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Abstract

Arsenic (As) appears in the environment as various As species, which may
vary in plant uptake and toxicity. Moreover, As exposure may vary between
habitat due to availability and speciation, both of which are influenced by
redox potential. To decrease As uptake, addition of silicate may be a tool.

The aim of the study was to investigate how the external factors As availa-
bility, plant habitats, silicon and oxygen level, influenced the accumulation
and speciation of As in plants for food and phytoremediation in a temperate
region. The external factors were chosen due to their previously showed
influence on As in plants.

The risks with dietary As was investigated by plant As accumulation and
speciation in carrot, lettuce and spinach grown in alum shale and glassworks
soils, and by the influence of silicon on As accumulation in lettuce in hydro-
ponics. Suitable plant for As phytoremediation was investigated by analys-
ing plants from various habitats, and by the O, influence on phytofiltration.

The results showed that vegetables accumulated more As in soils with higher
As extractability, and the As extractability in the rhizosphere was higher
than in bulk soil. Also, the As concentration in lettuce was higher in hydro-
ponics than in soil, but silicon reduced the accumulation of As in lettuce in
hydroponics. Also, the more toxic inorganic As were the main As species
detected in vegetables, compared with the less toxic organic As. For phy-
toremediation, the results showed a low As accumulation in emergent and
terrestrial plants. Submerged plants had had a higher shoot As concentration.
In general, the habitat had a major influence on the As accumulation in
plants. The results also showed that the submerged macrophyte Elodea
canadensis accumulated more As in higher O..

In conclusion, consumption of vegetables cultivated in As polluted soils can
result in an elevated intake of inorganic As, and E. canadensis is a promising
candidate for As phytofiltration in a temperate region.

Keywords: Arsenic, accumulation, availability, distribution, habitat, phy-
toremediation, rhizosphere, redox potential, speciation.
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1. Introduction

1.1 Arsenic in natural surroundings

Present in more than 200 minerals, arsenic (As) is represented as the twenti-
eth most common basic element in the earth’s crust (Zhao et al. 2010). The
As mineral composition which comprises more than 99 % of the world’s As,
mainly consists of sulphurous and silicate minerals, while As forms solids
with Al, Ca, Fe, Mg, Ni and S in soils (Bhumbla and Keefer, 1994). In soil
pores and water, As is soluble in several different forms known as As spe-
cies. The most common As species are presented in figure 1.
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OH OH CH; CH;

Arsenate Arsenite Monomethyl- Dimethyl-
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Trimethylarsine Arsenobetaine Dimethyl arsine Trimethy! arsine
oxide (volatile) (volatile)

Figure 1. The most common As species found in nature. X = accompanying
anion (Modified from Meharg and Hartley-Whitaker, 2002).

The oxidation states vary between —3, 0, +3, and +5 in the As species, but
the predominating oxidation states in reducing conditions is -3 and in oxidiz-
ing conditions +5 (Moreno-Jiménez et al. 2012). Arsenate and arsenite are
generally the predominating As species consisting of several forms. At pH 7
the general distribution of arsenate in descending order is, HAsO,> >
H,AsO, > H;AsO,’. The general distribution of arsenite at pH 7 in descend-
ing order is, HAsO,? = H3AsO;’ > AsO, = H,AsO; > HAsO;” > AsO5*
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(Sadiqg, 1997). Redox potential is usually the main determining factor of the
ratio between arsenate and arsenite in soil. Generally, arsenite predominates
under reducing conditions while arsenate predominates under oxidizing con-
ditions (Sadig, 1997). However, both biotic and abiotic factors may influ-
ence the arsenate—arsenite speciation, making predictions on As speciation
solely based on redox potential uncertain (Ackermann et al. 2010).

The main factors influencing As speciation besides redox potential includes
adsorption reactions, pH and biological activity (Bhumbla and Keefer,
1994). The effects on As speciation by pH and adsorption reactions cannot
generally be summarized since their actions are highly dependent on the
unique conditions at each site. Biological activity gives rise to an abundance
of organic As species. The main organic As species found in soil and water,
monomethyl arsenic acid (MMA) and dimethylarsinic acid (DMA), originate
from the biological activity of microorganisms (Wood 1974) (Fig. 2). Arse-
nobetaine, which is the most common As species in marine animals is
formed from arsenosugars originating in primary producers like algae, via
the precursor arsenocholine (Francesconi and Edmonds, 1994). Also trime-
thylarsine oxide (TMAO) and tetramethylarsonium ion (TeMA) has been
detected in marine animals (Hirahata et al. 2006).

0 o o
I I I
HO—As—OH —> HO—As—OH —— HO—As—OH — HO —As—CHs
< | |

OH OH CHs CHs
Arsenate Arsenite Monomethy! Dimethyl
arsenic acid arsinic acid

Figure 2. The transformations of the most common inorganic and
organic As species are the result of both abiotic and biotic factors

1.2 Anthropogenic arsenic

Ever since the discovery of elemental As by the German alchemist Albertus
Magnus (1193-1280), As has been increasingly released into the environ-
ment from human activities including mining, wood-impregnation, agricul-
ture, fossil fuel treatment plants, glass production and military activities
(Moreno-Jiménez et al. 2012). This has resulted in extensive As pollution in
the environment. In the European Union, there may be up to 3 million sites
polluted by anthropogenic activities and approximately 80000 of these are
found in Sweden, with elevated levels of As in 25 % of these sites (EEA,
2007; Naturvardsverket, 2009). Historically, diarsenicpentaoxide used in
wood impregnation has represented most of the As use, and consequently
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most of the pollution, in Sweden. However, the use of As in Sweden sudden-
ly dropped after 2003 due to stricter rules towards the use of As in wood
impregnation (Fig. 3).

700

600 |

Figure 3. The use of As in products in Sweden between the years 1995 to 2010
(Produktregistret, 2010).

1.3 Arsenic toxicity to humans

Even at low concentrations, exposure to As may give rise to a variety of
adverse symptoms, the most common ones being cancer in liver, lung, skin,
bladder and kidney (Smith et al.1992). To counteract its negative effects, As
is excreted via the urine. The basic steps of detoxification include absorption
of inorganic As species in the intestine, methylation in the liver mainly to
DMA and excretion via the urine (Suzuki et al. 2001). However, a negative
side effect of the detoxification process is the production of the methylated
intermediates such as methylarsonous acid (CH3;As(OH),) and dime-
thylarsinous acid ((CH3),AsOH) in the human liver, which has trivalent oxi-
dation states of the As atom. Trivalent methylated intermediates are respon-
sible for many of the negative effects of As by an increased toxicity com-
pared with the originally ingested inorganic As species in terms of cyto- and
genotoxicity and enzymatic inhibition (Dopp et al. 2010).

Contrary to the general opinion of the negative effects of As, a few reports of

positive actions of As to humans have been reported, for example in the
formation of metabolites from methionine such as taurine and polyamines
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(Nielsen, 1991). Generally, humans are reported to need small amounts of
As to avoid problems like infertility, increased fetal mortality and growth
inhibition (SGU, 2005).

1.4 Arsenic species toxicity

Organic As species, with the exception of the trivalent methylated interme-
diates mentioned above, are generally considered to be less toxic to living
organisms than the inorganic species arsenite and arsenate (Meharg and
Hartley-Whitaker, 2002). Of the inorganic As species, arsenite is considered
to be more toxic than arsenate (Bhumbla and Keefer, 1994). Arsenobetaine
and other organic As species found in marine organisms are generally con-
sidered non-toxic (Kaize et al. 1985). The determination of the amount of
toxic As species is therefore of greater interest than total As concentration in
food and water.

1.5 Availability of arsenic to plants

Arsenic in solution is readily available for uptake by plant roots or sub-
merged shoots. In soil, however, the total As concentration does not always
reflect the availability of As to plants and other organisms. The composition
of the soil has a large influence on the availability of As. In soils containing
iron, calcium and aluminum, the availability of As usually is low due to the
formation of As carbonates and oxides/hydroxides (Sadiq, 1997). The geo-
chemical form of As also determines availability, for example, As trioxide is
highly available while the availability of arsenopyrite is low (Meunier et al.
2011).

Also the structure of the soil matters, for example, the availability of As in
sandy soils is relatively high due to the low contents of clay which otherwise
tends to bind As in the soil (Silva Gonzaga et al. 2012). The toxicity of As is
consequently higher in sandy soils (Sheppard, 1992). The availability of As
in clayey soils is generally low due to the large surface area for adsorption of
As in these soils (Kumpiene el al. 2008). High organic matter (OM) general-
ly increases the availability of As by forming aqueous complexes containing
As and through electrostatic interactions with soil particles (Wang and Mul-
ligan, 2009). However, the formation of As-OM complexes may also reduce
availability in soils with high OM (Mikutta and Kretzschmar, 2011). Miner-
alization may also increase the availability of As in high OM soils due to the
release of As previously bound in the OM, while the availability in soils with
low OM remains relatively stable over time (Meunier et al. 2011).
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In addition to soil structure and composition, other factors such as redox
potential and pH affect the availability of As in soils. In general, a high re-
dox potential promotes the predomination of arsenate which adsorbs strongly
to aluminium and iron oxides leading to a lower availability, while a low
redox potential promotes the formation of arsenite which has a low adsorp-
tion leading to a higher availability (Zhao et al. 2010). The effects of pH on
As availability are usually complex. Generally, a high pH increases the
availability of As due to the competition of binding sites with hydroxyl ions,
however, a high pH may also favour the co-precipitation of As with calcium
or sulfate, leading to a reduced As availability (Moreno-Jiménez et al. 2012).
Also low pH may increase the availability of As, because arsenate may be-
come fully protonated in pH<2.5 leading to higher mobility (Moreno-
Jiménez et al. 2012).

