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Treatment of barley (Hordeum vulgare) seedlings with arsenite (AsIII) rapidly induced physiological and transcriptional changes
characteristic of sulfur deficiency, even in plants replete with sulfur. AsIII and sulfur deficiency induced 5- to 20-fold increases in
the three genes responsible for sulfate reduction. Both treatments also caused up-regulation of a sulfate transporter, but only in
the case of sulfur deficiency was there an increase in sulfate influx. Longer-term changes included reduction in transfer of sulfur
from roots to shoots and an increase in root growth relative to shoot growth. Genes involved in complexation and compartmentation
of arsenic were up-regulated by AsIII, but not by sulfur deficiency. The rate at which arsenic accumulated appeared to be
controlled by the rate of thiol synthesis. Over a range of AsIII concentrations and growth periods, the ratio of thiols to arsenic
was always close to 3:1, which is consistent with the formation of a stable complex between three glutathione molecules per
AsIII. The greater toxicity of arsenic under sulfur-limiting conditions is likely to be due to an intensification of sulfur deficiency
as a result of thiol synthesis, rather than to a direct toxicity to metabolism. Because influx of AsIII was nearly 20-fold faster than
the rate of synthesis of thiols, it is questionable whether this complexation strategy can be effective in preventing arsenic toxicity,
unless arsenic uptake becomes limited by diffusive resistances in the rhizosphere.

The prevailing view is that toxicity of arsenic to plants
is principally mediated by the competition between ar-
senate (AsV) and phosphate in metabolic processes and
the binding of arsenite (AsIII) to thiol groups in proteins,
thereby disrupting enzymic activity (Léonard and
Lauwerys 1980; Meharg and Hartley-Whitaker 2002;
Spuches et al., 2005). Metabolic conversion of AsV to
AsIII is readily achieved in plants by AsV reductase
(Duan et al., 2005; Wang et al., 2008). Xu et al. (2007)
showed that in hydroponic culture of rice (Oryza sativa)
and tomato (Solanum lycopersicum), virtually all of the
AsV supplied appeared in the nutrient solution as AsIII
within 3 d and AsIII was the dominant arsenic form in
roots and xylem. Many plants respond to high concen-
trations of AsIII by increasing the synthesis of a range of
thiol-containing compounds (Raab et al., 2005; Schulz
et al., 2008), including phytochelatins (PCs; Schmöger
et al., 2000). PC synthase genes have now been identified
in a number of species, including Arabidopsis (Arabi-
dopsis thaliana; Vatamaniuk et al., 1999), wheat (Triticum
aestivum; Clemens et al., 1999), Brassica juncea (Heiss
et al., 2003), Pteris vittata (Dong et al., 2005), and Lotus
japonicus (Ramos et al., 2008). The importance of these

genes in arsenic tolerance in Arabidopsis is underlined
by the sensitivity of mutants deficient in PC synthase
(Ha et al., 1999) and the increased tolerance in plants
overexpressing PC synthase (Gasic and Korban 2007).
However, Sung et al. (2007) reported Arabidopsis mu-
tants with enhanced tolerance to arsenic in which PC
synthesis was not increased. Instead, they found elevated
levels of the thiols Cys, g-glutamyl-Cys, and glutathione.
Norton et al. (2008) also showed, using whole genome
transcriptional analysis, that a large number of genes
were up-regulated following exposure to AsV in rice, in-
cluding many associated with glutathione metabolism,
but not PCs.

The exact role of thiols in arsenic tolerance is still
uncertain given the fact that in the arsenic-tolerant
Holcus lanatus and in the hyperaccumulating ferns
P. vittata and Pteris cretica, the molar ratios of thiols to
arsenic are very low, suggesting that thiols play only a
minor role in arsenic tolerance in these species (Zhao
et al., 2003; Raab et al., 2004). It has been suggested
that thiols may act as chaperones in the cytoplasm to
prevent AsIII binding to proteins (Zhao et al., 2003),
although arsenic is subsequently stored as inorganic
species in the vacuole (Raab et al., 2004).

