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Abstract Arsenic is a metalloid which is toxic to living
organisms. Natural occurrence of arsenic and human activi-
ties have led to widespread contamination in many areas of
the world, exposing a large section of the human population to
potential arsenic poisoning. Arsenic intake can occur through
consumption of contaminated crops and it is therefore
important to understand the mechanisms of transport,
metabolism and tolerance that plants display in response to
arsenic. Plants are mainly exposed to the inorganic forms of
arsenic, arsenate and arsenite. Recently, significant progress
has been made in the identification and characterisation of
proteins responsible for movement of arsenite into and within
plants. Aquaporins of the NIP (nodulin26-like intrinsic pro-
tein) subfamily were shown to transport arsenite in planta and
in heterologous systems. In this review, we will evaluate the
implications of these new findings and assess how this may
help in developing safer and more tolerant crops.

Keywords Arsenic - Arsenate - Arsenite - Aquaporin -
NIP
Introduction

The occurrence and usage of arsenicals

Arsenic (As) is a metalloid which occurs ubiquitously in
the earth’s crust. In addition, As is often present in the
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atmosphere and in surface and ground waters. Natural
processes like weathering of rocks and volcanic emissions,
and human activities such as combustion of fossil fuels,
mining, smelting of ores or the application of arsenical
pesticides, herbicides and wood preservatives, are the main
sources which contribute to As contamination in the
environment [1].

Arsenic exists in either organic or inorganic form but is
normally not encountered in its elemental state. Typically,
the inorganic fraction contains oxygenated As anions or
more complex As salts with, for example, sulphur and iron,
of which arsenopyrite (FeAsS) is the most abundant [2, 3].
However, the most prevalent inorganic As species are the
pentavalent As® arsenate (occurring as H,AsO,  and
HAsSO42_ in most environments) and the trivalent As™
arsenite (As,03), which dissolves as As(OH)s.

In addition, large numbers of organic As compounds can
be found. Living organisms can contain arsenolipids and
arsenosugars that may be incorporated into cellular
metabolism. Those that persist in the environment tend to
be mostly methylated arsenicals such as monomethylar-
sonic acid (MMA") and dimethylarsinic acid (DMAY) [4].
In addition, environmental organic arsenicals may derive
from pesticides, herbicides and preservatives.

Medicinal properties of arsenic have been exploited by
humans for a considerable time: for example, the German
pharmacologist Paul Ehrlich introduced the arsenic com-
pound arsphenamine for the treatment of syphilis in 1909
[5, 6]. Arsenic compounds have also been used to treat
diseases like trypanosomiasis, amoebic dysentery, sleeping
fever and promyelocytic leukaemia [7]. Besides their
medicinal use, arsenicals have been employed since the
Bronze age when they were often added during smelting to
create a harder metal alloy. More recent applications
include widespread usage in the production of herbicides,
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pesticides, insecticides, defoliants and wood preservatives
[8]. Furthermore, arsenic helps remove impurities during
glass making, it is a colorant in fireworks and a doping
material in semiconductor manufacturing [9].

Arsenic toxicity

Arsenic is toxic to all living organisms. It has been defined
as a group 1 carcinogen and is placed in the highest health
hazard category by the international agency for research on
cancer [10-12]. Elevated risks of cancer of the lung, skin
and prostate result from prolonged exposure to medium
and high levels of arsenicals (arsencosis). In addition, low
level chronic arsencosis can cause non-cancerous afflic-
tions such as hypo- and hyperpigmentation, keratosis, heart
problems and diabetes [13].

At the cellular level, arsenic toxicity depends to a large
extent on the nature of the arsenical: As™ has a high
affinity to bind with sulthydryl groups found in the amino
acid cysteine. Binding of arsenic to these residues disrupts
protein structure and protein—protein interactions, thus
affecting many key metabolic processes in the cell such as
fatty acid metabolism, glucose uptake and glutathione
production [14, 15]. In addition, the binding ability of As™
to the reducing agent glutathione can lead to glutathione
depletion and therefore increased levels of damaging
reactive oxygen species (ROS) [16].

Being a phosphate analogue, As" can substitute inor-
ganic phosphate in a plethora of biochemical processes. For
example, synthesis of triphosphate nucleotides like ATP
can be affected which impacts on energy homeostasis,
carbon metabolism and nucleic acid synthesis. This can
also negatively affect DNA repair and DNA methylation
and thus impact on gene expression [17].

Organic arsenic can take many forms such as methylated
species, arsenic betaine, arsenosugars and arsenolipids.
Generally, the toxicity of these compounds is lower than
that of inorganic arsenic species [18]. However, there may
be exceptions to this rule: in the plants Spartina patens and
radish, DMAY appeared to be more toxic than inorganic
arsenic [19, 20], whereas in human hepatocytes, cytotox-
icity decreased as: MMA™ > As™ > As¥Y > MMAY =
DMAY [21].

The damaging effects of arsenicals on humans manifest
themselves predominantly through contact with arsenic in
contaminated drinking water and through the food chain. In
combination, these factors account for around 99% of the
total human arsenic ingestion [22]. It is estimated that more
than 100 million people are exposed to water which con-
tains arsenic above the WHO safety limit of 0.01 ppm [23],
and arsenic contamination of ground water is a particularly
big problem in countries with naturally elevated arsenic

soil contents such as Bangladesh [24], India [25], China,
Vietnam, United States of America and Mexico [1, 26].
Arsenic contamination through food consumption results
mainly from crop irrigation with arsenic contaminated
water. For several reasons, the problem is particularly acute
where rice is concerned [27]. The flooded conditions in
which paddy rice is cultivated leads to mobilisation of As™
which would otherwise be sequestered in the soil [28].
Among the cereals, rice accumulates relatively high pro-
portions of arsenic in its edible parts, with amounts of grain
arsenic that range from 0.08 to 0.20 mg/kg on non-con-
taminated soils [29] and values as high as 2.0 mg/kg in
contaminated areas [30]. Thus, with rice being the major
calorific food stuff for billions of people and with its main
production in southeast Asian countries that have high levels
of arsenic in their aquifers, it forms a major focus of research
to mitigate human arsenic contamination. Exposure to
arsenic can also result from diets that are rich in (shell)fish.
In these organisms, arsenic is mainly present as arsenobe-
taine and arsenocholine which are relatively non-toxic.