1.6 Plant accumulation of arsenic

The accumulation of As by plants is influenced by a number of factors such
as the As concentration in soil, As availability and redox potential. Accord-
ing to Baker (1981) plants can be divided into three groups depending on the
response to increasing soil concentrations of an element, i.e. accumulators,
indicators and excluders. The accumulators concentrates the element in the
aboveground parts, the element concentrations in indicators reflects the ex-
ternal concentrations while the excluders prevents element uptake until the
soil concentration gets too high (Baker, 1981) (Fig. 4).
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Figure 4. Element uptake in accumulator, indicator and exclud-
er plants. Modified from Baker (1981).

The accumulation of As in terrestrial and emergent plants generally occurs
via the roots, but also via shoots in areas with atmospheric depositions of As
(De Temmerman et al. 2012). Aquatic macrophytes accumulate As from the
water column as well as from the sediment (Azizur Rahman and Hasegawa,
2011) (Fig 5). For uptake via roots, plants are able to modify the rhizosphere
to render elements available, for example by the exudation of organic acids,
which has a major effect on the mobilization of elements bound to ion ex-
change sites in the rhizosphere (Marschner, 1995). The action of organic
acids originating from plant roots may also increase As availability in soil
leading to an increased plant As uptake (Moreno-Jiménez et al. 2012). For
example, extraction of As from soil using plant specific organic acids
showed a correlation between the As concentration in the plant and the As
concentration in the soil, exemplifying the action of organic acids on As
availability in soil (Silva Gonzaga et al. 2012). Also bacteria in the rhizo-
sphere may help to increase the As availability, probably by solubilizing
arsenates from insoluble FeAsO, and AIAsQO, in the soil, resulting in a high-
er plant As uptake (Ghosh et al., 2011).
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Emergent
N Terrestrial

Submerged

Figure 5. Uptake routes of As in terrestrial, emergent and submerged
plants. The uptake from air is usually negligible due to the low As
concentration in air in normal conditions.

1.6.1 Distribution of arsenic in plants

For terrestrial and emergent plants, As is primarily, and most commonly
accumulated in the roots, with low concentration in the shoot, for example in
Populus alba and Typha latifolia (Di Lonardo et al. 2011; Afrous et al.
2011). The distribution of As may be higher to the shoots compared with the
roots in some plant species, for example in the As hyperaccumulating fern
Pteris vittata (Ma et al. 2001), and in some reports of non-
hyperaccumulating plants like radish (Raphanus sativus) (Smith et al. 2008).
In submerged plants, the As concentration in the shoot may be higher than
the As concentration in the root, due to As accumulation by the shoots from
the surrounding water column (Bergqvist and Greger, 2012).

1.6.2 Apoplasmic accumulation of arsenic

Arsenic enters the plant body through diffusion into the apoplasm from the
soil solution or surrounding water body (Moreno-Jiménez et al. 2012). Ac-
cumulated As around the vascular bundles in plant roots and stems indicates
a mechanism for As detoxification by apoplasmic depositions (Sridhar et al.
2011). Arsenic may be retained in the apoplasm through the passive binding
to special active functional groups (Vithanage et al. 2012), but the exact
mechanisms for this potential As detoxification mechanism is not clearly
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established (Moreno-Jiménez et al. 2012). A large portion of the total As in
plants may be situated in the apoplasm, for example >50 % in Panax noto-
ginseng and >60 % in rice (Oryza sativa) of the total As, were found in the
cell wall fractions during analysis (Yan et al. 2012; Bravin et al. 2008). In
many instances, further entrance of As into the plant cells is restricted.

1.6.3 Cellular accumulation of arsenic

Symplasmic accumulation of As from the apoplasmic compartments into the
cell cytoplasm occurs through cell membrane transporters used to transport
nutrients like phosphate and silicon. Arsenite accumulation occurs through
silicon aquaglyceroporins (Zhao et al. 2009), which also facilitate the
transport of MMA and DMA (Azizur Rahman et al. 2011) (Fig. 6). The only
known paths for arsenate accumulation in plants are through phosphate
transporters (Moreno-Jiménez et al. 2012) (Fig. 6).

1.7 Toxicity of arsenic to plants

The direct toxic effects of the main As species includes an interference with
phosphate metabolism by arsenate and enzyme inactivation by arsenite due
to -SH bindings (Sharma, 2012). Plants exposed to either arsenate or arse-
nite produce reactive oxygen species (ROS) (Srivastava et al. 2007). The
ROS are generated due to electron leakage during arsenate-arsenite reduction
and the inhibition of key enzyme systems, which results in a number of
damaging effects including membrane leakage, glutathione depletion and
reduced photosynthetic activity (Sharma, 2012). Generally, arsenite is con-
sidered more toxic than arsenate, which in turn is more toxic than organic
As, but some reports show a different order of toxicity, possibly due to dif-
ferences in sensitivity to different As species between different plant species
(Finnegan and Chen, 2012).

1.8 Plant defence mechanisms to arsenic

The first line of plant defence towards As is the retention of As in the rhizo-
sphere. Examples of this includes the formation of iron plaque through the
active release of O, from roots in flooded soils or the formation of iron ox-
ide/hydroxides surrounding roots in aerated soils, which adsorbs As and
reduce plant uptake (Moreno-Jiménez et al. 2012). Also reduced cellular
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uptake is an efficient way to alleviate detrimental effects of As. Resistant
plants suppress the high-affinity phosphate/arsenate uptake system leading to
a reduced As uptake (Meharg and Hartley-Whitaker, 2002). Moreover, my-
corrhizae may help to counteract the adverse effects of As for plants through
selective uptake of phosphorous and efflux of As from the hyphae (Sharples
et al. 2000). Inoculation of pea (Pisum sativum) with arbuscular mycorrhiza
reduced the As uptake and increased both the nutritional and antioxidative
status of the plant compared with un-inoculated plants (Garg and Singla,
2012). Similar results was shown for white clover (Trifolium repens) and
ryegrass (Lolium perenne) inoculated with Glomus mosseae, which resulted
in reduced plant As uptake and improved phosphorous status (Dong et al.
2008).

After cellular exposure by As, plants activate a number of defence mecha-
nisms. The reduction of detrimental ROS is performed by enzymes like
ascorbate peroxidase, catalase, superoxide dismutase glutathione reductase,
guaiacol peroxidases and glutathione S-transferase as well as by non-
enzymatic antioxidant molecules like ascorbate, glutathione and carotenoids
(Sharma, 2012). Complexation of As by phytochelatins (PCs) have been
shown in terrestrial plants like Brassica juncea, Holcus lanatus, Pteris vit-
tata and Silene vulgaris (Mokgalaka-Matlala et al. 2009). Also in aquatic
plants, As forms complexes with PCs. For example in Wolffia globosa, 74 %
of the As was complexed with PCs and an inhibitor of PC-synthesis marked-
ly increased the toxic effects by As to the plant (Zhang et al. 2012).

Figure 6 describes an overview of the general routes for As within root cells
and tissues of plants. The major processes include the arsenate-arsenite re-
duction by gluthatione and the arsenite complexation with phytochelatins
(PCs), a complex which is then transported to the vacuole or to the shoots
(Tripathi et al. 2007). The transportation of the As-PC-complex into the vac-
uole is most likely facilitated by an unidentified ATP-binding cassette super-
family type transporter (Verbruggen et al. 2009). Arsenite may also be ef-
fluxed from the cells via members of the Nodulin26-like Intrinsic Proteins
(NIP) subfamily of aquaporins in the plasma membrane (Bienert et al. 2008).
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Figure 6. Uptake and detoxification in the root cell and transport of As in the
vascular system of plants. AsV=arsenate, Aslll=arsenite. Glutathione synthetase
(GS) produces glutathione from cysteine which is based on sulfate. Phytochela-
tins produced from glutathione by phytochelatin synthase (PCS) binds arsenite
(Aslll -PC,) and transports it into vacuoles or to the shoot as arsenite or as a
phytochelatin-arsenite complex. NIP aquaporins may efflux arsenite. Arsenate is
reduced to arsenite by arsenate reductase (AS) using glutathione as a reductant
(Modified from Tripathi et al. 2007).

1.9 Influence of silicon on arsenic in plants

For the most higher plants, silicon is considered beneficial, but whether it is
essential to plants is disputed because plants can survive without silicon
(Epstein, 2009). A major part of the beneficial action of silicon to plants
includes a decrease of pathogenic attacks and an increase in plant rigidity
(Marschner, 1995). Besides such general beneficial effects, silicon may also
alleviate As stress in plants by reducing As uptake. For example, silicon
fertilization reduced the As accumulation in rice, probably by interfering
with the cellular silicon transporters aquaporins Lsil and Lsi2, which also
mediate the uptake of arsenite (Fig. 6) (Li et al. 2009). Possible interactions
on the phosphate uptake system by silicon may in part also reduce arsenate
uptake, since the phosphate uptake system also is responsible for cellular
arsenate uptake (Guo et al. 2007). Silicon may also reduce As accumulation
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in the apoplasmic compartment of plants, through interaction effects with the
special active functional groups responsible for the passive binding of As in
the apoplasm (Vithanage et al. 2012). For example in rice roots, silicon was
mainly distributed in the endodermal cell walls, while As mainly localized in
the vacuoles (Moore et al. 2011).

Silicon may also reduce the cellular toxicity of As within plant cells, by in-
creasing the antioxidant activities which alleviate the negative effects of the
reactive oxygen species (ROS) generated in plants exposed to As (Liu et al.
2009).

1.10 Dietary arsenic

Drinking water constitutes the most prevalent mode of As intake in humans.
Millions of people on all continents, and especially in South East Asia, are
continuously exposed to As- contaminated drinking water (Nordstrom,
2002). Based on the risk for developing cancer during a lifetime exposure to
As, the limit for As drinking water is set to 10 pg I™* in the EU (Commission
Directive 2003/40/EC). This limit is also recommended by the WHO (World
Health Organization) and common throughout the world.

Dietary intake of As from food may also provide a significant input of As in
humans. There is no worldwide consensus in regards to the limit for As in
food. However, the European Food Safety Authority (EFSA) has based on
epidemiological studies, suggested limit values between 0.3-8 ug of inor-
ganic As kg™ bodyweight per day, due to a 1 % increased risk of developing
lung, skin, bladder cancers and skin lesions, respectively, at higher intake
levels (EFSA, 2009).