AsIII uptake into plant roots is rapid (Meharg and
Jardine 2003) and appears to be mediated by passive
permeation through nodulin-26-like integrated protein
aquaporins (Bienert et al., 2008; Ma et al., 2008). These
aquaporins facilitate bidirectional movement of AsIII
and therefore can allow efflux as well as influx, which
helps to explain the plant-induced transformation of
AsV to AsIII in nutrient solution reported by Xu et al.
(2007). Active transport of arsenic-thiol conjugates into
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plant vacuoles has also been reported (Martinoia et al.,
1993). If toxicity is related to the free AsIII concen-
tration in the cytoplasm, then there will be both
membrane and metabolic processes that influence this
concentration.

It is clear that although plants may differ in the
amounts and types of compounds that they synthesize
to combat arsenic toxicity, all of these compounds
contain thiol groups to which AsIII can be conjugated.
The high tissue concentrations of arsenic observed in
many plants necessitates a higher uptake of sulfur for
thiol synthesis, and it is not clear whether the limit of
tolerance is determined by the rate of uptake of sulfur,
the rate of uptake of arsenic species, the rate at which
thiol compounds can be synthesized, or the rate at
which thiol-arsenic complexes can be compartmental-
ized. Nocito et al. (2006) provided evidence that tol-
erance to cadmium, which is also complexed by thiols,
may be limited by uptake of sulfur, which in turn
restricts the capacity of roots to synthesize reduced
glutathione (GSH).

In this study, we employed a common plant species
not known to have any special tolerance to arsenic
toxicity to examine the early adaptive responses to
arsenic. We focused on two aspects of arsenic toxicity:
the role of sulfur availability and the expression of
genes controlling the synthesis and compartmentation
of thiol compounds. The results revealed a range of
unexpected responses to AsIII, whose origins appear
to be related to the disruption of factors regulating
sulfur status in plants.

RESULTS

Sulfur-Deficient Plants Are Highly Sensitive to Arsenic

Apart from a mild chlorosis of the shoots, 3 weeks
without sulfur did not have a major impact on the
overall growth of barley (Hordeum vulgare) seedlings,
although there was an obvious shift from shoot growth
in favor of root growth (Fig. 1), which is a character-
istic response to sulfur deficiency (Clarkson et al., 1989;
Elberse et al., 2003). Addition of 10 mM AsIII to sulfur-
deficient plants reduced the growth of shoots by 60%
and the growth of roots by more than 70%. At 20 mM

AsIII, there was no growth of either roots or shoots; in
fact, there was a slight loss of biomass over the treat-
ment period (Fig. 1).

By contrast, growth of sulfur-sufficient plants was
actually increased by addition of 10 mM AsIII, princi-
pally due to an 80% increase in root growth (Fig. 1). At
20 mM AsIII, shoot growth was significantly reduced but
root growth was unaffected. This experiment was re-
peated four times, and stimulated root growth was
recorded at either 5 or 10 mM AsIII in three experiments,
while in the other experiment, there was neither in-
crease nor decrease in root growth at 10 mM AsIII (data
not shown). Liu et al. (2008) also reported stimulatory
effects of low arsenic concentrations on growth of rice
roots but not shoots.

The impact of AsIII on relative growth of roots and
shoots was very similar to that of withdrawal of sulfur.
In the absence of arsenic, sulfur-sufficient seedlings had
a ratio of root growth to shoot growth of 0.31, which
increased to 0.51 at 10 mM AsIII and 0.57 at 20 mM AsIII,
which is very similar to the ratio of 0.62 observed under
sulfur deficiency (Supplemental Table S1).

ASIII Alters Partitioning of Sulfur

At 10 mM AsIII, the concentration of sulfur in roots
increased by 58%, and at 20 mM AsIII, the concentration
increased by 51% (Fig. 2). Treatment with AsIII also in-
creased the concentration of sulfur in roots of sulfur-
deficient plants, even though there was no sulfur in the
nutrient solution. The increase in root sulfur in sulfur-
deficient plants was associated with a net reduction in
shoot sulfur concentration (Supplemental Table S2) and
could therefore be explained by transfer of sulfur from
shoot to root in the phloem. In sulfur-sufficient plants,
there was also a reduction in shoot sulfur concentration
by 16% at 10 mM AsIII and by 23% at 20 mM AsIII. This
may have been due either to a remobilization of sulfur
from shoots back to the roots, as occurred in sulfur-
deficient plants, or to reduced translocation from the root.