Arsenic resistance and transport in non-plant
organisms

General mechanisms of arsenic detoxification

In most organisms, detoxification of arsenicals relies on
multiple strategies, but some general mechanisms can be
identified. Pentavalent arsenic compounds (e.g. arsenate) are
often rapidly reduced to As™ which has a high affinity for
—SH groups and thus can be bound to sulfhydryl-rich che-
lators such as glutathione and phytochelatins. Conjugation
removes the reactivity and allows relatively safe intra- and
intercellular transport of the complexed arsenic, for example
into tissues and cellular compartments with low sensitivity.
In both prokaryotes and mammals, generic methylation of
mainly trivalent arsenic occurs, which can increase mobility
and volatility of arsenicals. This allows secretion of meth-
ylated arsenic through the skin and urine in mammals and
direct release into the atmosphere by bacteria.

Arsenic transport and resistance in prokaryotes

In prokaryotes (Fig. la), arsenate and arsenite enter
through phosphate transporters and aquaglyceroporins,
respectively. Escherichia coli contains two phosphate
transporters, Pit and Pst, that participate in As" transport
[31]. The Pit system provides the main arsenate uptake
pathway [32, 33]. Two main pathways for As™ uptake
were also identified in prokaryotes: the E. coli glycerol
facilitator, GIpF, was the first bacterial member of the
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Fig. 1 Arsenic metabolism in prokaryotes and eukaryotes. a The
main uptake of arsenate (AsV) into bacterial cells occurs via PhoS,
PstC, and PstB phosphate (P;) transporters. Arsenite (As"™) enters the
bacterial cells via the GlpF aquaglyceroporin (AQGP). AsY is reduced
to As™ by the bacterial ArsC arsenate reductase using glutathione
(GSH) as reductant. ArsB, an AsHI:H+—antip0rter, or ArsAB, an As™
ATPase, extrude As™ into the external environment. In addition, As™
can be released into the environment in volatile form after subsequent
methylation steps carried out by As™-S-adenosylmethionine methyl-
transferase. MMA monomethylarsonic acid, DMA dimethylarsinic
acid, TMAO trimethylarsine oxide, TMA trimethylarsine. b In yeast,
uptake of arsenate is facilitated by Pho87 type phosphate transporters,
and arsenite is taken up mainly via the AQGP Fpslp but may also
enter cells through hexose permeases (HXTs). The reduction of
arsenate to arsenite in yeast cells is provided by the Acr2p arsenate
reductase via glutathione oxidation (GSH to GS). Removal of cellular
As™ can occur through conjugation to glutathione (As(GS)3) which is
sequestered into vacuoles by the ABC transporter Ycflp, or through
extrusion of As™ via the plasma membrane carrier Acr3. ¢ As in
yeast, uptake of As™ in mammalian cells can occur via aquaporins
such as AQP7 and AQP9 and via HXTs. Specific proteins responsible
for arsenate uptake and arsenate reduction in mammals have yet to be
identified. The main efflux mechanisms for As"" in mammals appear
to be ABC transporters from the MRP and MDR subfamilies.
Methylation of As™ by arsenic methyltransferases such as AS3MT
increases mobility of arsenicals in the body and facilitates removal
through skin and urine

aquaporin family to be identified and this protein is ubiq-
uitously distributed across prokaryotes. Although the
physiological function of GlpF is in glycerol uptake, it was
shown to be also permeable to arsenite: A AglpF deletion
strain of E. coli showed an 80% decrease in arsenite uptake
compared to wild type [34].

Prokaryotic arsenic resistance is controlled by the arsRBC
operon. arsR is a small metallo-regulatory protein that
functions as an As-sensing repressor protein. The presence of
As removes arsR from its binding site to initiate expression
of the operon. arsC encodes the glutathione dependent
reductase which reduces As" to As™ and arsB extrudes As™"
from the cell, using H" antiport as a driving force [30]. A
second family of arsenate reductases, which is also widely
distributed in bacteria, is typified by the arsC gene product of
Staphylococcus aureus but relies on thioredoxin as the
source of reducing potential rather than glutathione.

In some bacteria, the arsRBC operon acquired extra
genes and evolved into arsRDABC [35]. arsA is an ATPase
which can bind to arsB converting the As™ efflux carrier to
an ATP-driven extraction pump which presumably has a
much larger capacity than arsB alone. arsD is a weak As™
responsive repressor of the operon with a function similar
to arsR [36].

In some bacteria, additional detoxification mechanisms
have been identified: the Sinorhizobium meliloti ars operon
includes an aquaglyceroporin (agpS) instead of arsB [37].
agpS may provide another pathway for As™ extrusion from
the cell. In Rhodopseudomonas palustris, the arsM is part
of the ars operon and encodes an As"'-S-adenosyl-
methionine-methyltransferase regulated by the arsR
repressor. This enzyme mediates the sequential methyla-
tion of As™ to volatile trimethylarsine oxide which is
released into the atmosphere [38].

Arsenic transport and resistance in yeast

The eukaryotic model system Saccharomyces cerevisiae
has been extensively studied in relation to arsenic tolerance
and detoxification. In yeast, As" enters cells through high
affinity phosphate transporters such as Pho84 (Fig. 1b),
whereas As™ influx occurs through the aquaglyceroporin
Fps1 [30, 39]. In addition, it has been proposed that glucose
permeases are involved in yeast arsenic uptake [40].
Expression of yeast hexose carriers restored As sensitivity
in the yeast mutant Afps/ which is As™ tolerant [41].
Arsenic tolerance in yeast is provided by the gene cluster
ACRI, ACR2 and ACR3. ACRI encodes a putative tran-
scription factor that regulates ACR2 and ACR3 transcription,
possibly by directly sensing cellular As levels. ACR2
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encodes an arsenate reductase and ACR3 has been shown to
encode a plasma membrane expressed As"-efflux trans-
porter. The gene cluster therefore provides a mechanism for
sensing, reduction and efflux of As. Nevertheless, a second
pathway for detoxification is present in yeast in the form of
vacuoles: cytosolic As™' complexed with glutathione can be
sequestered into this compartment through an ABC-type
transporter, YCF1, that also transports conjugates of other
harmful compounds [42].

Arsenic transport and resistance in mammals

Ingested As" is taken up in the gut via carriers that nor-
mally process phosphate such as the Na*: P; cotransporter
present in the intestinal membranes (Fig. 1c). The main
mechanisms for As™' uptake in mammals are aquaglycer-
oporins (AQPs) and the hexose permeases (HXTS).
Expression of the rat AQP9 in yeast increased uptake of
both As™ and MMAM [43, 44]. Expression of AQP7 and
AQP9 from either rat or human in Xenopus oocytes also
increased As™ uptake [45].

Recent work has shown that Glutl, a mammalian glu-
cose permease, can facilitate uptake of As™ and MMA™
when expressed in yeast and Xenopus oocytes. Interest-
ingly, competition between glucose and MMA™ did not
take place, suggesting that translocation of each substrate
occurs independently in this protein [41].