Cultivation of vegetables in highly polluted As soil is not probable due to the
phytotoxic effects of As. Generally, crop failure and crop retardation are the
main effects of high As concentration in the soil (Makela-Kurtto et al. 2007).
However, vegetables cultivated in low to medium As polluted soil, for ex-
ample home garden vegetables cultivated in Bangladesh, may contribute to
As intake from diet (Rahman, et al. 2012).

Rice (Oryza sativa) is generally considered as the main contributor of As
from food. The concentration of As in rice is usually low, < 0.4 mg kg™
(DW), but the normal consumption of approximately 200 g (DW) of rice
common in Asian diets, may result in a relatively high As intake (Zhu et al.
2008). Also a variety of vegetables can accumulate As in their edible parts
(Baig and Kazi, 2012). Vegetables cultivated in low As polluted soil (<10
mg As kg?) normally contains low levels of As (<1 mg As kg’ DW)
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(Bhattacharya et al. 2010), while vegetables cultivated in high As polluted
soil (3-400 mg As kg™) generally contains up to 5 mg As kg (DW)
(Vamerali et al. 2011). Hydroponic cultivation usually results in higher As
accumulation, for example > 30 mg As kg™ (DW) in radish (Smith et al.
2009). Arsenic has also been shown to bio-accumulate in animal products
like milk and meat when the livestock was exposed to As (Bundschuh et al.
2012). However, the problem with rice is more comprehensive than other
food products due to its nature as staple food. Also, poverty may often esca-
late the problems with dietary As. For example, the consumption of the low-
er-priced brown rice, which has a higher As concentration than white rice, is
higher compared with white rice in rural Bengal (Halder et al. 2012).

1.11 Phytoremediation of arsenic

In the European Union, there may be up to 3 million polluted sites, many
containing As, with 250000 of those in urgent need of restoration (EEA,
2007). Here, phytoremediation could be applied as an alternative to tradi-
tional remediation techniques like chemical treatments and land filling (Sar-
ma, 2011). Phytoremediation can be defined as the removal, degradation or
immobilization of pollutants using plants (Ward and Singh, 2004). There are
four main types of phytoremediation; phytoextraction, phytostabilization,
phytofiltration and phytovolatilization (Sarma, 2011) (Fig. 7).

PHYTOVOLATILIZATION
R p3

PHYTOEXTRACTION
d

1

‘ % PHYTOFILTRATION

@ PHYTOSTABILIZATION @ ;%
f& —#>

Figure 7. The four main types of phytoremediation; phytoextraction,
phvtovolatilization. phvtostabilization and phvtofiltration.
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The main advantages of phytoremediation compared with traditional reme-
diation techniques like land filling and chemical treatments includes cost-
effectiveness and a more eco-friendly approach, while the limitations in-
cludes a long time-span, efficiency problems and phytotoxicity in sites with
multiple contaminants (Sarma, 2011). Further beneficiary effects of phy-
toremediation includes the potential of additional economic values, besides
the remediation, like the production of bioenergy, wood, ecological services
and dust control (Robinson et al. 2009). Plants especially interesting in re-
gards to phytoremediation are the hyperaccumulators. Hyperaccumulators
are plants with the ability of accumulating >1000 mg kg ™ (DW) of metals or
metalloids in the shoots (Brooks et al. 1977). The only detected terrestrial
plant species capable of As hyperaccumulation are 12 species of ferns from
the family Pteridaceae (Zhao et al. 2009). However, several aquatic macro-
phytes have been reported to accumulate >1000 mg As kg ™* (DW) (Favas et
al. 2012; Robinson et al. 2006).

The phytoremediation techniques which may be suitable for As remediation
are phytoextraction, phytostabilization and phytofiltration.

1.11.1 Phytoextraction

To perform a successful As phytoextraction, plants with the ability to extract
relatively large amounts of As in the shoots in combination with a large bi-
omass are ideal, since the two major factors determining phytoextraction
efficiency are the plant to soil concentration ratio and the biomass produc-
tion (Rascio and Navari-1zzo, 2011). For As phytoextraction, the As hyper-
accumulating ferns belonging to the family Pteridaceae are of special interest
(Zhao et al. 2009). However, these hyperaccumulating ferns are tropical, and
not suitable for As phytoextraction in temperate regions. Other problems
with the use of hyperaccumulators are that they usually are element selective
which limits the use in multiple contaminated sites, have low biomass and
slow growth rates limiting the speed of removal (Rascio and Navari-1zzo,
2011). More suitable candidates for general phytoextraction include trees
like poplars (Populus sp.) and willows (Salix sp.), which have relatively high
accumulation properties, high biomass and the ability to grow in a wide
range of climatic conditions (Bhargava et al. 2012). However, to this date,
no successful As phytoextraction from a contaminated site has been report-
ed.

1.11.2 Phytostabilization

The goal of phytostabilization is to immobilize pollutants in plant roots and
onto soil particles, and thereby creating a self-sustaining, vegetative cap,
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preventing pollutant dispersal from an area in a long-term perspective (Men-
dez and Maier, 2008). Phytostabilization may be the only realistic form of
remediation in areas where the level of contamination is high. The selection
of plant species used for phytostabilization should focus on native plant spe-
cies, to prevent the introduction of potentially invasive plant species (Mench
et al. 2010). The characteristics for plants suitable for use in phytostabiliza-
tion include a high tolerance to pollutants in the soil and a low accumulation
of pollutants in shoots (Butcher, 2009). Trees are often regarded as good
candidates for phytostabilization due to their ability for deep rooting and
high rates of evapotranspiration which reduces the pollutant mobility (Pul-
ford and Watson, 2003). To promote plant growth in soils with poor quality,
amendments like organic matter may have to be supplied to initialize phyto-
stabilization (Moreno-Jiménez et al. 2010). To prevent an increased mobility
of As which may result from adding organic matter amendments, additions
of for example iron-based amendments with reduces the mobility of As
(Kumpiene el al. 2008), may be necessary for a successful phytostabiliza-
tion.

1.11.3 Phytofiltration

Phytofiltration may be easily implemented as a successful As remediation
technique since constructed wetlands for storm- and wastewater already are
in use. The cost scenario for establishing As phytofiltration may therefore be
more beneficial compared with traditional As removal techniques from water
including physical procedures like reversed osmosis to a range of inorganic
and organic As adsorbents like ferrihydrite, peat and clay minerals, and As
immobilization using bacteria (Ng et al. 2012). Submerged macrophytes are
able to accumulate relatively large amounts of As directly from the water,
due to a thin cuticle and a high biomass production, even under limited nutri-
tional conditions (Xue et al. 2012). Submerged macrophytes from Portugal
have been shown to contain 300 - 500 mg As kg™ and Callitriche lusitanica
> 2000 mg As kg™ (Favas et al. 2012). Even dead macrophytes may be able
to accumulate As from water, as seen with the accumulation of Cd from
water (Fritioff and Greger, 2007).
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2. Aim

This work was set out to investigate how a number of external factors influ-
enced As accumulation and speciation in plants for food and phytoremedia-
tion (in a temperate region). The external factors were chosen based on theo-
ry of factors which have a major effect on the As accumulation and specia-
tion in plants. The overall aim of this thesis was to evaluate how the external
factors influenced the efficiency of phytoextraction and phytofiltration and
the risk of dietary As in crops. Specifically, the analyses were focused on the
following factors and questions:

1.
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Plant habitat. How did the habitat of submerged, emergent and
terrestrial plants influence the As accumulation properties in
plants suitable for As phytoremediation?

Oxygen level. How did low, medium and high O, levels influ-
ence the As speciation in submerged plants and the efficiency
of phytofiltration?

Arsenic availability from soil. How was As availability from
soil associated with As accumulation by vegetables, and how
did plant root organic acids influence the bioavailability of As
in the rhizosphere?

Silicon influence. Did silicon influence the accumulation, dis-
tribution and speciation of As in the vegetable lettuce (Lactuca
sativa)?



3. Comments on the materials and methods

3.1 Plants

The geography of Sweden results in a short vegetation season and a cold
climate. The most suitable candidates for understanding As accumulation in
Sweden are therefore local ecotypes. However, also Slovakian plants were
collected for comparison. Self-sown plants in areas with natural or anthropo-
genic As were collected for analysis. The plants were grouped as submerged,
emergent and terrestrial in order to make comparisons between the different
habitats in terms of As accumulation and speciation. Factors like As concen-
tration in soil, longitude-latitude and soil composition influence the As ac-
cumulation in plants. It may be noted that the examples from different habi-
tats were collected at one location and that other factors might have influ-
enced the AS accumulation than only the habitat, for example when compar-
ing a submerged plant in the south of Sweden with a terrestrial plant from
the north (Paper 1).

The crop species, carrot, lettuce and spinach, were selected on the basis of
being common vegetables with a relatively short time span from sowing to
harvest. An important observation during the cultivation of lettuce was that
the accumulation of As was higher in lettuce cultivated in the natural vegeta-
tion season compared with the lettuce cultivated in the winter time (paper
V).

Results from paper | indicated that submerged plants were able to accumu-
late high levels of As. The submerged macrophyte Elodea canadensis was
selected for further studies because it is common around the world, grows
fast and competes successfully against other submerged macrophytes, as
well as previous promising results using E. canadensis for As phytofiltration
(Greger et al. 2010). The concentration of As in the experiments with E.
canadensis was chosen as to represent conditions in a natural pollutant situa-
tion, and below phytotoxic concentrations (Paper I1).