Rates of AsIII Accumulation

Uptake of AsIII into barley roots was rapid. When
placed in a solution of 20 mM AsIII, the concentration
in roots exceeded that of the external solution within
15 min, with an average influx of 127 6 26 nmol g–1 h–1,
and thereafter continued to accumulate at a steady rate
of 6.7 6 0.7 nmol g–1 h–1 for at least 6 d, after which the
internal arsenic concentration was nearly 1 mM (Fig. 3).

Figure 1. Effect of AsIII on growth of barley seedlings over 3 weeks in
one-fifth-strength Hoagland solution containing 0 or 0.4 mM sulfate.
Each point is the mean 6 SE of at least five replicates. Different letters
indicate significant differences (P , 0.5). S, Sulfur.
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Efflux was also initially rapid but slowed after the in-
ternal concentration was reduced by around 20 mM. This
data suggests that there are two pools of arsenic in the
cell, comprised of free AsIII in equilibrium with the
external AsIII, and a more slowly exchanging pool of
reversibly bound AsIII.

Thiol Accumulation

The concentration of total thiols in roots was pro-
portional to the concentration of AsIII in the external
solution and did not change over 3 weeks of growth,
except at the lowest concentration, where it increased
slightly (Fig. 4). The constancy of thiol accumulation
was matched by that of arsenic accumulation, such
that a ratio of thiol to arsenic close to 3:1 was always
obtained (Fig. 4C).

Impact of AsIII on Sulfate Transport

The capacity of roots to take up sulfate was initially
assessed in plants without AsIII treatment. For seedlings
that were germinated then grown for 7 d on 0.4 mM

sulfate, the Km for sulfate uptake was around 31 mM, and
saturation of uptake occurred at a rate of 50 nmol g–1 h–1

at around 100 mM sulfate (Supplemental Fig. S1), which
corresponds to the concentration required for maxi-
mum growth (Supplemental Fig. S2). Seedlings that
were grown for 7 d in the absence of sulfur had similar

biomass to sulfur-sufficient plants but were beginning
to display a mild general chlorosis characteristic of
sulfur deficiency. In these plants, the capacity for sul-
fur uptake was greatly increased, with saturation occur-
ring at 380 nmol g–1 h–1, and the Km was reduced to
around 15 mM (Supplemental Fig. S1). AsIII treatment did
not significantly affect Km or Vmax in either sulfur-
deficient or sulfur-sufficient plants (data not shown).

In sulfur-sufficient plants, addition of 10 mM arsenic
caused a rapid reduction of sulfate influx for the first
2 h, after which, influx increased but remained lower
than that prior to AsIII application (Fig. 5A).

In the absence of AsIII, expression in roots of the
high-affinity sulfate transporter HvST1 was 20-fold
higher in sulfur-deficient plants compared with sulfur-
sufficient plants (Fig. 5B). Following addition of 10 mM

AsIII, expression of HvST1 decreased in the sulfur-
deficient plants, probably due to toxicity. In sulfur-
sufficient plants, AsIII treatment caused an increase
in expression of HvST1 by more than 5-fold after 6 h,
but after 72 h, the expression level had fallen to 30% of
that of the control tissue (Fig. 5B).

Effect of AsIII on Expression of Thiol-Related Genes

The synthesis of nonprotein thiols is a complex pro-
cess involving uptake of sulfate, reduction of sulfate to

Figure 2. Effect of sulfur nutrition on accumulation of AsIII (A) and
sulfur (B) in roots of barley seedlings over 7 d. Each result is the
mean 6 SE of five replicates. Treatments with the same letter are not
significantly different (P , 0.05). S, Sulfur.

Figure 3. A, Rapid influx and efflux of AsIII from barley roots. B,
Longer time course displaying a linear rate of accumulation of uptake
of AsIII from an external solution containing 20 mM AsIII. Each point is
the mean 6 SE of at least five replicates.
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sulfide, synthesis of Cys, and the incorporation of Cys
into glutathione. In addition, there are several down-
stream enzymes involved in formation of complexes
between AsIII and glutathione or the synthesis of PCs.
The response to sulfur deficiency and AsIII of genes
encoding each of these enzymes was investigated in
roots. Because ATP-dependent transfer of AsIII-thiol

complexes to the vacuole is likely to be an important
step in detoxifying arsenic (Bleeker et al., 2003; Klein
et al., 2006), the expression of a gene for the ATP-
binding cassette-type transporter HvMRP1 was also ex-
amined. The details of all of the genes are provided in
Supplemental Table S3.