Membrane proteins are also key players in arsenic
removal from mammalian cells. Members of two subfam-
ilies of ABC transporters (MRP and MRD) were shown to
be involved in arsenic efflux from cells. Exposure of rat
derived cell lines to various arsenicals led to elevated
expression of MRPI, MRP2 and MDRI [46, 47]. In con-
trast, mice carrying loss of function mutations in these
transporters are considerably more sensitive to arsenic
toxicity and accumulated more arsenicals in their tissues
[48]. Close association of GSTP1, a glutathione transfer-
ase, and MRPs and MDRs in membrane vesicles suggests,
that complexation of As™ compounds by GSH provides the
substrate for the ABC transporters which mediate extrusion
of arsenicals from the cell [49].

Arsenic and plants
Arsenic toxicity and tolerance

Arsenic is readily taken up by plant roots, in most cases as
arsenate (As"), the dominant form of arsenic in aerobic
environments [4]. Specific transporters have been identified
that are believed to mediate a large part of the observed
As influx and these include the A. thaliana Phtl;1 and 1;4
high and medium affinity phosphate uptake systems [50].

In anaerobic soils, arsenic mostly exists as inorganic As™

due to abundant reducing activity of microbial organisms.
Thus, in most aquatic plants, uptake of As™" is at the root of
arsenic toxicity. Organic forms of arsenic occur in some
soils, but usually in a small proportion, and consist mostly
of methylated arsenic, such as MMA" and DMA". Uptake
of these compounds by plants is lower than that for inor-
ganic As species [19, 51] (Fig. 2).

Plants vary greatly in arsenic tolerance, from sensitive
species that include all major crops, to tolerant plants such
as some ecotypes of the grass Holcus lanatus, to ex-
tremophiles such as the hyperaccumulator Pteris vittata
(Chinese break fern) which can accumulate 2% of its dry
weight as arsenic [52]. In spite of this ecophysiological
diversity, many common responses to arsenic exposure
have been observed. For example, most intracellular AsY is
reduced to As™ by the action of specific arsenate reduc-
tases. Such proteins have been identified in many plant
species including Arabidopsis [53], H. lanatus [54],
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Fig. 2 Mechanisms of arsenic uptake in plants a Plants take up As”
through phosphate transporters (Pi) such as those belonging to the
PHT1 family. As™ influx occurs through aquaglyceroporins of the
NIP (nodulin like intrinsic protein) subfamily. As" is reduced to As™
by arsenate reductase (AR) using glutathione (GSH) as a reductant
and As™ can form complexes with thiol groups from glutathione and
phytochelatins (PCs) to lower its cytotoxicity. The complexed As™
and inorganic As™ are believed to be mostly sequestered into the
central vacuole via as yet unknown transporters. Inorganic As® and
As™ are the major arsenicals found in the xylem sap of plants. b Most
plant species act as ‘excluders’ i.e. a very small proportion of arsenic
is translocated to shoot tissue where similar reduction and seques-
tration mechanisms are present. ¢ Via the phloem, some of the total
arsenic content ends up in the vacuoles and other tissues of edible
parts such as seeds
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P. vittata [55] and rice [56]. Many plant arsenate reduc-
tases are bifunctional and also show tyrosine phosphatase
activity. They are homologous to the human cell-cycle
dual-specificity phosphatases, CDC25s, and often contain
the conserved motif HCXsR. Expression of plant arsenate
reductases in E. coli and yeast mutants that lack endoge-
nous reductases restored As" resistance, and several have
been found to be induced by plant exposure to As" [53, 55,
56]. However, the physiological relevance of these
enzymes is not always clear since in some species dis-
ruption of their activity had little impact on arsenic
tolerance [57], and alternative mechanisms of As’ reduc-
tion, such as non-enzymatic reduction, may be present in
plants.

Arsenic toxicity is largely manifested in the cytoplasm
and a common mechanism of detoxifying cytoplasmic
metals and metalloids is the complexation via sulphur
bonds [30, 36]. Although variation between species is
likely, it is believed that a substantial proportion of As™
may be chelated in this way to minimise cytoplasmic
exposure. In plants, this is typically carried out by gluta-
thione and glutathione-based phytochelatins (PCs) which
have a general structure (A-Glu-Cys),-Gly. The -SH
functional group of the cysteine in glutathione and PCs has
a high affinity for As™'. Many studies point to the essential
role of PCs in both constitutive and adaptive plant toler-
ance to arsenic [58]. For example, an Arabidopsis mutant
that lacked the capacity to synthesise PCs was found to
become hypersensitive to arsenate [59].

Interestingly, however, the proportion of complexed
arsenic in hyperaccumulators such as P. vittata [60, 61] and
P. cretica [58] is very small, suggesting that such species
rely on tolerance mechanisms that do not involve com-
plexation of arsenic.

In most plants, only a fraction of the arsenic is trans-
located to shoot tissue, a widespread tolerance mechanism
that is also observed for other toxic ions. However, in
hyperaccumulators, the opposite is the case: the majority of
potentially harmful metals/metalloids is deposited in the
shoot. This is exemplified in P. vittata where around 80%
of the arsenic is deposited in the shoot. In contrast, only
around 5-10% of total arsenic ends up in leaves of non-
accumulating species such as the fern P. tremula [62],
Arabidopsis [63] and rice [64]. The form in which arsenic
is translocated from root to shoot appears to be mainly as
inorganic As™, accounting for 60-100% of the total
arsenic [57, 64, 65].

Whether in root or shoot tissue, normally most arsenic will
ultimately end up in the vacuolar compartment. In yeast, the
vacuolar ABC transporter YCF1 (yeast Cd factor 1) is
involved in vacuolar sequestration of metals and metalloids
as glutathione-S-conjugates which include As™-(GS)5 [42].
However, there are to date no reports on the actual

mechanism(s) of As transport across the plant vacuolar
membrane (tonoplast). Evidence from a limited number of
studies on cadmium suggests that Cd—PC complexes can be
transported across the tonoplast of oats as Cd—PC; [66], and
in a tonoplast enriched vesicle preparation from H. lanatus,
ATP dependent accumulation of As™-GS; was recorded
[54]. These findings point to the possible contribution of
ABC transporters in these processes, but the sheer size of
plant ABC transporter gene families, with typically over 100
isoforms, greatly hampers the identification of specific
proteins.