3.2 Arsenic-species extraction

The procedure of extracting of As species from plant material was constantly
modified throughout the experiments. The basis for the extraction protocol
was developed by Mir et al. (2007). Extraction of As species was performed
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using MeOH:H,0O(1:1)-solution followed by a 0.1 M HCI-solution in all
experiments. The preparation of the plant material was, however, modified
throughout the experiments. The plants in paper | were dried in room tem-
perature before As species extraction while the plants in papers Il and 11
were extracted as fresh plant material. In paper V, some of the early experi-
ments were performed with dried plant material while the later experiments
were performed with fresh plant material. The relative abundance of arsenate
in the terrestrial and emergent plants analysed in paper | compared with the
vegetables analysed in paper 1V, could be due to the extraction procedure
because the plant parts were air-dried in room temperature before As extrac-
tion in paper I. The air drying could have resulted in the oxidation of some
of the arsenite into arsenate (paper I), which was the reason for the modifica-
tion of the method.

The attempts to improve the extraction efficiency of the As species were
continuous throughout the experiments as it ranged between 3 - >100 %.
Low extraction efficiencies may be due to a number of factors, like physical
and chemical As bonding to the plant matrix, immobility of As in the vascu-
lar tissues and insoluble forms of As in the plant (Mir et al. 2007). The rea-
sons for the problems of getting all the As in the plant material in solution
were not investigated in detail but it is likely that the particle size of the plant
material exposed to the extraction solutions had an influence. For example, it
was hard to fragmentize woody plants enough leaving relatively large frag-
ments of plant material after the extraction. Presumably some of these frag-
ments contained As. The idea that the particle size was involved in the ex-
traction efficiency was strengthened further after seeing that the introduction
of a finer dispersing tool doubled the extraction efficiency of As from
Elodea Canadensis compared with using the coarser dispersing tool (paper
I1). However, the varying extraction efficiencies were sometimes puzzling
since extractions from the same plant species exhibited different extraction
efficiencies despite seemingly identical extraction procedures (papers I-1l,
IV-V).

Silicon may also influence the extraction efficiency. Addition of silicon
along with arsenite significantly decreased the extraction efficiency of As
from lettuce shoots compared with only arsenite addition (paper V). Howev-
er, the extraction efficiency was not significantly altered in arsenate treated
roots or shoots or in lettuce roots treated with arsenite (paper V). Since al-
most half of the As in lettuce was located in the apoplasm (paper V), the
reason for the decreased extraction efficiency in arsenite treated lettuce
shoots could be related to changed adsorption properties in the cell walls.
Silicon additions to plants increased the secondary cell wall components
(Yamamoto et al 2012), which could influence the adsorption of As in the
cell walls as well as the solubility of As during As extraction, resulting in
differences in the efficiency of As extraction.
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3.3 Arsenic-species analysis

The methodology for separating and detecting the As species arsenate, arse-
nite, MMA and DMA was developed from an initial, relatively inaccurate
method towards more precise measurements. First, after the separation of the
individual species in the HPLC (high-pressure liquid chromatography), the
eluent from the HPLC column outlet was manually extracted in fractions
followed by analysis for As concentration in the AAS (atomic absorption
spectroscopy). However, this method was tedious and unreliable. Instead, the
HPLC was connected directly to the pump facilities in the hydrid generator
(VGA-77) and pumped into the AAS. The separation of the As species was
dependent on the specificity of the column, the eluent and the flow rate of
the system. The first anionic column tested (lonpac AG9-HC, Dionex), with
NaCO; eluent was not specific enough since arsenite was not separated from
DMA. Modifications of the eluent in terms of pH and composition (metha-
nol+acetonitril, methanol+H,O, methanol+NaCOj3) were not able to separate
arsenite from DMA. The general conclusion from the eluent-modifications
was that methanol was not a suitable eluent during As species separation
since the adsorption abilities in the column of some of the As species were
negatively affected by methanol resulting in a lack of concentrated peaks
during detection. The second anionic column tested (Hamilton PRP X-100
anion exchange column, 250mm x 4.6 mm), was able to achieve some sepa-
ration of arsenite from DMA with the 30 mM phosphate buffer (pH 6) as
eluent, but the species were still overlapping. After modifying the eluent to
20 mM phosphate buffer (pH 5.8) the peaks finally separated from each oth-
er. A flow rate of 1 ml min™ was used to obtain optimal separation of the
peaks (Fig. 8). The interaction effects of the matrix were eliminated by the
addition of chemical standards to each sample in the analysis. The detection
limit for arsenate was 9 pg L™, for arsenite 1.5 pg L™, for MMA 3 ug L™ and
for DMA 7 pg L™
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Figure 8. Separation of As standard peaks using the Hamilton PRP X-100
(250mm x 4.6 mm) anion exchange column. Detection was performed with
AAS vapour generation technique.
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Some of the samples analysed with HPLC-AAS was also analysed with X-
ray absorption near-edge structure (XANES) spectroscopy (Fig. 9). The in-
tention of using the (XANES) spectroscopy was to supplement the determi-
nation of As species with the HPLC-AAS. For As species analysis, the
XANES spectroscopy supplied relative data on the As species, providing an
excellent tool for verification of the quantitative data acquired by the HPLC-
AAS measurements. The usefulness of XANES spectroscopy to complement
As-species analyses on HPLC-AAS has previously been reported (Mir et al.
2007).
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Figure 9. Example of XANES spectroscopy. This sample spectrum was fitted
with other spectra of linear combinations of the arsenate (AsV) and arsenite
(AslI) species with different ratios (1:9, 1:1 and so on) to determine the concen-
tration of arsenate and arsenite in the samples.
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4. Results and Discussion

This work aimed at investigating factors affecting the risks of dietary As
intake from vegetables as well as influencing As phytoremediation. Arsenic
availability to plants, As species toxicity and the possible effects of silicon
applications, is of special interest when determining dietary risks with As.
For phytoremediation, the plant habitat and the influence of O, on As accu-
mulation in submerged plants is of special interest.

4.1 Arsenic in diet

Food is the main contributor of As to populations not exposed to As in
drinking water (Zhao et al. 2010), and the consumption of dietary plants
cultivated in As media may result in an eleveated As intake. Based on the
lowest limit value of As for food, established by the European Food Safety
Authority (EFSA), of 0.3 ug As kg™ bodyweight per day, a 60 kg person
should not be exposed to more than 18 ug of inorganic As per day from food
(EFSA, 2009).

4.1.1 Arsenic availability to vegetables

Cultivation of crops in As containing soil is common throughout the world,
for example in soil originating from alum shale soil (paper 1V), and in fertile
paddy fields of South East Asia (Zhao et al. 2010). Whether or not a vegeta-
ble cultivated in As-containing soil will accumulate potentially harmful
amounts of As or not is influenced by several factors, but one of the major
ones is the availability of As to the plant. Generally, the higher As extracta-
bility from soil, the higher the As content in the plant (Giri et al. 2012). As
exemplified by using the As extractability from soil with HCI (hydrochloric
acid), which can be used to estimate plant available As (Martinez-Sénchez et
al. 2011), a correlation between the As concentration in lettuce and As ex-
tractability from soil was shown (paper 1V). A correlation between acid (in-
cluding HCI) extractable As and plant As has previously also been shown for
plants growing in mine areas in Spain (Anawar et al. 2008), as well as under
varying concentrations of As in soil for the same cultivar of rice (Giri et al.
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2012), indicating the suitability of HCI as an indicator of plant available As.
The lettuce in paper 1V was cultivated in two soils; one alum shale soil with
almost twice as high As concentration in soil as the other, comparing glass-
works soil (paper IV). The results showed that both the As concentration in
lettuce and the extractable As in the glassworks soil was approximately 15
times higher compared with the alum shale soil. The higher accumulation of
As in plants grown in the glassworks soil is notable, since the alum shale soil
containing 142 mg As kg™ (DW), did not result in alarming concentrations
of As in the edible parts (1.41+0.17 mg kg DW). According to the Swedish
environmental protection agency, 142 mg As kg™ (DW) in soil, is character-
ised as being a “serious” level of As pollution (Naturvardsverket, 2002).
However, the higher the As concentration in the alum shale soil as compared
with the glassworks soil was evidently not having a major influence on the
As accumulation in lettuce. Instead, the higher As accumulation in lettuce
cultivated in glassworks soil was probably related to the higher plant availa-
ble As in the glassworks soil (paper 1V).

The availability of As in solution is usually higher compared with soil. This
could present a problem for commercial cultivations of vegetables, which is
often performed on mineral wool with nutrients added via solution. The use
of As polluted water for the nutrient solution could result in As accumulation
in the vegetables, even at a relatively low water As concentration. The po-
tential problem for commercial vegetable cultivation with the high As avail-
ability from solution, can be exemplified with the hydroponic cultivation of
lettuce for four days compared with a soil cultivation of lettuce for four days
(table 1). The total As concentration was approximately 100-200 times lower
in the hydroponic solution compared with the soil, but resulted in a much
higher As concentration in lettuce in the hydroponic cultivation compared
with soil cultivation (table 1). Previous results have also shown differences
between the As accumulation in plants growing in mine tailings compared
with the same plant species in hydroponics, probably in part due to differ-
ences in As availability (Stoltz and Greger, 2002).

Table 1. Arsenic concentration in lettuce cultivated in hydroponics and
soil for 4 days. Mean +SE. (mg kg™ DW). n=3.(Paper IV).

Growing Total As Auvailable As Shoots Roots
medium (mg Askg?) (mg As kg?)
Soil Alumshale 1422 (mg Askg?)  2.2+0.2 (mg As kg™?) 0.16 +003 7.3 *08

Glassworks  77.7 (mg Askg?)  35.3+0.8 (mg As kg™) 0.23 004 355 #75

Hydro-
ponics  Arsenate 0.75 (mg As L) 0.75 (mg As LY 1220 +1.82 568 =184

Arsenite 0.75 (mg As LY 0.75 (mg As L) 7.01 +053 552 127
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Plant availability of As from soil may also be influenced by the vegetables
themselves in the rhizosphere, for example by the exudation of organic ac-
ids. These acids may affect the mobilization of nutrients which also cause
the release of As into the soil solution (Moreno-Jiménez et al. 2012; Silva
Gonzaga et al. 2012). For lettuce cultivated in alum shale and glassworks
soils, the extractability of As increased in the rhizosphere soil compared with
the bulk soil (paper IV). The extractability in the rhizosphere soil was ap-
proximately doubled compared with the bulk soil and the doubling in ex-
tractability was regardless of high or low initial extractability (paper 1V).
One important factor of the increased extractability in the rhizosphere was
probably succinic acid, which was present at more than 20 times higher con-
centration than other organic acids in the root exudates of lettuce (paper 1V).
Succinic acid could have similar actions on As availability from soil as di-
mercaptosuccinic acid (DMSA), which is a well known As chelator (Picker-
ing et al. 2000), due to their chemical similarity (Fig. 10).