All of the genes associated with sulfate reduction
and Cys synthesis were significantly up-regulated
under sulfur deficiency (Fig. 6). The strongest expres-
sion was recorded for the first three enzymes of the
pathway, ATP sulfurylase (9-fold), AP reductase (18-
fold), and sulfite reductase (6-fold). Glutathione syn-
thase was also up-regulated, but the genes encoding
thiol-complexing enzymes GSTu and GSTf were strongly
down-regulated (Fig. 6).

Addition of 10 mM AsIII to sulfur-sufficient roots
induced strong up-regulation of ATP sulfurylase, AP
reductase, and sulfite reductase (Fig. 7), which follows

Figure 4. Key features of arsenic and thiol accumulation in barley
roots grown at 5, 10, and 20 mM AsIII for 1, 2, and 3 weeks. A, Thiol
concentrations remain constant during root growth. B, Thiol concen-
trations are linearly related to AsIII treatment concentrations. C, The
ratio of thiols to arsenic is approximately 3:1. Each point is the mean of
five replicates.

Figure 5. A, 35S influx following addition of 10 mM AsIII in sulfur-
sufficient barley roots. The two experiments are similar except that in
the longer time course (circles), the plants were grown for 7 d in sulfur
compared with 11 d in the short time course. B, Relative expression
of HvST1 in sulfur-deficient and sulfur-sufficient roots of barley after
treatment in 10 mM AsIII. Expression is normalized to sulfur-sufficient
roots without arsenic (= 1x) and is shown relative to HvGAPDH. Data
are presented as means 6 SE of at least five replicates. S, Sulfur.
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the same pattern as for sulfur deficiency. However, in
contrast to sulfur deficiency, the expressions of GSTu
and GSTfwere greatly increased, as was the expression
of the tonoplast thiol conjugate transporter MRP (Fig.
7). When 10 mM AsIII was added to sulfur-deficient
plants, expression of all of the genes was either lower
or the same as the sulfur-deficient control, with the ex-
ception of GSTu and GSTf, whose expressions increased
10- and 2.5-fold, respectively.
The results shown in Figure 7 reflect the expression

levels 6 h after the addition of AsIII. Gene expression
responded rapidly, and several genes were already
strongly up-regulated 3 h after addition of AsIII. Ex-
pression then increased until at least 6 h, but by 24 h,
most of the expression levels were close to the pre-
exposure level or were decreasing (Supplemental
Fig. S3). Expression of three of the genes, ATP sul-
furylase, ECS, and GSTu, was measured again after
72 h. For ATP sulfurylase and ECS, there was no
significant difference between control and AsIII-
treated roots, but GSTu expression remained slightly
elevated (2.24 6 0.48-fold for independent experi-
ments; data not shown).
The dependence of gene expression on AsIII con-

centration was examined for a selection of genes, and
none was found to have higher expression at 20 mM

compared with 10 mM AsIII (Supplemental Fig. S3).
The short-term gene responses seemed to be specific

to AsIII. When expressed on a total RNA basis, we did
not find large or consistent responses to AsIII of either
the metabolic control gene HvGAPDH or the structural
control gene HvTub. In addition, we know from pre-
vious work that the boron efflux transporter HvBOR2
is not responsive to AsIII and that boron-tolerant plants
are not also AsIII tolerant, despite the similarity in
structure of boric acid and AsIII and the fact that both
are taken up through aquaglyceroporins.

DISCUSSION

Arsenic Accumulation and Thiol Synthesis

There are two important facts to emerge from this
study. First, the rate of AsIII permeation through the
plasma membrane of root cells greatly exceeds the rate
at which arsenic and thiols accumulate in the cell.
Second, thiol synthesis was linearly related to the AsIII
concentration in the external solution.