The role of aquaporins in As™ uptake

It is clear from multiple studies that plant arsenic toxicity
mainly derives from exposure to inorganic arsenate (As")
and arsenite (As™). Since As" is rapidly reduced, intra-
cellular arsenic is predominantly in the form of inorganic
or complexed As™". The molecular identity of the proteins
that participate in uptake, efflux, compartmentation and
long-distance transport of As™ is largely unknown, but
great progress has been achieved recently in identifying a
number of them, particularly those associated with As™
uptake.

The uptake of As™ rather than As" is especially perti-
nent for plants that grow in reducing environments such as
paddy-grown rice and aquatic species. In analogy to pro-
karyotes, yeast and mammalian organisms, it was
hypothesised that plants too take up As™ through aqu-
aporins [67]. However, with large aquaporin gene families
(n = 30-40) typically present in plant genomes, pinpoint-
ing specific isoforms was not straightforward. Plant
aquaporins cluster in four subfamilies called PIPs (plasma
membrane intrinsic proteins), TIPs (tonoplast intrinsic
proteins), SIPs (small basic intrinsic proteins) and NIPs
(nodulin26-like intrinsic proteins). The tertiary structure of
aquaporin subunits is composed of a two times three
transmembrane domain (TMD) structure (Fig. 3a) which
both contain the canonical NPA motif. The two domains
fold onto each other with the NPA motifs forming part of
the central restrictive pore, and is often referred to as the
‘hourglass model’ [68]. Four subunits form a functional
aquaporin, each with a central pore.

Aquaporin selectivity is mainly derived from the Ar/R
(aromatic-arginine) pore region which is located a few
angstroms from the canonical NPA-NPA motif (Fig. 3b). It
consists of two residues from TMD2 and TMDS and two
residues from loop E. The composition of the Ar/R domain
defines the pore size, pore hydrophobicity and hydrogen
bonding between pore and substrate, and hence greatly
impacts on selectivity and function of aquaporins
(Table 1). Archetypal aquaporins contain a narrow pore
with a width of around 0.3 nm, just wider than a water
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cytoplasm

Fig. 3 The involvement of NIPs in plant arsenite transport. a
Generalised secondary structure of an aquaporin monomer with six
transmembrane domains (S1-S6) and two canonical NPA motifs
between S2 and S3 and S5 and S6. The arrows 1-4 point to the
approximate positions of residues that make up the Ar/R (aromatic/
arginine) region that is essential for channel selectivity. b Each
monomer forms a pore (arrow) with the Ar/R residues (in yellow)
forming the narrowest part of the channel pore. ¢ Four monomers
form a functional aquaporin. Views in (b) and (c) are perpendicular to
the membrane from the outside. d Phylogenetic tree of plant NIPs. At
Arabidopsis thaliana, Os Oryza sativa, Zm Zea mays, Mt Medicago

molecule (~0.28 nm). This tight fit, and an energetic
barrier near the channel NPA motifs that shapes the pore
water-wire, ensure high water selectivity, a very low proton
conductance and no or very little permeability for any other
substrates. However, in several of the plant aquaporin
subfamilies such as the NIPs, the Ar/R composition creates
a larger pore size, thus allowing additional substrates to
permeate such as neutral metalloids, undissociated acids
and small solutes like glycerol. This class of aquaporin is
therefore often referred to as aquaglyceroporins. On the
basis of the Ar/R domain composition, the plant NIP sub-
family can be further divided into groups I, II and III
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truncatula, Cp Cucubrita pepo, Nal Nicotiana alata, Lj Lotus
japonicus, Pt Pinus taeda, Atrn Atriplex nummularia, Car Cicer
arietinum, Gm Glycine max, Ps Pisum sativum, Ec Escherichia coli,
Ss Saccharomyces cerevisiae. For comparison, AtPIP1;1, a non-NIP
plasma membrane intrinsic protein, and As™ conducting aquaglyc-
eroporins from mammals (AQP7 and AQP9), yeast (Fpsl) and
bacteria (GlpF) are included. The color fields represent different
subgroups of the NIP proteins and isoforms that have been shown to
be able to conduct As™ are shown in bold. The alignment of amino
acid sequences was performed using ClustalX 2.0.9

(Fig. 3d), with group I containing the archetypal Nodulin26
and NIPs with permeability to water, glycerol and lactic
acid. NIPs in groups II and III have a predicted larger pore
size than those of the NIP I group, with permeability for
larger solutes such as antimonite, urea, formamide, silicic
acid and boric acid, but very low water permeability. In
contrast to group I members, group II and III isoforms are
sometimes referred to as metalloid transporters and also
include the outlier AtNIP7;1 [63, 68-70]. Several isoforms
in this group have been shown to fulfil physiological
functions in planta: AtNIP5;1 was shown to catalyse B
uptake, presumably as the neutral boric acid B(OH);, in
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Table 1 Aquaporin Ar/R selectivity filter sequences. The essential amino acid residues in the 2nd and 5th transmembrane domain (TMD) and in
the ‘E’ loop are shown for the archetypal aquaporin AtMIP1 and for group I, II and III NIP (nodulin26-like intrinsic proteins) aquaglyceroporins

Aquaporin TMD2 TMD5 E loop E loop Relative conductance Other known substrates Ref

As Sb H,O
MIPs
AtPIP/OsPIP F H T R = +++ [73]
NIP-1
ANIP1;1 \ v A R —/++ - +++ Glycerol [68, 72]
ANIP1;2 w v A R ++ [72]
OsNIPI1;1 v A R ++/— [64, 71]
NIP-II
ANIP5;1 A I G R ++ + B, urea [69, 71]
ANIP6;1 A I A R ++ + - B, urea, NH; [70, 71]
ANIP7;1 A v G R + +++ - [63, 71]
OsNIP3;1 A A G R + B [64]
OsNIP3;2 A A A R +++ ++ [71]
NIP-III
OsNIP2;1 G S G R +++ +++ Si [64, 71]
OsNIP2;2 G S G R + + Si [64, 71]

Relative conductance to various substrates is indicated as: — none or very low, + low to medium, ++ medium, +-++ high, n.d. not determined

boron limited conditions [69]. AtNIP6;1 also transports B
but functions in root to shoot movement of this mineral
[70]. OsNIP2;1 (Lsil) is a major pathway for uptake of Si
(as Si(OH),4), a beneficial nutrient that is required in large
amounts by rice [71]. Several other group II and IIT NIPs
are also Si permeable but their physiological function
remains unclear [64].