HH O H SH O

OH —C—(C—-C—C—0OH OH —C—(C—C—C—0OH

O HH O SHH
Succinic acid Dimercaptosuccinic acid
(DMSA)

Fig. 10. Structural formulas of succinic acid and dimercaptosuccinic acid
(DMSA), showing their similarities.

The influence of redox potential on the availability of As to plants is usually
minor, since the vast majority of crops is cultivated in aerated soils, i.e. in
soils with high redox potential, were the tightly bound, low plant-available
arsenate predominates, as seen in the agricultural alum shale soil where only
arsenate was detected (paper 1V). Generally, a lower redox potential results
in a predomination of arsenite which has a lower adsorption in soils, result-
ing in a higher As availability, while a higher redox potential results in a
predomination of arsenate with a strong adsorption to iron and aluminium
oxides resulting in a lower availability (Zhao et al. 2010). One example of
crop cultivation in low redox soils is rice, that is regarded as the cereal with
the highest As-content, which is result of a higher fraction of plant available
As in the soil (Signes-Pastor et al. 2012).
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4.1.2 Arsenic speciation in vegetables

Due to the differences in toxicity between the different As-species,
knowledge of the predominating As-species in the plants is fundamental
when determining the risk of consuming vegetables containing As. The inor-
ganic As species are the carcinogenic As species regulated by EFSA (EFSA,
2009), i.e. no more than 18 pg As per day from food for a 60 kg person. The
predominating As species detected in all plant analyses were the inorganic
As-species arsenate and arsenite (papers I-11, 1IV-V). Arsenite was the pre-
dominating As species both in the roots and shoots of vegetables cultivated
in moderately As polluted soil (paper 1V), results which correspond to the
general opinion that As is stored in the vacuoles as arsenite (Moreno-
Jiménez et al. 2012). However, in vegetables cultivated in the highly pollut-
ed glassworks soil (paper 1V) and in lettuce cultivated in hydroponics (paper
V), arsenate was predominating. The predomination of arsenate in vegeta-
bles from the highly polluted glassworks soil and hydroponics could relate to
the phytotoxicity of the soil and the hydroponic solution, due to the high As
concentration. Plants growing in phytotoxic conditions may lose the activity
of the arsenate reductase resulting in a higher proportion of arsenate com-
pared with healthy plants (Mattusch et al. 2000).

As stated above, only inorganic As was detected in the edible parts of carrot
(Daucus carota) and spinach (Spinacia oleracea) cultivated in two different
soils, and lettuce (Lactuca sativa) cultivated in three different soils, all with
elevated levels of As (paper IV). For the soil with the highest As concentra-
tion (514 mg As kg* DW), the ingestion of 13-49 g (FW), which is well
within the range of normal consumption for carrot, lettuce and spinach,
would result in the intake of 18 g of As (table 2). For lettuce cultivated in
hydroponics for four days, 29 g (FW), would result in the intake of 18 ug of
As (table 2). However, addition of silicon to the hydroponic solution lowered
the As concentration in lettuce, meaning that a consumption of 67 g (FW),
would result in an equal exposure (table 2) (an extended discussion about
silicon and As in crops will follow in section 4.1.3 below). The crops col-
lected from As contaminated agricultural field, oats (Avena sativa) and alfal-
fa (Medicago sativa) (paper 1), had concentrations similar to that of rice
which is considered to pose a health risk upon consumption (approximately
0.3 mg As kg™ DW) (Zhao et al. 2010). For the oats in this survey, less than
two portions of oatmeal or muesli corresponds to the intake of 18 pg of As,
and for alfalfa which is a common dried fodder for example for horses, the
intake can reach mg-values every day (table 2). Due to the low As concen-
tration, consumption of berries (Rosa villosa, Rosa rugosa, Rubus caesius)
and apple (Malus domestica) grown in As polluted soil, did not constitute a
serious problem for As intake in this survey (table 2).
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Table 2. Arsenic concentration (mg As kg™ DW) in soil and edible parts of
vegetables, fodder and berries and amounts of plant material that contains
18 ug As, the lowest limit for As in food for a 60 kg person. Mean + SE.
(modified from papers | and V)

Vegetables Soil As Consumption  (Q)
(edible part) (mg As (mg kg DW)  to reach 18 pg As
kg™ DW)
Avena sativa (oats) 170 0.29 005 62 (DW)
Allium cepa (onion) 30.8 nd -
Daucus carota (carrot) 514 27.3 +13 13 (FW)
142 0.32 +0.03 1125 (FW)
Lactuca sativa (lettuce) 514 114 +009 32 (FW)
7 142 1.41 017 255 (FW)
77.7 21.2 +42 17 (FW)
“ (hydroponics) 0.75 (mg L™ 122 218 29 (FW)
“ (hydroponics + Si) 0.75 (mg L™ 538 142 67 (FW)
Malus domestica (apple) 24.3 nd -
Medicago sativa (alfalfa) 142 0.37 014 49 (DW)
Rosa villosa (rose hip) 30.9 nd -
Rosa rugosa (rose hip) 8.6 nd -
Rubus caesius (dewberry)  17.2 0.63 - 570 (FW)
Spinacia oleracea (spinach) 514 7.03 +293 51 (FW)
» 142 0.91 2038 395 (F)

In contrast to the inorganic As regulated by EFSA, the organic As is general-
ly considered less toxic to humans (Meharg and Hartley-Whitaker, 2002),
thereby posing less of a threat for ingestion by food. Organic As represented
by MMA was detected in some of the analysis performed in this study, for
example in some arsenate treated lettuce grown in hydroponics (paper V),
and in five out of six perennial plant species collected in As polluted areas in
Sweden (paper 1). The level of MMA was relatively low, usually < 10 % of
the total As (Papers | and V).

The origin of organic As in plants has not been clearly established. Some

argue that plants themselves methylate the As (Raab et al. 2007), while re-
cent results suggest that plants are unable to methylate inorganic As; micro-
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organisms are instead responsible for the methylated As species which are
subsequently taken up by plants (Lomax et al. 2012). The production of
MMA in non-sterile, but not in sterile, growth media containing As supports
the idea of biological production of MMA by microorganisms (Paper V). It
is possible that the plants in paper | were not able to methylate As and the
detected MMA were taken up from the surroundings. All of the plants ana-
lysed for As species in paper | were perennial and had consequently been
growing several vegetative seasons in As polluted media, giving them time
to accumulate MMA above the detection limit for analysis. The accumula-
tion of MMA over several vegetative seasons suggests that MMA remains
stable over time to build up in concentration. In contrast, the plants in papers
I11-1V were only exposed to As polluted media for days or weeks, a timespan
which was possibly not enough to accumulate organic As above the detec-
tion limits. This suggests that plants do not possess the ability to methylate
As and that the accumulation of methylated As from microorganisms needs
time to accumulate to noticeable levels in plants. Another possibility is that
plants indeed are able to methylate As (Raab et al. 2007), but that the meth-
ylation of As and the consequent accumulation of organic As by plants is a
slow process. It is also possible that methylation occurs in young metaboli-
cally active parts, which was not seen when the whole plant was analysed as
one. However, methylation by plants has been detected after a relatively
short time span, for example for methyl-Hg which was detected after only
three days after Hg exposure in young parts in Ipomoea aquatica (Gothberg
and Greger, 2006). Since methylation of Hg was seen only after three days,
the long experiment times without detected organic As in this study, further
supports the idea that plants do not methylate As. The general results from
these studies, based on the low toxicity and the low relative amounts of or-
ganic As, suggests that inorganic As, rather than organic As should be main
focus for As studies in food.

4.1.3 Influence of silicon on arsenic accumulation by vegetables

Silicon may influence the accumulation of As in vegetables. A way to mini-
mize As accumulation into crops in As-polluted agricultural land can be
silicon applications. For example, the As accumulation in both shoots and
roots of arsenate treated hydroponic cultivations of lettuce was reduced, after
silicon addition (paper V). Reduced As accumulation in rice has also been
shown after silicon fertilization (Li et al. 2009). In arsenite treated hydropon-
ic cultivations of lettuce, the As accumulation increased in the shoots and
decreased in the roots after silicon addition (paper V). The addition of silicon
did not result in any changes in the ratio between arsenite and arsenate in
either roots or shoots, compared with the non-silicon-treatments, for either
arsenate or arsenite treated plants (paper V), suggesting that silicon does not
influence the enzymes responsible for arsenate/arsenite metabolism. The
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reduction of arsenate accumulation upon silicon treatment has previously
been reported, possibly as an indirect influence on the phosphate uptake
system (Guo et al. 2007). Reduced arsenate accumulation could also be the
result of silicon induced secondary cell wall modifications (YYamamoto et al
2012), which could influence the apoplasmic adsorption of As by interacting
with the passive binding of As to active functional groups in the apoplasm
(Vithanage et al. 2012). The decreased accumulation by lettuce roots of ar-
senite (paper V), could relate to molecular competition in the shared sili-
con/arsenite uptake routes that result in lower arsenite accumulation upon
silicon addition. The increased accumulation of arsenite in lettuce shoots
probably does not relate to cellular As accumulation but to apoplasmic ac-
cumulation, as seen in the increased proportion of As situated in the cell wall
fraction from 38 to 47 % in the shoots (paper V). The influence of silicon on
cell wall modifications (Yamamoto et al 2012), with the concomitant modi-
fication of the As binding functional groups in the apoplasm (Vithanage et
al. 2012), could be involved in the increased apoplasmic As accumulation in
lettuce shoots after silicon addition (paper V).