The imbalance between the rate of AsIII permeation
of membranes and the rate at which complexing thiols
can be synthesized means that the free AsIII concen-
tration in the cytoplasm is likely to be close to that in
the external solution and that thiol synthesis will have
little effect on toxicity. It is widely assumed that arse-
nic toxicity is mediated by AsIII binding to thiols in
proteins and enzymes. However, there is little evi-
dence to support this assumption. In studies with
purified animal enzymes, most required at least 5 mM

AsIII for 50% inhibition, some requiring hundreds of
millimolar (Hu et al., 1998). Others were actually
stimulated by AsIII concentrations between 0.1 and

Figure 6. Relative expression of genes of sulfate reduction, thiol syn-
thesis, and thiol transport in barley roots grown with or without sulfur.
Expression is normalized to sulfur-sufficient (+S) plants (relative ex-
pression = 1). Each value is the mean 6 SE of at least four independent
extracts. Asterisks indicate significant difference compared with sulfur-
sufficient plants (P , 0.05). 2S, Sulfur deficient.

Figure 7. Effect of treatment with 10 mM AsIII for 6 h on the expression
of genes of sulfate reduction, thiol synthesis, and thiol transport in
barley roots grown with or without 0.4 mM SO4

2–. Expression is nor-
malized to sulfur-sufficient plants without AsIII (relative expression =
1). Each value is the mean 6 SE of at least four independent extracts.
Asterisks indicate significant effect of arsenic on expression (P, 0.05).
S, Sulfur.
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100 mM (Hu et al., 1998). The enzyme considered most
likely to be inhibited by low concentrations of AsIII
is pyruvate dehydrogenase, through binding to the
dithiol groups of its cofactor dihydrolipoic acid rather
than to the enzyme itself. Reported concentrations for
50% inhibition of pyruvate dehydrogenase in vitro
range from 6 to 120 mM (Hu et al., 1998; Petrick et al.,
2001).

Over a range of AsIII treatment concentrations and
growth periods, the ratio of thiol to arsenic remained
close to 3:1. AsIII is known to spontaneously form
stable complexes with excess GSH in a ratio of 3:1. A
further consequence of the formation of these com-
plexes is that, as the free AsIII concentration increases,
the free GSH concentration would progressively de-
crease. GSH is known to be a key regulator both of the
enzymes of the sulfate reduction pathway and of genes
encoding these enzymes (Davidian and Kopriva 2010;
Na and Salt 2011; Takahashi et al., 2011). Such a re-
duction in GSH also occurs under sulfur deprivation,
which would explain the similarity in response of genes
involved in sulfate assimilation when the cell is chal-
lenged with AsIII. Bolchi et al. (1999) found that the
coordinate expression of both a high-affinity sulfate
transporter and ATP sulfurylase was jointly regulated
by Cys and glutathionine levels but not by tissue sulfate
status, which helps explain the rapid up-regulation of
HvST1 and ATP sulfurylase by AsIII in plants replete
with sulfur (Fig. 5).

Sulfur Deficiency and Arsenic Toxicity

In addition to the up-regulation of sulfate trans-
porter and sulfate assimilatory genes, there were
morphological changes that point to a perceived sulfur
deficiency during treatment with AsIII. Low concen-
trations of AsIII strongly stimulated root growth, which
is a characteristic feature of sulfur deficiency (Clarkson
et al., 1989), and at both low and toxic concentrations
of AsIII, the ratio of root growth to shoot growth
was similar to that in sulfur-deficient plants. Root
development is under hormonal control by the le-
vels of auxin, which increases under sulfur deficiency
(López-Bucio et al., 2003), and cytokinin. There is
now direct, albeit confusing, evidence for interac-
tions between these hormones and gene expression
under sulfur deficiency (Dan et al., 2007), which might
lead to altered regulation of root growth and sulfate
influx.

In sulfur-sufficient plants, exposure to AsIII increased
the concentration of sulfur in roots and caused a tem-
porary up-regulation of HvST1 and also, unexpectedly,
a reduction in sulfate influx. Thus, there is a contra-
diction between the responses to sulfur deficiency and
AsIII treatment, in that, while both induce expression of
a sulfate transporter, both increase root sulfur concen-
trations, but only in the case of deficiency is there an
observable increase in sulfate influx. However, for a
number of reasons, supply of sulfur is unlikely to be a