To assess the possibility that NIPs form arsenic trans-
porters, several groups recently studied the physiological
and transport characteristics of these proteins. Homozy-
gous T-DNA lines for the three group II A. thaliana NIPs
(NIP5;1, 6;1 and 7;1) showed that loss of function in
NIP7;1 led to plant tolerance to As™ but not AsV, whereas
arsenic tolerance in Amip5;1 and Atnip6;1 mutants was not
significantly affected [63]. Total arsenic content in
Amip7;1 was reduced and heterologous expression of this
protein increased As™ sensitivity in the Afps] yeast strain
that lacks the arsenite uptake aquaglyceroporin FSPI.
Transport assays showed that expression of AtNIP7;1 also
increased short-term As™ uptake in yeast.

In rice, the group III NIP2;1 was previously shown to
provide a silicon uptake pathway and is therefore also
referred to as Lsil [71]. Loss of function in NIP2;1 not only
affects silicon accumulation but resulted in greatly reduced
arsenite influx into roots compared with the wild-type rice.
Heterologous expression of OsNIP2;1 in Xenopus laevis
oocytes showed that OsNIP2;1 has a high As™ conduc-
tivity but did not transport As". Loss of function in another

group II NIP (OsNIP2;2) did not significantly change plant
arsenic levels, in spite of As" transport capacity in
oocytes, presumably because of a very low in planta
expression level of this isoform.

Further work, based primarily on heterologous expression
of NIPs in yeast, confirmed the As™ transport capacity of
AtNIP7;1 and OsNIP2;1, but in addition showed that all
group II NIPs are capable of As™ transport [72]. Indeed,
several of the NIPs derived from A. thaliana, Lotus japonicus
and rice were capable of mediating bidirectional As™ trans-
port which could have implications for their in planta role.

Although suggested by some authors, the idea that only
‘metalloid’ NIPs have significant As™ permeability, and
therefore a role in As™ uptake and distribution in plants,
has been shown to be too narrow. A forward genetics
screen with A. thaliana identified the group I NIP1;1 as a
determinant of As™ tolerance [73]. Expression of At-
NIP1;1 in oocytes showed As™ transport in these cells as
did its close homologue AtNIP1;2, another member of the
group I NIPs. Work with rice provided similar insights for
group I NIPs from this species, with OsNIPI1;1 and
OsNIP3;1 both capable of mediating As™ uptake in
oocytes, albeit significantly less so for OsNIP3;1 [64]. In
total, these recent findings suggest that all NIP aquaporins
may have some permeability to As"" but that specific iso-
forms are more important than others where plant arsenic
tolerance is concerned, depending on expression levels and
tissue localisation.



2336

W. Ali et al.

As™ efflux through aquaporins and other systems

Arsenic tolerance in prokaryotes and unicellular eukaryotes
relies heavily on As™ efflux and the relevant membrane
transporters have been well characterised [34]. The ques-
tion whether As™ efflux is an important component of
plant arsenic tolerance in plants has yet to be answered
definitively, but several studies have shown that plants
release As¥ and As" into the external medium [57]. As™
efflux occurs soon after plants are exposed to arsenate, but
the mechanistic details of this process are unclear [74].

The recent work on the role of plant aquaglyceroporins
in As™ uptake revealed some evidence that the same class
of protein may also contribute to the efflux of As™ from
cells. Expression of group II and III NIPs from A. thaliana,
rice and L. japonicus in the yeast strain dacr3 that lacks its
As™ efflux carrier led to significantly enhanced yeast tol-
erance to As’ [63, 72]. In both studies, these data were
interpreted as evidence for NIP channels forming a shunt
pathway for the efflux of arsenite which was produced by
the reduction of arsenate inside the yeast cells. There are
precedents for aquaglyceroporins acting in cellular As™
extrusion, notably in the earlier mentioned S. meliloti
which expresses agpS in its bacteroid membrane to release
As". Theoretically, similar mechanisms could operate and
be beneficial in plants, especially for species exposed to
AsY. In the case of As™ exposed plants like rice, such a
mechanism could easily create futile cycling of As™ and
appears of less advantage. A definitive answer regarding
the physiological relevance of aquaglyceroporin mediated
As™ release has yet to be reached, but data from our
laboratories show decreased As"' release in As" loaded
nip6;1 and nip7;1 Arabidopsis loss of function mutants
(F Maathuis et al., unpublished results) and also a signifi-
cant reduction in As™ release in rice nip2;] mutants
(F Zhao et al., unpublished results).

As™ extrusion from the cytosol through aquaporin-type
transporters is by definition a passive mechanism depen-
dent on the concentration gradient and may not be very
efficient in some conditions. Many organisms show the
presence of energy coupled systems to remove As'™ from
the cytoplasm [75] such as the H* coupled bacterial ArsB,
the ATP dependent arsAB or the yeast ACR3, which is also
believed to be H' coupled [76]. Whether plants carry out
active As™ extrusion is not clear; in tomato roots preloaded
with Asv, As™ efflux was found to be sensitive to the
protonophore CCCP  (carbonylcyanide chlorophenyl
hydrazone) suggesting an active mechanism may be
involved [74]. However, CCCP-induced depolarisation
would also affect passive fluxes. An dacr3 yeast comple-
mentation approach using a cDNA library from P. vittata
revealed the presence of an ACR3 like transporter in this
species [77]. PvACR3 reduced arsenic accumulation in the

complemented yeast, providing strong evidence for its As™

efflux capacity. PvACR3 expression in P. vittata is rapidly
increased after arsenate exposure, but whether its main
function in planta is the actual As™ efflux to the apoplast,
intracellular compartmentation or long-distance redistri-
bution remains to be revealed. Interestingly, homology
analyses show that similar proteins are distributed amongst
genomes of lower plants such as mosses and ferns but not
in angiosperms.

The similarity in size and pKa of As™ and nutritional
minerals such as boric acid and silicic acid means that
endogenous mechanisms for the latter substrates may also
form potential As™ efflux systems. Both boric acid and
silicic acid are moved through the xylem and can be
sequestered in vacuoles, two processes that involve efflux
steps. Loss of function in the silicon efflux system Lsi2
impacts greatly on plant arsenic distribution, with a large
reduction in both xylem and grain As™ concentration [64].
In addition, the xylem As™ levels are reduced by silicon
indicating that Lsi2 is responsible for a significant pro-
portion of As™ loading into the vascular tissue. In
combination with the data obtained from the Isi/ loss of
function mutant, the results suggest that in rice, arsenic
uptake and distribution closely parallels that of silicon, a
nutrient required in large amounts by rice. This may
severely limit the scope to engineer rice with improved
arsenic tolerance.