The influence of silicon on the modifications of the cell wall, for example on
the amount of lignin and the content of sugar in the cellulose (Yamamoto et
al 2012), may also have influenced the analysis of As. In lettuce shoots treat-
ed with silicon and arsenite, a higher percentage of the As was found in the
pellet fraction, the plant material left after As species extraction, compared
with non-silicon treated plants (Paper V). It is likely that the silicon treat-
ment resulted in a stronger binding of As to the walls in arsenite treated let-
tuce, for example by an increased number of functional groups for As bind-
ing, as indicated by the increased As in the cell wall fraction mentioned
above, thereby reducing the amount of As extracted from the pellet (Paper
V).

4.2 Phytoremediation of arsenic

Techniques which can be used for As phytoremediation are phytoextraction,
phytostabilization and phytofiltration. Phytoremediation can have great po-
tential for As remediation. The general As accumulation and speciation be-
haviour in plants, and specifically interesting plant species in this regard is
important for getting an idea of the potential of phytoremediation in the tem-
perate regions. In addition, the influence of redox potential on As speciation
and availability can be important for phytofiltration efficiency.
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4.2.1 Arsenic accumulation by terrestrial and emergent plants

The As concentration in the shoots was low and generally lower than the As
concentration in the roots for the analysed terrestrial and emergent plants
(Papers 1,1V). The low As accumulation and translocation corresponds to the
general idea of a limited As uptake and translocation in plants to reduce the
toxic effects of As in the shoots (Wang et al. 2002). Most plants had an As
concentration in the shoots below 10 mg As kg™ (DW), with a few examples
of an As concentration in the shoots up to 70 mg As kg™ (DW), for example
Allium ursinum, Capsella bursa-pastoris and Stachys sylvatica (Paper 1I).
One exception was Cirsium palustre, with an As concentration in the shoots
> 600 mg As kg™ (DW), but that result was probably explained by the ex-
tremely high As concentration in the soil (approximately 100 g As kg™
(DW)), which is also shown by the low accumulation factor (AF) (0.01),
which was lower than for most other analysed plants (Paper I). The As con-
centration in the roots was almost exclusively higher than the As concentra-
tion in the shoots, with a few exceptions, for example Empetrum nigrum
which had a higher As concentration in the shoots than the roots (paper I).

For phytoextraction purposes, the low As accumulation and translocation,
suggested no suitability for terrestrial and emergent plants. Even after a clos-
er look on the over 120 plant species analysed for As accumulation, the re-
sults showed a low As concentration in the shoots and/or a low As plant:As
soil ratio < 1 (Paper I). For example, to remediate the surface (0 - 20 cm) and
subsurface (20 - 60 cm) soil with phytoextraction below the ecological in-
vestigation level (20 mg kg™ DW) as proposed by Niazi et al. (2012), the
best candidate from these studies, Pinus sylvestris (paper 1), would need a
considerable time. The estimated time to reach below 20 mg kg™ (DW) from
both the alum shale soil (147 mg kg™ DW) and the moderately As polluted
glassworks soil (77.7 mg kg™ DW) would take several thousand years, con-
sidering an average biomass increase for Pinus sylvestris of 1.75 Mg ha™
year™ (Geudens et al. 2004). Also, the analysis of As accumulation showed a
linear increase of the As concentration in the plants with increasing As con-
centration in the soil for terrestrial and emergent plants (paper 1), in a general
similar pattern as that of indicator plants (Fig. 4). A linear increase of the As
concentration in the shoots with the As concentration in the soil does not
suggest any suitability for temperate emergent and terrestrial plants for either
phytoextraction, since such plants should have a As shoot:As soil ratio > 1,
or for phytostabilization, since such plant should have a As root:As soil ratio
> 1 and As shoot:As root ratio < 1 (Nouri et al. 2011).

For phytostabilization, as opposed to phytoextraction, a low shoot accumula-
tion of As is desirable, i.e. a As root:As soil ratio > 1 and As shoot:As root
ratio < 1< 1 (Nouri et al. 2011). Also other qualities, like high evapotranspi-
ration and deep rooting which prevents pollutant mobility, as in the case of
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trees, are interesting for phytostabilization. However, of all terrestrial and
emergent plants analysed, no tree species were identified as good candidates
for phytostabilization, since three out of four trees had As shoot:As root ratio
> 1 (Picea abies, Pinus sylvestris and Sorbus aucuparia) and the fourth
(Betula pubescens) > 0.5 (paper I). However, other plant species like Rhodo-
dendron tomentosum and Veronica beccabunga were identified as possible
candidate for phytostabilization due to the high As root:As soil ratio (>2.5)
and low As shoot:As root ratio (<0.2) (paper 1).

4.2.2 Arsenic accumulation by submerged plants

The correlation between the As concentration in the soil and the As concen-
tration in the plant, as seen for emergent and terrestrial plants, was not seen
for submerged plants between the As concentration in the sediment and the
As concentration in the plant, either for roots, shoots, or the whole plant
(paper ). This was likely depending on the submerged macrophytes ability
to accumulate As directly from the water due to the absence of a cuticle
(Xue et al. 2012). The submerged plants also had a high accumulation factor
(AF) both in the shoots (> 1) and the roots (>10) compared to the relatively
low AF for terrestrial and emergent plants (paper I). The lack of correlation
between the As concentration in the sediment and the As concentration in
the plant and the high AF for submerged plants were probably the result of
As adsorption on the surfaces and apoplasm of roots and shoots along with
iron oxides as seen with other submerged macrophytes (Robinson et al.
2006). Translocation of As from roots to shoots or from shoots to roots may
also help to explain the lack of correlation between the As concentration in
the sediment and the As concentration in the plant and the high AF for sub-
merged plants.

The general strategy of plants to avoid the detrimental effects of As is the
reduction of arsenate to arsenite followed either by efflux from the cell or
storage in the vacuole (Bienert et al. 2008). Elodea canadensis did not seem
to follow this general behaviour of As response in plants, since most of the
As in both E. canadensis and in the surrounding water was detected as arse-
nate (paper Il). This suggests that As was adsorbed on the plant surfaces and
in the apoplasm of E. canadensis, as previously has been reported for some
submerged plants (Robinson et al. 2006). The accumulation of As in the
apoplasm from the surrounding water column can be a relatively quick pro-
cess, as exemplified by As uptake in lettuce during the first 30 min from a
hydroponic solution (paper V). After a four day hydroponic cultivation of
lettuce with the same As concentrations as above, approximately 35-40 % of
the As was found in the cell wall fraction, both in shoots and roots (paper V).
The As content in E. canadensis cell walls was, however, not analysed. The
guick accumulation of As in the apoplasm from the water column is favour-
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able in phytoremediation when As in constantly removed from flowing wa-
ter. Also, since E. canadensis has the ability for growth even in winter time
(Bowmer et al. 1995), it could function as a “biological filter” for As accu-
mulation during a longer period of the year (paper II). Submerged plants
using photosynthetic energy for As efflux or storage in the vacuole, for ex-
ample Hydrilla verticillata and Ceratophyllum demersum (Xue and Yan
2011; Xue et al. 2012), will probably not function well in the winter time, as
opposed to the proposed ability of E. canadensis.

4.2.3 The influence of redox potential on phytofiltration

The redox potential is generally low in the submerged habitats and a low
redox potential influences the availability of As. For example, the availabil-
ity of As to plants commonly increases in low redox potential due to the
lower adsorption of arsenite to soil and sediment particles, while the oppo-
site occurs in high redox potential due to the higher adsorption of arsenate to
soil and sediment particles (Zhao et al. 2010).

In the submerged macrophyte E. canadensis cultivated for 96 h in As pollut-
ed water, the plant As accumulation properties generally decreased at high
O, in the water (paper I1). Medium O, was shown to result in low As release
from the sediment along with a relatively high plant accumulation, compared
with the low and high O, treatments (paper Il). It is possible that the differ-
ences in plant As accumulation between the different O, treatments was due
to an influence of the O, on the plant reduction of arsenate to arsenite and
storage in the vacuole, as shown by an increased arsenate:arsenite ratio with
increasing O, (paper I1). Another possible influence on plant As accumula-
tion in different O,, could relate to morphological and physiological changes
like increased aerenchyma formation and shoot growth and stimulated pho-
tosynthesis, which are common responses to oxygen deficiency stress in
submerged plants (Voesenek et al. 2006). It is not unlikely that such re-
sponses also may influence the accumulation of As. The presence of E.
canadensis also increased the oxidation of arsenite to arsenate in the water,
probably relating to a promotion of the bacterial community by E. canaden-
sis, which in turn was responsible for the oxidations of arsenite (paper I1).

4.2.4 The use of Elodea canadensis in phytofiltration

The high accumulation of As by submerged plants is of particular interest in
terms of phytofiltration. Also, the relatively short time span to accumulate
As from water into submerged plants suggests possible applications for suc-
cessful As phytofiltration. For example, already after four days, E. canaden-
sis accumulated > 100 mg As kg™ (DW) in the shoots (paper 11). Based on
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dense populations of E. canadensis (approximately 750 g FW m*)
(Kornijow et al. 2005), the plants from these studies can accumulate approx-
imately 5 pg As L™ from moderately As-polluted water (45 ug As L™) al-
ready after four days, representing a removal of approximately 11 % of the
As from the water (paper I1).

The feature of optimal As accumulation in E. canadensis in medium O, lev-
els may favour As phytofiltration. It is well-established in constructed wet-
lands to control the O, levels, for example by regulating water depth and
flow, and providing shallow water flow areas and height differences, to pro-
mote nitrification, denitrification and mineralization of organic matter. Also
plant density may control both the water flow and increase the O, via photo-
synthesis. Such factors can be optimized to promote optimal plant As re-
moval from water.

