that, while arsenate
is taken up and loaded into the xylem via the Pi
pathway in hydroponically grown rice, this pathway
appears to contribute little to As uptake and transport
to grain in rice plants grown in flooded soil. Our
results imply that transgenic approaches to enhance Pi
acquisition from paddy soil through the overexpres-
sion of Pi transporters may not result in increased As
accumulation in rice grain. An exception would be
when rice is grown under aerobic conditions either
deliberately or due to drought, and in such a situation,
a better understanding of Pi and arsenate transport
mechanisms and their interactions could lead to im-
proved management for both the essential nutrient P
and the toxic element As.

MATERIALS AND METHODS
Plant Materials

Four rice (Oryza sativa) lines, cv Nipponbare, OsPHR2 overexpression line
(PHR2-Ov), OsPT8 overexpression line (PT8-Ov), and OsPHFI mutant (phf1),
were used in this study. PHR2-Ov has been characterized previously (Zhou
et al., 2008), and its wild type is Nipponbare. The generation of PT8-Ov is
described below. Both PHR2-Ov and PT8-Ov used in the study were homozy-
gous. phfl is a mutant isolated from an ethylmethane sulfonate-mutagenized
population of PHR2-Ov.

Generation of OsPT8 Overexpression Lines

For the cloning of OsPT8, 1,784 bp of cDNA, including the open reading
frame of OsPT8, was amplified using Nipponbare cDNA as the template and
primers 5'-CAGGGGGACTCGTCTTCTTC-3’ (forward) and 5'-GGGTTCAT-
GATTCCC-3’ (reverse), which were designed based on a previously pub-
lished sequence (GenBank accession no. AF536968; Paszkowski et al., 2002).
The amplified product was first ligated into the pMD18-T vector, cleaved
using Xbal and Sall, and ligated into a binary vector, modified pCAMBIA 1300
driven by the cauliflower mosaic virus 35S promoter. The construct was
transformed into mature embryos from the seeds of Nipponbare via Agro-
bacterium tumefaciens (strain EHA105) as reported previously (Hiei et al., 1997).
Overexpression of OsPT8 in two independent transgenic lines was confirmed
by quantitative RT-PCR and Southern blotting.
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For Southern-blot analysis, genomic DNA was extracted from leaves of
wild-type and T1 transgenic plants of two independent lines (OsPT8-Ov1 and
OsPT8-Ov2) using the SDS method. Eight micrograms of genomic DNA was
digested with the enzyme Hindlll overnight at 37°C. The digested DNA was
separated on a 0.8% (w/v) agarose gel, transferred to a Hybond-N* nylon
membrane, and hybridized with the coding sequence of the hygromycin-
resistant gene used as the hybridization probe following the procedure
described previously (Zhou et al., 2008).

Total RNA was extracted from the shoot tissues of plants cultured in a Pi-
sufficient nutrient solution using TRIzol reagent (Invitrogen). The first-strand
cDNA was synthesized from 3 ug of RNA using SuperScript II reverse
transcriptase (Invitrogen). Quantitative real-time PCR was performed by
using the SYBR PremixEx Taq (Perfect Real Time) Kit (TaKaRa Biomedicals)
on the LightCycler480 machine (Roche Diagnostics). The amplification pro-
gram for SYBR Green I was carried out at 94°C for 10 s, 58°C for 15 s, and 72°C
for 15 s. Triplicate quantitative assays were performed on each cDNA sample.
The relative level of expression was calculated using the equation 2-**“P), The
relative quantification of each sample was determined by normalization to the
amount of actin cDNA detected in the same sample. The primers used for
quantitative RT-PCR are given in Supplemental Table S1.