Efflux from the cytosol into the large lytic vacuole is a
further generic detoxification pathway that has been shown
to function in plants with regards to toxic minerals such as
Na' and heavy metals like Pb>" and Cd*". The latter are
likely to be chelated to compounds such as glutathione and
PCs before vacuolar deposition. The form in which vacu-
olar arsenic is stored appears to be species dependent: for
the hyperaccumulator P. vittata, it was concluded that
vacuolar arsenic consisted almost exclusively of inorganic
As" [78], whereas in non-accumulators such as H. lanatus,
a large proportion was shown to be complexed [58]. The
proteins that mediate vacuolar sequestration of arsenic are
not known, but in tonoplast-enriched microsomes from
H. lanatus roots, glutathione complexed As™ was
efficiently transported into the vesicles after addition of
MgATP, and the authors suggested that this phenomenon
could be mediated by ABC type transporters [54]. Inves-
tigations into altered arsenic tolerance in loss of function
mutants for several vacuolar ABC transporters have so far
been unsuccessful (F. Maathuis et al., unpublished data).

I

Conclusions and outlook

Chronic arsenic poisoning is a major threat to large sec-
tions of the global population, and food consumption is one
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of the biggest contributors to human arsenic exposure.
Ideally, this problem should be solved at the source, i.e.
through soil remediation and usage of non-contaminated
irrigation water. However, this is unlikely to be achieved in
the near future, and different strategies may be required to
limit arsenic entry to the food chain. Approaches to reduce
arsenic uptake in crops, especially in the edible parts,
would provide a viable alternative. The latter has far more
chance of success if details about uptake, efflux and
translocation of the relevant arsenicals are known, and the
recent reports on the role(s) of NIP aquaporins in plant
arsenic tolerance have further defined this paradigm. These
findings can potentially be exploited via overexpression or
loss of function mutations in NIPs that affect As™ and As"
tolerance in plants [72]. In crops like rice, NIP loss of
function could limit As™ uptake, whereas crops in aerobic
soils might benefit from augmented efflux through NIP
overexpression. However, such a strategy might interfere
with beneficial NIP functions such as boron and silicon
nutrition. Altering the composition of NIP Ar/R regions via
site-directed mutagenesis could circumvent these negative
side effects by altering As™ permeability whilst leaving
that for beneficial substrates unchanged. NIPs and other
As™ transporters such as Lsi2 [64] also affect root:shoot
arsenic partitioning and can therefore be useful to minimise
translocation of arsenicals to edible parts such as grains and
fruits.

References

1. Smedley PL, Kinniburgh DG (2002) A review of the source,
behaviour and distribution of arsenic in natural waters. Appl
Geochem 17:517-568

2. Brewstar MD (1994) Removing arsenic from contaminated water.
Water Environ Technol 4:54-57

3. Chatterjee A (1994) Ground water arsenic contamination in res-
idential area and surroundings of P.N.Mitra Lane, Behala,
Calcutta, due to industrial effluent discharge. PhD thesis, Jadav-
pur University, Calcutta, India

4. Meharg AA, Hartley-Whitaker J (2002) Arsenic uptake and
metabolism in arsenic resistant and non resistant plant species.
New Phytol 154:429-432

5. Yarnell A (1983) Salvarsan. http://pubs.acs.org/cen/coverstory/
83/8325/8325 salvarsan.html. Accessed Mar 2006

6. Van den Enden E (1999) Arsenic poisoning. http:/www.itg.be/
evde/ Teksten/sylabus/49_Arsenicism.doc Accessed Apr 2006

7. National Academy of Sciences (1977) Arsenic: medical and
biological effects of environmental pollutants. National Academy
Press, USA

8. Orme S, Kegley S (2006) PAN Pesticides Database. http://ww.
pesticideinfo.org Accessed May 2006

9. Ishiguro S (1992) Industries using arsenic and arsenic com-
pounds. Appl Organomet Chem 6:323-331

10. TARC (1987) Arsenic and arsenic compounds (Group 1). In: IARC
monographs on the evaluation of the carcinogenic risks to humans.
Supplement 7, date accessed: 6 Feb 2003. Available from
http://193.51.164.11/htdocs/monographs/ suppl7/arsenic.html>

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Naidu R, Smith E, Wens G, Bhattacharya P, Nadebaum P (2006)
Managing arsenic in the environment from soil to human. CSIRO
Publishing, pp 327-350

National Research Council (2001) Arsenic in drinking water
update. National Academy Press, USA

IPCS (2001) Environmental health criteria on arsenic and arsenic
compounds. Environmental Health Criteria Series, No. 224.
Arsenic and arsenic compounds, second, WHO, Geneva, p 521
Gochfeld M (1997) Factors influencing susceptibility to metals.
Environ Health Perspect 105(4):817-833

Young A (2000) Arsenic. http://www.protfolio.mvm.ac.uk/
studentweb/session2/ groupl2/arsenic.html

Chou W, Jie C, Kenedy A, Jones RJ, Trush MA, Dang CV (2004)
Role of NADPH oxidase in arsenic-induced reactive oxygen
species formation and cytotoxicity in myeloid leukaemia cells.
Proc Natl Acad Press USA 101:4578-4583

Mead MN (2005) Arsenic: in search of an antidote to a global
poison. Environ Health Perspect 113:A379-A386

Tamaki S, Frankenberger WT (1992) Environmental biochemis-
try of arsenic. Rev Environ Contam Toxicol 124:79-110
Carbonell-Barrachina AA, Aarabi MA, De Laune RD, Gambrell
RP, Patrick WHI (1998) The influence of arsenic chemical form
and concentration on spartina patens and spartina alterniflora
growth and tissue arsenic concentration. Plant Soil 198:33-43
Carbonell-Barrachina AA, Burlo F, Lopez E, Martinez-Sanchez F
(1999) Arsenic toxicity and accumulation in radish as affected by
arsenic chemical speciation. J Environ Sci Health Part B—Pestic
Food Contam Agric Wastes 34:661-679

Petrick JS, Ayala-Fierro F, Cullen WR, Carter DE, Aposhian HV
(2000) Monomethylarsonous acid (MMA™) is more toxic than
arsenite in Chang human hepatocytes. Toxicol Appl Pharmacol
163:203-207

Ontario Ministry of the Environment (2001) Arsenic in the
environment. http://www.ene.gov.on.ca/cons/3792e.htm Acces-
sed Feb 2006

Nordstrom DK (2002) Public health-Worldwide occurrences of
arsenic in ground water. Science 296:2143-2145

Fazal MA, Kawachi T, Ichio E (2001) Validity of the latest
research findings on causes of groundwater arsenic contamination
in Bangladesh. Water Int 26:380-389