4.2.5 Phytoremediation in agriculture

Phytoremediation may be a cost-effective alternative to remove As from
large areas like agricultural land, for example As containing agricultural
alum shale soil. The best candidate for phytoextraction from these studies, P.
sylvestris (paper 1), would remove approximately 16 ug As kg™ year™ from
the agricultural alum shale soil (147 mg kg™ DW). This speed of removal
would have little influence of the reduction of the total As concentration in
the soil, but since the availability of As in the alum shale soil was low (paper
IV), the removal of As by P. sylvestris from the plant available As pool
could reduce the As accumulation in crops planted in the soil after the har-
vest of P. sylvestris. Also in practical field experiments, the remediation
times using phytoextraction are long, even using the most promising candi-
dates for As phytoextraction, the hyperaccumulating ferns. In an area with
relatively high As levels (up to 900 mg As kg™ DW), it was estimated that it
would take up to 400 years to remediate the area using Pteris vittata (Niazi
et al. 2012). Similarly, previous field studies using P. vittata have also
shown less promising results due to a low biomass production (Kertulis-
Tartar et al. 2006; Salido et al. 2003). However, these field experiments were
performed in sites with relatively high As levels and with multiple contami-
nants. The limitations of phytoextraction in terms of phytotoxicity in sites
with multiple contaminants and efficiency problems (Sarma, 2011), do not
necessarily apply to fertile agricultural land with relatively low levels of As,
where optimal growth can be achieved. In addition, bioenergy can be pro-
duced as previously has been shown in moderately metal-polluted agricul-
tural land (Greger and Landberg 1999).

Based on the promising results as discussed above (4.2.2-4.2.4), As phytofil-
tration may also be used in agricultural practices. Artificial irrigation using
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As-polluted water is a widespread problem, especially in South East Asia,
which may result in elevated levels of As in crops. An initial phytofiltration
of water to be used for irrigation may decrease the As in crops. This could
reduce the As ending up in food in a cost-efficient manner compared with
other As removal techniques from water (Ng et al. 2012).
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5. Conclusions

It is apparent from this work that there is a risk that consumption of carrot,
lettuce and spinach cultivated in As containing soil can result in the intake of
inorganic As above the suggested limit set for inorganic As in food by the
European Food Safety Authority (EFSA). From our analysis it can be con-
cluded that soils with a high As extractability are likely to result in higher
concentrations of As in vegetables compared with soils with low As ex-
tractability. Silicon fertilization may reduce As in vegetables, as the accumu-
lation of both arsenate and arsenite in lettuce was lower with than without
silicon.

Our studies also shows that for the efficiency of As phytoremediation, the
habitat is of greater importance than the plants species specific characteris-
tics, even if exceptions exists, for example As hyperaccumulators. We fur-
ther show that the accumulation of As in the shoots of terrestrial and emer-
gent plants is generally low, while the accumulation of As in submerged
plants generally is higher, probably relating to the availability of As to the
plants. An increased O, level in submerged conditions increase the As accu-
mulation in the submerged macrophyte E. canadensis.

To previous findings we can also add that successful phytoextraction of As
in temperate regions is not likely due to too low As accumulation in plant
shoots, for example the reduction of As in the agricultural alum shale soil to
20 mg kg™ (DW) would take thousands of years with the best phytoextrac-
tion candidate from these studies, P. sylvestris. The work also demonstrate
that phytofiltration can be successful, especially if using E. canadensis in
dense populations which can remove up to 11 % of the As from moderately
As polluted water (45 ug As L) already after four days.
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6. Future prospects

The methylating ability of As by plants would be interesting to elucidate in
the future. The setup should include long-term cultivations, at least longer
than six weeks as performed in paper IV and by Lomax et al. (2012), who
claim that plants are unable to methylate As. Sterile compared with non-
sterile conditions, should be applied to determine if organic As originate in
plants, in microorganisms or in both.

To follow up the results showing that E. canadensis is a promising candidate
for phytofiltration, an outdoor experiment over the whole year to remove As
from water could be set up. It would be interesting to elucidate the capacity
of E. canadensis, and other submerged macrophytes, to remove As from
water as well as the efficiency of As removal between different seasons of
the year.

42



Ackknowledgements

This project would not have been possible without the help of many people
around me:

My supervisor Professor Maria Greger for your encouragement, sci-
entific inspiration and for your ability for making me find new an-
gles in my work.

My co-supervisor Professor Sylvia Lindberg for your valuable
comments on my scientific writing and your moral support in times
of hardship.

Professors Birgitta Bergman and Lisbeth Jonsson, department of
Environment, Ecology and Plant Sciences, thank you for taking time
to read my current and former scientific work.

Members of the Metal group. Pooja, Tariq and Clara, thank you for
being excellent roommates. Tommy! From the bottom of my hearth,
thank you! Without your help, | would have accomplished nothing.
Thank you former members of the Metal group for laying the foun-
dation for my work.

Many thanks to Peter and Ingela in the greenhouse for always being
helpful with the practical plant work and advice for successful culti-
vations of the plants.

Thank you Professor S. Jurikovic and Professor A. Lux for the pos-
sibility of collecting samples in Slovakia. Thank you Associate Pro-
fessor Roger Herbert for providing As-polluted soil for my experi-
ments. Jan-Olov Persson, department of mathematics, Stockholm
University, is acknowledged for support with statistics.

Many thanks to Boliden AB for allowing sampling on their mine
tailings in Boliden and Kristineberg.

Thank you C. F. Lundstrém Foundation, Carl Tryggers Foundation,
Knut and Alice Wallenberg Foundation and the Swedish research
council, for financing this work.

I want to send a special thanks to my family for putting up with my
mental absence during stressful times at work. Lilly, Tilia and Enar,
you wonderful children, you always make me happy. Thank you
Lina, my love, for always supporting me and pointing out the obvi-
ous truths.

43



References

44

10.

11.

12.

Ackermann, J., Vetterlein, D., Kaiser, K., Mattusch, Jahn, R. 2010.
The bioavailability of arsenic in floodplain soils: a simulation of wa-
ter saturation. Eur J. Soil Sci 61, 84-96.

Afrous, A., Manshouri, M., Liaghat, A., Pazira, E., Sedghi, H. 2011.
Mercury and arsenic accumulation by three species of aquatic plants
in Dezful, Iran. Afr J Agric Res 6(24), 5391-5397.

Anawar, H.M., Garcia-Sanchez, A., Santa Regina, |. 2008. Evalua-
tion of various chemical extraction methods to estimate plant-
available arsenic in mine soils. Chemosphere 70, 1459-1467.

Azizur Rahman, M., Hasegawa, H. 2011. Aquatic arsenic: Phytore-
mediation using floating macrophytes. Chemosphere 83, 633-646.
Azizur Rahman, M., Kadohashi, Maki, T.K., Hasegawa. 2011.
Transport of DMAA and MMAA into rice (Oryza sativa L.) roots.
Environ Exp Bot 72, 41-46.

Baig, J.A., Kazi, T.G. 2012. Translocation of arsenic contents in
vegetables from growing media of contaminated areas. Ecotox Envi-
ron Safe 75, 27-32.

Baker, A.J.M. 1981. Accumulators and excluders-strategies in the
response of plants to heavy metals. J Plant Nutr 3 (1-4), 643-654.
Bergqvist, C., Greger, M. 2012. Arsenic accumulation and specia-
tion in plants from different habitats. Appl Geochem 27, 615-622.
Bhargava, A., Carmona, F.F., Bhargava, M., Srivastava, S., 2012.
Approaches for enhanced phytoextraction of heavy metals. J Envi-
ron Manage 105, 103-120.

Bhattacharya, P., Samal, A.C. Majumdar, J., Santra, S.C. 2010. Ar-
senic contamination in rice, wheat, pulses, and vegetables: a study in
an arsenic affected area of West Bengal, India. Water Air Soil Poll
213, 3-13.

Bhumbla, D.K., Keefer, R.F. 1994. Arsenic mobilization and bioa-
vailability in soils. In: Nriagu, J.O. (Ed.). Arsenic in the environ-
ment, Part I: Cycling and Characterization. Wiley, New York, pp.
51-58. ISBN: 0-471-30436-0.

Bienert, G.P., Thorsen, M., Schussler, M.D., Nilsson, H.R., Wagner,
A., Tamas, M.J., Jahn, T.P. 2008. A subgroup of plant aquaporins



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

facilitate the bi-directional diffusion of As(OH); and Sb(OH); across
membranes. BMC Biol 6, art. 26.

Bowmer, K.H., Jacobs, SW.L., Sainty, G.R. 1995. Identification,
biology and management of Elodea canadensis, Hydrocharitaceae. J
Aquat Plant Manage 33, 13-109.

Bravin, M.N., Travassac, F., Le Floch, M., Hinsinger, P., Garnier, J.-
M. 2008. Oxygen input controls the spatial and temporal dynamics
of arsenic at the surface of a flooded paddy soil and in the rhizo-
sphere of lowland rice (Oryza sativa L.): a microcosm study. Plant
Soil 312, 207-218.

Brooks, R.R., Lee, J., Reeves, R.D., Jaffre, T. 1977. Detection of
nickeliferous rocks by analysis of herbarium specimens of indicator
plants. J Geochem Explor 7, 49-57.

Bundschuh, J., Nath, B., Bhattacharya, P., Liu, C.W., Armienta,
M.A., Moreno Lo6pez, M.V., Lopez, D.L., Jean, J.S., Cornejo, L.,
Lauer Macedo, L.F., Filho, A.T. 2012. Arsenic in the human food
chain: the Latin American perspective. Sci Total Environ, 429, 92—
106.

Butcher, D.J. 2009. Phytoremediation of arsenic: fundamental stud-
ies, practical applications, and future prospects. Appl Spectrosc Rev
44, 534-551.

Commission Directive 2003/40/EC. Official Journal of the European
Union, L 126/34, EN, 22.5.2003.

De Temmerman, L., Ruttens, A., Waegeneers, N. 2012. Impact of
atmospheric deposition of As, Cd and Pb on their concentration in
carrot and celeriac. Environ pollut 166, 187-195.

Di Lonardo, S., Capuana, M., Arnetoli, M., Gabbrielli, R., Gonnelli,
C. 2011. Exploring the metal phytoremediation potential of three
Populus alba L. clones using an in vitro screening. Environ Sci Pol-
lut Res Int 18(1), 82-90.