Hydroponic Culture

Seeds were sterilized in 0.5% NaOCl for 10 min and rinsed three times with
deionized water. Seeds were soaked in deionized water overnight and then
germinated at 25°C for 2 d. Seedlings were transferred to a nylon net floating
on a 0.5 mm CaCl, solution in a glasshouse (12-h photoperiod with a light
intensity of more than 350 umol m 2 s™!, day/night temperatures of 28°C/
25°C, and relative humidity of 70%). After 1 week, the solution was replaced
with a modified half-strength Kimura nutrient solution with a low P concen-
tration, containing 0.091 mm KNO;, 0.183 mm Ca(NO;),, 0.274 mm MgSO,,
0.183 mm (NH,),SO,, 10 um KH,PO,, 1.0 um MnCl,, 3 um H;BO;, 0.1 um (NH,),
Mo,02,, 0.4 um ZnSO,, 0.2 um CuSO,, 80 um NaFe(III)-EDTA, and 2 mm MES
(pH 5.5). Plants were grown in this nutrient solution for 1 week. Seedlings
were then transferred to either 0.3-L pots (two plants per pot) or 1-L pots
(three plants per pot) containing a half-strength Kimura solution but with Pi
concentration increased to 100 um. The pots were placed in a controlled-
environment cabinet (photoperiod of 12 h, light intensity of 500 umol m 257",
day/night temperatures of 28°C/25°C, and relative humidity of 70%). Plants
were grown for a further 3 d before being used in various experiments.

Uptake Kinetics and Root-to-Shoot Translocation of **Pi

To determine Pi uptake kinetics, 17-d old plants were transferred to 300-
mL uptake solutions containing 0.5 mm CaCl,, 2 mm MES (pH 5.5), and
various Pi concentrations (1, 5, 10, 25, and 50 um) labeled with 10 kBq of 3p
(H;®PO,; supplied by Perkin-Elmer) per pot. Each Pi concentration was
replicated in four pots. The uptake solutions were aerated vigorously and
continuously during the experiment. After 30 min, roots were rinsed briefly
with deionized water and then immersed in 300 mL of an ice-cold desorption
solution (0.5 mm CaCl,, 100 um KH,PO, unlabeled with *P, and 2 mm MES, pH
5.5) for 10 min to remove apoplastic *’P. Shoots and roots were separated.
Roots were rinsed with deionized water three times and blotted dry with
tissue paper, and the fresh weight was recorded. Roots were placed in a 20-mL
scintillation vial, to which 1.5 mL of a tissue solubilizer (Soluene-350; Perkin-
Elmer) was added. After 24 h, 10 mL of scintillation cocktail (Utima Gold;
Perkin-Elmer) was added. ¥P radioactivity was determined using a liquid
scintillation counter (Tri-Carb 2100; Packard) and corrected for quenching
with a preestablished quenching curve. A preliminary experiment showed
little ®*P in the shoots after 30 min of uptake. Pi uptake kinetics were fitted to
the Michaelis-Menten equation using nonlinear regression of the software
SigmaPlot (version 11.0).

To determine root-to-shoot translocation, 17-d-old plants were transferred to
1 L of fresh nutrient solution (half-strength Kimura with 100 um KH,PO,)
labeled with 10 kBq of *°P. Six plants (two per rice line) were placed in each pot.
At 2, 6, and 24 h, roots were rinsed with deionized water and then immersed in
300 mL of an ice-cold desorption solution for 10 min as described above. At each
time point, four replicate pots were harvested. Roots and shoots were separated,
rinsed with deionized water, and blotted dry, and the fresh weights were
recorded. The plant materials were digested with 2.5 mL of HNO,:HCIO, (85:15,
v/v) at175°C for 1.5 h. The digests were made up to 5 mL with deionized water,
and P radioactivity was determined as described above.
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Arsenate Uptake Kinetics

Arsenate uptake kinetics of Nipponbare and PT8-Ov were determined in
the same way as for Pi uptake kinetics, with Pi being replaced with arsenate
(1-50 um). Arsenate uptake was determined both in the absence and presence
of 100 um Pi. As uptake in roots was determined by inductively coupled
plasma mass spectrometry (ICP-MS).