Chowdhury UK, Biswas BK, Chowdhury TR, Samanta G,
Mandal BK, Basu GC, Chanda CR, Lodh D, Saha KC, Mukherjee
SK, Roy S, Kabir S, Quamruzzaman Q, Chakraborti D (2000)
Groundwater arsenic contamination in Bangladesh and West
Bengal, India. Environ Health Perspect 108:393-397

O’Neill P (1995) Arsenic. In: Alloway BJ (ed) Heavy metals in
soils. Blackie, London, pp 105-121

Williams PN, Price AH, Raab A, Hossain SA, Feldmann J, Me-
harg AA (2005) Variation in arsenic speciation and concentration
in paddy rice related to dietary exposure. Environ Sci Technol
39:5531-5540

Xu XY, McGrath SP, Meharg A, Zhao FJ (2008) Growing rice
aerobically markedly decreases arsenic accumulation. Environ
Sci Technol 42:5574-5579

Zavala YJ, Duxbury JM (2008) Arsenic in rice: 1. Estimating
normal levels of total arsenic in rice grain. Environ Sci Technol
42:3856-3860

Tripathi R, Srivastava S, Mishra S, Singh N, Tuli R, Gupta D,
Maathuis FIM (2007) Arsenic hazards: strategies for tolerance
and remediation by plants. Trends Biotech 25(4):158-165
Rosenberg H, Gerdes G, Chegwidden K (1977) Two systems for
the uptake of phosphate in Escherichia coli. J Bacteriol
131(2):505-511

Willsky G, Malamy M (1980) Characterization of two genetically
separable inorganic phosphate transport systems in Escherichia
coli. J Bacteriol 144(1):356-365


http://pubs.acs.org/cen/coverstory/83/8325/8325
http://pubs.acs.org/cen/coverstory/83/8325/8325
http://www.itg.be/evde/
http://www.itg.be/evde/
http://ww.pesticideinfo.org
http://ww.pesticideinfo.org
http://193.51.164.11/htdocs/monographs/
http://www.protfolio.mvm.ac.uk/studentweb/session2/
http://www.protfolio.mvm.ac.uk/studentweb/session2/
http://www.ene.gov.on.ca/cons/3792e.htm

2338

W. Ali et al.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Willsky G, Malamy M (1980) Effect of arsenate on inorganic
phosphate transport in Escherichia coli. J Bacteriol 144(1):366-374
Bhattacharjee H, Rosen BP (2007) Arsenic metabolism in pro-
karyotic and eukaryotic microbes in: molecular microbiology of
heavy metals. Springer, Heidelberg

Lin YF, Walmsley A, Rosen B (2006) An arsenic metallochap-
erone for an arsenic detoxification pump. Proc Natl Acad Sci
USA 103(42):15617-15622

Rosen B (2002) Biochemistry of arsenic detoxification. FEBS
Lett 529:86-92

Yang H, Cheng J, Finan T, Rosen B, Bhattacharjee H (2005)
Novel pathway for arsenic detoxification in the legume symbiont
Sinorhizobium meliloti. J Bacteriol 187(20):6991-6997

Qin J, Rosen B, Zhang Y, Wang G, Franke S, Rensing C (2006)
Arsenic detoxification and evolution of trimethylarsine gas by a
microbial arsenite S-adenosylmethionine methyltransferase. Proc
Natl Acad Sci USA 103(7):2075-2080

Wysocki R, Chéry C, Wawrzycka D, Hulle VM, Cornelis R,
Thevelein J, Tamds M (2001) The glycerol channel Fpslp
mediates the uptake of arsenite and antimonite in Saccharomyces
cerevisiae. Mol Microbiol 40(6):1391-1401

Liu Z, Boles E, Rosen B (2004) Arsenic trioxide uptake by
hexose permeases in Saccharomyces cerevisiae. J Biol Chem
279(17):17312-17318

Liu Z, Sanchez M, Jiang X, Boles Landfear S, Rosen B (2006)
Mammalian glucose permease GLUTI facilitates transport of
arsenic trioxide and methylarsonous acid. Biochem Biophys Res
Commun 351(2):424-430

Ghosh M, Shen J, Rosen BP (1999) Pathways of As™ detoxifi-
cation in Saccharomyces cerevisiae. Proc Natl Acad Sci USA
96:5001-5006

Liu Z, Shen JM, Carbrey J, Mukhopadhyay R, Agre P, Rosen B
(2002) Arsenite transport by mammalian aquaglyceroporins
AQP7 and AQP9. Proc Natl Acad Sci USA 99(9):6053-6058
Liu Z, Styblo M, Rosen B (2006) Methylarsonous acid transport
by aquaglyceroporins. Environ Health Perspect 114(4):527-531
Liu Z, Carbrey J, Agre P, Rosen B (2004) Arsenic trioxide uptake
by human and rat aquaglyceroporins. Biochem Biophys Res
Commun 316(4):1178-1185

Liu J, Chen H, Miller D, Saavedra J, Keefer L, Johnson D,
Klaassen C, Waalkes P (2001) Overexpression of Glutathione S-
Transferase II and multidrug resistance transport proteins is
associated with acquired tolerance to inorganic arsenic. Mol
Pharmacol 60:302-309

Kojima C, Qu W, Waalkes M, Himeno S, Sakurai T (2006)
Chronic exposure to methylated arsenicals stimulates arsenic
excretion pathways and induces arsenic tolerance in rat liver
cells. Toxicol Sci 91(1):70-81

Liu J, Liu Y, Powell DA, Waalkesa MP, Klaassen CD (2002)
Multidrug-resistance mdrla/lb double knockout mice are more
sensitive than wild type mice to acute arsenic toxicity, with
higher arsenic accumulation in tissues. Toxicol 170(1-2):55-62
Leslie ME, Haimeur A, Waalkes M (2004) Arsenic transport by
the human multidrug resistance protein 1 (MRP1/ABCC1). J Biol
Chem 279(31):32700-32708

Shin H, Shin HS, Gary RD, Maria JH (2004) Phosphate transport
in Arabidopsis: Phtl;1 and Phtl;4 play a major role in phosphate
acquisition from both low- and high-phosphate environments.
Plant J 39:629-642

Raab A, Williams PN, Meharg AA, Feldmann J (2007) Uptake
and translocation of inorganic and methylated arsenic species by
plants. Environ Chem 4:197-203

Wang J, Zhao FJ, Meharg AA, Raab A, Feldmann J, McGrath SP
(2002) Mechanisms of arsenic hyperaccumulation in Pteris vit-
tata. Uptake kinetics, interactions with phosphate, and arsenic
speciation. Plant Physiol 130:1552-1561