major factor in arsenic tolerance except at very low
sulfur concentrations. The kinetic analysis of sulfate
influx into barley roots demonstrated that under star-
vation conditions, sulfate could be taken up at a maxi-
mum rate of 380 nmol g–1 h–1, but that under sufficiency
conditions, the rate fell to 50 nmol g–1 h–1. In the absence
of sulfate efflux, this latter rate would increase the in-
ternal sulfur concentration by 1.2 mM per day, yet the
total arsenic-stimulated increase in root sulfur concen-
trations over 7 d in the experiment described in Figure 2
was only 2.4 mM (equivalent to a net uptake of 16 nmol
g–1 h–1 over this period). Clearly, a large proportion of
the sulfate taken up is effluxed back into the bathing
medium, so an increased demand for sulfur could easily
be met by a moderate reduction in sulfate efflux rather
than stimulation of influx or, alternatively, by a reduc-
tion in export from root to shoot as evidenced by the
lower shoot sulfur concentrations in AsIII-treated plants.
In sulfur-deficient plants where there was no sulfur in
the external solution, the increase in root sulfur following
addition of AsIII can only be explained by retranslocation
of sulfur from shoot to root. It is possible that at least
part of the reduction in shoot sulfur in sulfur-sufficient
plants was also due to withdrawal of shoot sulfur to
the roots.

Gene Expression

Based on what is known about regulation of sulfate
uptake and reduction, the responses to both AsIII and
sulfur deficiency appear to revolve around changes in
the intracellular levels of Cys and GSH. Under sulfur
deficiency, the depletion of sulfur would occur in par-
allel to a gradual decline in the free levels of these two
thiol compounds, such that these compounds would
be a proxy for cellular sulfur status. Hence, the greater
toxicity of AsIII under sulfur-limiting conditions could
be explained by an increase in the intensity of sulfur
deficiency caused by binding of sulfur-containing
compounds to AsIII. This is illustrated by the data in
Figure 2, where, following the addition of 20 mM AsIII
to sulfur-deficient plants, the root sulfur concentration
increased from 2.8 to 4.0 mM by withdrawal of sulfur
from the shoots. This 1.2-mM increase in sulfur would
be fully absorbed by the thiol synthesis required to
balance the 0.6 mM AsIII uptake (assuming two sulf-
hydryl groups per arsenic). In the case of AsIII, its high
permeability and affinity for thiols could cause a rapid
decrease in free thiol content, even in plants with abun-
dant reserves of sulfur, thereby eliciting a sulfur deficiency
response.

The largest changes in gene expression following
AsIII treatment occurred in the first 6 h. Norton et al.
(2008) also reported strong up-regulation of glutathi-
one S-transferases in rice within 0.5 h of exposure to
AsV, with peak expression occurring approximately
5 h after addition of AsV and then declining. These
responses occur at a time when the total accumulation
of arsenic must be relatively small; in the case of AsIII,
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this could be roughly estimated from the uptake curves
to be around 50 mM after 2 h (Fig. 1). However, this
concentration is comparable to the pools of free Cys
and glutathione reported in barley roots of around 40
and 135 mM, respectively (Smith et al., 1997), and these
pools would quickly diminish if thiol:arsenic (3:1)
complexes spontaneously formed. Transcription of sulfate
transporters and of several other enzymes of the sulfur
reduction pathway is known to be regulated by Cys
and GSH (Davidian and Kopriva 2010; Na and Salt
2011), so it seems reasonable to propose that reduction
of the free concentrations of these compounds due to
complexation with newly absorbed AsIII could trigger
the gene responses observed.
There were strong similarities between sulfur defi-

ciency and AsIII treatment for genes involved in up-
take and reduction of sulfate. ST1, ATP sulfurylase,
AP reductase, and sulfite reductase were all strongly
up-regulated under both conditions. There were also
AsIII-specific changes in gene expression; GSTu and
GSTf were both strongly up-regulated with AsIII
treatment, whereas they were strongly down-regulated
under sulfur deficiency. MRP was also up-regulated
with AsIII but not with sulfur deficiency. A com-
parison of the major changes in gene expression for
AsIII and sulfur nutritional treatments is shown in
Table I.
Gene responses to AsIII were quite different under