Arsenate Uptake, Speciation, and
Root-to-Shoot Translocation

Five-week-old plants were exposed to 5 um arsenate in the half-strength
Kimura nutrient solution with 100 um Pi. After 2 and 24 h of arsenate
exposure, stems were cut at 2 cm above the stem-root junction with a razor
blade. Xylem exudates were collected by pipette for 30 min. Roots were then
rinsed with deionized water and desorbed of apoplastic As with 1 L of an ice-
cold desorption solution containing 1 mm K,HPO,, 0.5 mm CaCl,, and 2 mm
MES (pH 5.5) for 10 min. Roots and shoots were frozen in liquid nitrogen for
As speciation analysis. Four replicates were included for each time point.

Soil Pot Experiment

A pot experiment was conducted using an arable soil from the Rothamsted
Experimental Farm in the United Kingdom (available Pi, 15 mg kg ' by the
Olsen P method; total As concentration, 11 mg kg™, pH 6.4). Two kilograms of
air-dried soil was placed in each pot. Two levels of Pi were included: control
(no addition of P) and +P (100 mg kg soil, added as KH,PO,). Arsenate
(sodium arsenate) was added to each pot at 5 mg kg . Basal nutrients added
to the soil included nitrogen (152 mg kg "), potassium (126 mg kg ), sulfur
(30 mg kg™!), and magnesium (23 mg kg™ ). Soil was then flooded with
deionized water to maintain 2 to 3 cm of standing water on the soil surface.
Ten-day-old rice seedlings of Nipponbare, PT8-Ov, PHR2-Ov, and phfl were
transplanted into the soil pots (one plant per pot). Each treatment was
replicated in five pots. Plants were grown under flooded soil conditions until
maturity inside a glasshouse.

Analysis of As Speciation Using HPLC-ICP-MS

Xylem sap was stored on ice during collection, diluted 3-fold with a Pi
buffer solution (2 mm NaH,PO, and 0.2 mm Na,-EDTA, pH 6.0), and analyzed
immediately following collection. For the analysis of roots and shoots,
samples were ground to fine powders in liquid N, with a mortar and pestle.
Aliquots (0.2-0.3 g) of the ground materials were extracted with 20 mL of Pi
buffer solution for 1 h under sonication (Li et al., 2009a). For the determination
of As speciation in rice grain, finely ground grain samples were extracted with
2 M trifluoroacetic acid according to Williams et al. (2005) and Xu et al. (2008).
A reference material (NIST 1568a rice flour) was included for quality assur-
ance. As species in the extracts and xylem sap were determined using anion-
exchange HPLC-ICP-MS (Agilent LC1100 series and Agilent ICP-MS 7500ce;
Agilent Technologies) as described previously (Li et al., 2009a).

Analysis of Total As and Total P Concentrations

Plant materials were ground to fine powders and digested with HNO;:
HCIO, (85:15, v/v). Total As concentrations were determined by ICP-MS
(Agilent 7500ce) and total P concentrations by ICP-atomic emission spectrom-
etry (Optima 7300DV; Perkin-Elmer).

Data Analysis

Data were analyzed by ANOVA, followed by comparisons of means using
the Lsp test (P < 0.05).
Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Root-to-shoot ratio of four rice lines used in the
arsenate uptake and translocation experiments.
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Supplemental Figure S2. Quantitative RT-PCR of OsPT8 in the shoots of
Nipponbare and OSPT8-Ov lines.

Supplemental Figure S3. P concentrations of roots and shoots of Nippon-
bare and OsPT8-Ov lines grown in a half-strength Kimura nutrient
solution with 0.1 mwm Pi

Supplemental Figure S4. Biomass of straw (A) and grain (B) of different
rice lines grown in the soil pot experiment.

Supplemental Figure S5. The contents of P (A and B) and As (C and D) in
straw (A and C) and grain (B and D) of different rice lines grown in the
soil pot experiment.

Supplemental Table S1. Quantitative RT-PCR gene-specific primer se-
quences for OsPT8 and OsActin.
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