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Dhankher OP, Rosen BP, McKinney EC, Meagher RB (2006)
Hyperaccumulation of arsenic in the shoots of Arabidopsis
silenced for arsenate reductase, ACR2. Proc Natl Acad Sci USA
103:5413-5418

Bleeker PM, Hakvoort HW, Bliek M, Souer E, Schat H (2006)
Enhanced arsenate reduction by a CDC25-like tyrosine phos-
phatase explains increased phytochelatin accumulation in
arsenate-tolerant Holcus lanatus. Plant J 45:917-929

Ellis DR, Gumaelius L, Indriolo E, Pickering 1J, Banks JA, Salt
DE (2006) A novel arsenate reductase from the arsenic hyper-
accumulating fern Pteris vittata. Plant Physiol 141(4):1544-1554
Duan GL, Zhou Y, Tong YP, Mukhopadhyay R, Rosen BP, Zhu
YG (2007) A CDC25 homologue from rice functions as an
arsenate reductase. New Phytol 174(2):311-321

Zhao FJ, Ma JF, Meharg AA, McGrath SP (2009) Arsenic uptake
and metabolism in plants. New Phytol doi: 10.1111/.1469-
8137.2008.02716.x

Raab A, Feldmann J, Meharg AA (2004) The Nature of arsenic-
phytochelatin complexes in Holcus lanatus and Pteris cretica.
Plant Physiol 134(3):1113-1122

Ha SB, Smith AP, Howden R, Dietrich WM, Bugg S, O’Connell
MlJ, Goldsbrough PB, Cobbett CS (1999) Phytochelatin synthase
genes from Arabidopsis and the yeast, Schizosaccharomyces
pombe. Plant Cell 11:1153-1164

Zhao FJ, Wang JR, Barker JHA, Schat H, Bleeker PM, McGrath
SP (2003) The role of phytochelatins in arsenic tolerance in the
hyperaccumulator Pteris vittata. New Phytol 159:403-410
Pickering 1J, Gumaelius L, Harris HH, Prince RC, Hirsch G,
Banks JA, Salt DE, George GN (2006) Localizing the biochem-
ical transformations of arsenate in a hyperaccumulating fern.
Environ Sci Technol 40:5010-5014

Caille N, Zhao FJ, McGrath SP (2005) Comparison of root
absorption, translocation and tolerance of arsenic in the hyper-
accumulator Pteris vittata and the non hyperaccumulator Pteris
tremula. New Phytol 165:755-761

Isayenkov SV, Maathuis FIM (2008) The Arabidopsis thaliana
aquaglyceroporin AtNIP7;1 is a pathway for arsenite uptake.
FEBS Lett 582:1625-1628

Ma JF, Yamaji N, Mitani N, Xiao XY, McGrath SP, Zhao FJ
(2008) Transporters of arsenite in rice and their role in arsenic
accumulation in rice grain. Proc Natl Acad Sci USA
105(29):9931-9935

Pickering 1J, Prince RC, George MJ, Smith RD, George GN, Salt
DE (2000) Reduction and co-ordination of arsenic in Indian
mustard. Plant Physiol 122:1171-1177

Salt DE, Rauser WE (1995) MgATP-dependent transport of
phytochelatins across the tonoplast of oat roots. Plant Physiol
107:1293-1301

Meharg AA, Jardine L (2003) Arsenite transport into paddy rice
(Oryza sativa) roots. New Phytol 157:39-44

Wallace IS, Choi WG, Roberts DM (2006) The structure, func-
tion and regulation of the nodulin 26-like intrinsic protein family
of plant aquaglyceroporins. Biochem Biophys Acta-Biomem
1758:1165-1175

Takano J, Wada M, Ludewig U, Schaaf G, Von WN, Fujiwara T
(2006) The Arabidopsis major intrinsic protein NIP5;1 is essen-
tial for efficient boron uptake and plant development under boron
limitation. Plant Cell 18:1498-1509

Tanaka M, Wallace IS, Takano J, Roberts DM, Fujiwara F (2008)
NIP6;1 is a boric acid channel for preferential transport of boron
to growing shoot tissues in Arabidopsis. Plant Cell 20:2860-2875
Ma JF, Tamai K, Yamaji N, Mitani N, Konishi S, Katsuhara M,
Ishiguro M, Murata Y, Yano M (2006) A silicon transporter in
rice. Nature 440:688-691

Bienert GP, Thorsen M, Schiissler MD, Nilsson HR, Wagner A,
Tamas MJ, Jahn TP (2008) A subgroup of plant aquaporins


http://dx.doi.org/10.1111/j.1469-8137.2008.02716.x
http://dx.doi.org/10.1111/j.1469-8137.2008.02716.x

Arsenite transport in plants

2339

73.

74.

75.

facilitate the bidirectional diffusion of As(OH); and Sb(OH);
across membranes. BMC Biol 6:26

Kamiya T, Tanaka M, Mitani N, Ma FJ, Maeshima M, Fujiwara T
(2009) NIP1;1, an aquaporin homolog, determines the arsenite
sensitivity of Arabidopsis thaliana. J Biol Chem 284(4):2114—
2120

Xu XY, McGrath SP, Zhao FJ (2007) Rapid reduction of arsenate
in the medium mediated by plant roots. New Phytol 176:590-599
Rosen BP (2002) Transport and detoxification systems for tran-
sition metals, heavy metals and metalloids in eukaryotic and
prokaryotic microbes. Comp Biochem Physiol A 133:689-693

76.

7.

78.

Wysocki R, Bobrowicz P, Ulaszewski S (1997) The Saccharo-
myces cerevisiae ACR3 gene encodes a putative membrane
protein involved in arsenite transport. J Biol Chem 272:30061—
30066

Salt D, Banks JA, Indriolo E (2007) Expression of putative
arsenite effluxers in Pteris vittata. Proc Bot Soc Am USA
Number: P05023 Abstract ID: 2093

Pickering 1J, Gumaelius L, Harris HH, Prince RC, Hirsch G,
Banks JA, Salt DE, George GN (2006) Localizing the biochem-
ical transformations of arsenate in a hyper accumulating fern.
Environ Sci Technol 40:5010-5014



	Arsenite transport in plants
	Abstract
	Introduction
	The occurrence and usage of arsenicals
	Arsenic toxicity

	Arsenic resistance and transport in non-plant organisms
	General mechanisms of arsenic detoxification
	Arsenic transport and resistance in prokaryotes
	Arsenic transport and resistance in yeast
	Arsenic transport and resistance in mammals

	Arsenic and plants
	Arsenic toxicity and tolerance
	The role of aquaporins in AsIII uptake
	AsIII efflux through aquaporins and other systems

	Conclusions and outlook
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