high and low sulfur conditions. Under limiting sulfur
conditions, most of the genes that were up-regulated
following exposure to arsenic under high sulfur con-
ditions were actually expressed at lower levels in the
presence of arsenic, which may be a reflection of a
general inhibition of metabolic processes, including
transcription, due to high levels of uncomplexed AsIII
in the cytoplasm.
None of the genes examined were expressed more

highly at 20 mM AsIII compared with 10 mM AsIII,
as most genes were expressed at significantly lower
levels, and this is interpreted as being due to toxicity at
the higher AsIII concentration. Expression levels of all
of the genes of sulfate uptake and reduction that were
up-regulated by AsIII returned to their original levels
within 1 to 3 d, which suggests that the initial reaction
was sufficient to return Cys and GSH to normal levels.
However, expression of GSTs remained elevated, as
also occurred in rice, where GST expression 7 d after
exposure to AsV was still much higher than control
levels (Norton et al., 2008). GSTs were strongly down-
regulated by sulfur deficiency alone, but strongly up-
regulated by AsIII even in sulfur-deficient plants. This
result seems to indicate that expression of GSTs is not
under control of reduced thiol concentrations, but re-
sponds directly to the presence of AsIII.

CONCLUSION

Plants such as barley respond to AsIII in a variety
of ways. At low concentrations (e.g. less than about

10 mM), early growth was either unaffected or slightly
stimulated. The responses are quite similar to sulfur
deficiency even in plants with abundant resources
of sulfur. At higher concentrations, toxicity was ob-
served, and this correlates with AsIII concentrations
required to inhibit pyruvate dehydrogenase, a central
enzyme in energy metabolism that requires a dithiol
cofactor for which AsIII has high affinity (Spuches
et al., 2005). Sulfur-deficient plants were sensitive to
AsIII even at concentrations that would not be ex-
pected to inhibit enzyme activity. In this case, the effect
of AsIII was most probably due to the induction of
thiol synthesis, which creates an increased demand for
the already depleted sulfur reserves, such that the
deficiency becomes too intense for growth. It is unclear
the extent to which genetic and morphological changes
are actually a response to AsIII rather than a coinci-
dental response to induced changes in levels of me-
tabolites controlling sulfur nutrition. Genes involved
in sulfate uptake and reduction responded similarly to
both sulfur deficiency and AsIII. On the other hand,
genes involved in arsenic complexation and compart-
mentation responded only to AsIII and not to sulfur
deficiency. The other interesting question is whether
these responses are really a detoxification strategy, and
if so, whether it is effective. The mismatch between the
rates of AsIII permeation and thiol synthesis would
seem to indicate that complexation of arsenic would
have little impact on the free concentration of arsenic
in the cell. In controlled hydroponic culture, it would
not be possible to deplete arsenic around the root by
uptake into the plant, and this would apply to plants
such as rice when grown under flooded conditions.
Under aerobic soil conditions, diffusion of arsenic spe-
cies would be slower but would continue to be delivered
to the root by bulk water movement caused by trans-
piration. Whether this would reduce arsenic uptake
by an order of magnitude to match thiol synthesis is
debatable.

Table I. Summary of sulfate and AsIII responsive genes in roots of
barley

AsIII response refers to sulfur-sufficient plants. More details of the
genes are given in Supplemental Table S3. Plus or minus symbols in-
dicate increased or decreased expression. +, 2- to 5-fold; ++/– –, 5- to
10-fold; +++/– – –, more than 10-fold.

Gene Sulfur Deficiency Response AsIII

ST1 +++ ++
ATPS ++ +++
APR +++ +++
SIR ++ ++
SAT +
OASTL +
GR + +
GSTf – – ++
GSTu – – – +++
MRP ++
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MATERIALS AND METHODS

Plant Material

Seeds of barley (Hordeum vulgare) were surface sterilized with 1% (v/v)
sodium hypochlorite for 10 min, rinsed with deionized water, and germinated
on damp paper towel. After 3 d, the seedlings were mounted in 1-mL
Eppendorf tubes from which the base had been excised and placed in holes in
the lids of 400-mL plastic containers with over 350 mL of nutrient solution.
Each container held five or six plants, and solutions were changed every 2 to
3 d. The containers were blackened to exclude light from the roots. The plants
were grown on a 14h-h/10-h day/night cycle at 24°C/18°C at a light intensity
of approximately 600 mmol m–2 s–1 at the level of the solution.

Treatment Solutions

The nutrient medium was a one-fifth-strength modified Hoagland solution
as described by Elberse et al. (2003), in which the sulfur concentration was
varied using mixtures of MgSO4 and MgCl2. AsIII was prepared freshly for
each change of solution as a 5-mM stock of AsO3 in 10 mM NaOH.

Net growth rates following application of treatments were determined by
weighing each plant at the beginning and end of the treatment period. Where
net growth of roots and shoots is presented, the initial weights for each tissue
were calculated based on average root-to-shoot ratios of similar plants har-
vested at the beginning of the treatment period.

Analytical Procedures

For analysis of sulfur and arsenic, plants were dried and digested in nitric/
perchloric acids and analyzed by inductively coupled plasma atomic emission
spectroscopy. Where shoot arsenic concentrations were low, they were analyzed
by atomic fluorescence spectroscopy.

Soluble thiols were extracted and analyzed based on the method described
in Wawrzynski et al. (2006). Approximately 100 mg fresh weight of root or
shoot material was ground in 1 mL 0.1 M HCl/1 mM EDTA and then centri-
fuged at 12,000g for 5 min. An aliquot of the supernatant (200 mL) was mixed
with 120 mM K2HPO4/6 mM EDTA (pH 7.8, 700 mL) and 6 mM 5,59-dithio-2-
nitrobenzoic acid (100 mL), and the absorbance was read at 412 nm. Correction
was made for the background absorbance of the sample by subtracting the
absorbance of a duplicate sample without 5,59-dithio-2-nitrobenzoic acid.
Thiol content is expressed as Cys equivalents.

Uptake Kinetics for Sulfate

The concentration dependence of sulfate uptake was determined using
35SO4. Plants were germinated for 3 d and then grown with 0 or 400 mM sulfur
for 7 d. Uptake rates were measured over 20 min in whole seedlings in one-
fifth-strength Hoagland solution, followed by a 2-min rinse in unlabeled solution.
Roots were then excised, blotted, and radioactivity determined by liquid scintillation
counting.

Gene Expression

Plants were germinated for 3 d and then grown with 0 or 400 mM sulfur in
one-fifth-strength Hoagland solution for 7 d. Depending on the experiment,
seedlings were treated with 10 or 20 mM AsIII for 3, 6, 12, or 24 h. Roots were
harvested and ground in liquid N2. RNA was extracted from at least four
replicate root samples using TRIzol (Invitrogen) following the manufacturer’s
protocol. RNA was transcribed using the Omniscript RT Kit (Qiagen) with a
polydT primer (Invitrogen). Details of the accession numbers and the primers
for all of the genes examined are given in Supplemental Table S3.

Real-time PCR was performed on a Corbett Rotor Gene 6000 (Corbett
Research). Expression was normalized against HvGAPDH using primers de-
scribed in Burton et al. (2004), who evaluated six potential control genes for
barley and found that under a range of treatments, GAPDH and tubulin were
most stably expressed. Preliminary experiments tested the geometric mean of
HvGAPDH and HvTub, but the values were similar to that of HvGAPDH alone.

Statistics

Differences between treatments were evaluated using parametric pairwise
comparisons at P , 0.05.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers ST1, U52867; ATPS, BQ740179; AP red,
BF257518; SiR, BQ472077; OAStl, BE422221; SAT, CB883876; yECS, BJ465541;
GS, DQ291128; PCS, AL510072; GSTF, VI AF430069; GSTU, AF109194; GRII,
AB277097; MRP, AU252331; and GaPDH, X60343.

Supplemental Data

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

Supplemental Figure S1. Sulfate uptake kinetics for sulfur-deficient and
-sufficient plants.

Supplemental Figure S2. Effect of sulfate concentration on growth of barley.

Supplemental Figure S3. Time course of expression of selected genes of
sulfate reduction and thiol synthesis in sulfur-sufficient barley roots fol-
lowing exposure to 10 mM AsIII.

Supplemental Table S1. Ratios of root growth to shoot growth for sulfur-
deficient plants and plants treated with AsIII.

Supplemental Table S2. Sulfur content of shoots of barley seedlings treated
with AsIII.

Supplemental Table S3. Gene names, accession numbers, and primer se-
quences for genes encoding enzymes and transporters.
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