Dong, Y., Zhu, Y.G., Smith, F.A., Wang, Y.S., Chen, B.D. 2008.
Arbuscular mycorrhiza enhanced arsenic resistance of both white
clover (Trifolium repens Linn.) and ryegrass (Lolium perenne L.)
plants in an arsenic-contaminated soil. Environ Poll 155, 174-181.
Dopp, E., von Recklinghausen, U., Diaz-Bone, R., Hirner, A.V.,
Rettenmeier, A.W. 2010. Cellular uptake, subcellular distribution
and toxicity of arsenic compounds in methylating and non-
methylating cells. Environ Res 110, 435-442.

EEA (European Environment Agency). 2007. Progress in manage-
ment of contaminated sites, CSI 015, DK-1050 Copenhagen K,
Denmark. Available at
http://themes.eea.europa.eu/IMS/IMS/1Specs/ISpecification2004100
7131746/1Assessment1152619898983/view_content, accessed Nov,
2012.

45



46

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

EFSA. 2009. Scientific Opinion on Arsenic in Food. EFSA Journal,
7 (10), 1351.

Epstein, E. 2009. Silicon: Its manifold roles in plants. Ann Appl Biol
155, 155-160.

Favas, P.J.C., Pratas, J.M.S., Prasad, M.N.V. 2012. Accumulation of
arsenic by aquatic plants in large-scale field conditions: Opportuni-
ties for phytoremediation and bioindication. Sci Total Environ 433,
390-397.

Finnegan P.M, Chen W. 2012. Arsenic toxicity: the effects on plant
metabolism. Front Physiol 3, 182.

Francesconi, K.A., Edmonds, J. S. 1994. Biotransformation of arse-
nic in the marine environment. In: Nriagu, J.O. (Ed.). Arsenic in the
environment, Part I: Cycling and Characterization. Wiley, New
York, pp. 221-261. ISBN: 0-471-30436-0.

Fritioff A, Greger M. 2007. Fate of cadmium in Elodea canadensis.
Chemosphere 67, 365-375.

Garg, N., Singla, P. 2012. The role of Glomus mosseae on key phys-
iological and biochemical parameters of pea plants grown in arsenic
contaminated soil. Sci Hortic-Amsterdam 143, 92-101.

Geudens, G., Staelens, J., Kint, V., Goris, R., Lust, N. 2004. Al-
lometric biomass equations for Scots pine (Pinus sylvestris L.) seed-
lings during the first years of establishment in dense natural regener-
ation. Ann For Sci 61, 653-659.

Ghosh, P., Rathinasabapathi, B., Ma, L.Q. 2011. Arsenic-resistant
bacteria solubilized arsenic in the growth media and increased
growth of arsenic hyperaccumulator Pteris vittata L. Bioresource
Technol 102, 8756-8761.

Giri, P.K., Bhattacharyya, K., Sinha, B., Mazumdar, D. 2012. Study
of the suitability of selected extractants for determination of plant-
available arsenic in some inceptisols of West Bengal, India. Com-
mun Soil Sci Plan 43, 2449-2466.

Greger M., Landberg T. (1999). Use of willow in phytoextraction.
Int J Phytorem, 1, 115-123.

Greger M., Sandhi A., Nordstrand D., Bergqvist C., Nyquist-
Rennerfelt J. 2010. Water cleaning from toxic elements using phy-
tofiltration with Elodea Canadensis. Proceeding of the 4th Interna-
tional conference Metals and related substances in drinking water.
METEAU, COST Action 637, Kristianstad 2010. Pp. 183-189.

Guo, W., Zhu, Y.G,, Liu, W.J., Liang, Y.C., Geng, C.N., Wang, S.G.
2007. Is the effect of silicon on rice uptake of arsenate (AsV) related
to internal silicon concentrations, iron plaque and phosphate nutri-
tion? Environ Pollut 148, 251-257.

Halder, D., Bhowmick, S., Biswas, A., Mandal, U., Nriagu, J., Ma-
zumdar, N.G.D., Chatterjee, D., Bhattacharya, P. 2012. Consump-



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

tion of brown rice: a potential pathway for arsenic exposure in rural
Bengal. Environ Sci Technol 46, 4142—4148.

Hirahata, S., Toshimitsu, H., Aihara, M. 2006. Determination of ar-
senic species in marine samples by HPLC-ICP-MS. Anal Sci 22, 39-
43.

Kaize, T., Watanbe, S., Itoh, K. 1985. The acute toxicity of arseno-
betaine. Chemosphere, 14(9):1327-1332.

Kertulis-Tartar, G.M., Ma, L.Q., Tu, C., Chirenje, T. 2006. Phy-
toremediation of an arsenic-contaminated site using Pteris vittata L.:
A two-year study. Int J Phytorem 8, 311-322.

Kornijow, R., Vakkilainen, K., Horppila, J., Loukkanen, E.,
Kairesalo, T. 2005. Impacts of a submerged plant (Elodea canaden-
sis) on interactions between roach (Rutilus rutilus) and its inverte-
brate prey communities in a lake littoral zone. Freshwater Biol 50,
262-276.

Kumpiene, J., Lagerkvist, A., Maurice, C. 2008. Stabilization of As,
Cr, Cu, Pb and Zn in soil using amendments — A review. Waste
Manag 28, 215-225.

Li, R.Y., Stroud, J.L., Ma, J.F., McGrath, S.P., Zhao, F.J. 2009. Mit-
igation of arsenic accumulation in rice with water management and
silicon fertilization. Environ Sci Technol 43, 3778-3783.

Liu, J., Lin, S., Xu, P., Wang, X., Bai, J. 2009. Effects of exogenous
silicon on the activities of antioxidant enzymes and lipid peroxida-
tion in chilling-stressed cucumber leaves. Agr Sci China 8, 1075-
1086.

Lomax, C., Liu, W-J.,, Wu, L., Xue, K, Xiong, J., Zhou, J.,
McGrath, S.P., Meharg, A.A., Miller, AJ., Zhao, F-J. 2012. Methyl-
ated arsenic species in plants originate from soil microorganisms.
New Phytol 193, 665-672.

Ma, L.Q., Komar, K.M,, Tu, C., Zhang, W., Cai, Y., Kennelly, E.D.
2001. A fern that hyperaccumulates arsenic. Nature 409, 579.
Marschner, H. (1995). Mineral nutrition of higher plants. Academic
Press, Elsevier Ltd. ISBN: 0-12-473543-6.

Martinez-Sanchez, M.J., Martinez-L6épez, M.L., Garcia-Lorenzo,
L.B, Martinez- Martinez C., Pérez-Sirvent. 2011. Evaluation of ar-
senic in soils and plant uptake using various chemical extraction
methods in soils affected by old mining activities. Geoderma 160,
535-541.

Mattusch, J., Wennrich, R., Schmidt, A-C., Reisser, W. 2000. De-
termination of arsenic species in water, soils and plants. J Anal
Chem 366, 200-203.

Meharg, A. A., Hartley-Whitaker, J. 2002. Arsenic uptake and me-
tabolism in arsenic resistant and nonresistant plant species. New
Phytol 154, 29-43.

47



48

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Meharg A.A., Macnair M.R. 1992. Suppression of the High Affinity
Phosphate Uptake System: A Mechanism of Arsenate Tolerance in
Holcus lanatus L. J Exp Bot 43 (249), 519-524.

Mench, M., Lepp, N., Ber, V., Schwitzguébel, J.P., Gawronski,
S.W., Schrdder, P. 2010. Successes and limitations of phytotechnol-
ogies at field scale: outcomes, assessment and outlook from COST
Action 859. J Soil Sediment, 10, 1039-1070.

Mendez, M.O., Maier, R.M. 2008. Phytostabilization of mine tail-
ings in arid and semiarid environments — an emerging remediation
technology. Environ Health Persp, 116, 278-283.

Meunier, L., Koch, I., Reimer K.J. 2011. Effects of organic matter
and ageing on the bioaccessibility of arsenic. Environ Pollut, 159,
2530-2536.

Mikutta, C., Kretzschmar, R. 2011. Spectroscopic evidence for ter-
nary complex formation between arsenate and ferric iron complexes
of humic substances. Environ Sci Technol, 45, 9550-9557.

Mir, K.A., Rutter, A., Koch, I., Smith, P., Reimer, K.J., Poland, J.S.
2007. Extraction and speciation of arsenic in plants grown on arsenic
contaminated soils. Talanta 72, 1507-1518.

Mokgalaka-Matlala N.S., Flores-Tavizén E., Castillo-Michel H.,
Peralta-Videa J.R., Gardea-Torresdey J.L. 2009. Arsenic tolerance in
mesquite (Prosopis sp.): Low molecular weight thiols synthesis and
glutathione activity in response to arsenic. Plant Physiol Biochem
47, 822-826.

Moore, K.L., Schroder, M., Wu, Z., Martin, B.G., Hawes, C.R.,
McGrath, S.P., Hawkesford, M.J., Feng Ma, J,, Zhao, F.J., Grove-
nor, C.R. 2011. High-resolution secondary ion mass spectrometry
reveals the contrasting subcellular distribution of arsenic and silicon
in rice roots. Plant Physiol 156, 913-924.

Moreno-Jiménez, E., Esteban, E., Pefialosa, J.M. (2012). The fate of
arsenic in soil-plant systems. Rev Environ Contam Toxicol 215, 1-
37.

Moreno-Jiménez, E., Manzano, R., Esteban, E., Pefalosa, J. 2010.
The fate of arsenic in soils adjacent to an old mine site (Bustarviejo,
Spain): mobility and transfer to native flora. J Soils Sediments 10,
301-312.

Makela-Kurtto, R., Eurola, M., Justén, A., Backman, B., Luouma,
S., Karttunen, V., Ruskeeniemi, T. 2007. Arsenic and other elements
in agro-ecosystems in Finland and particularly in the Pirkanmaa re-
gion. Geological Survey of Finland, ISBN: 978-951-690-988-5.
Naturvardsverket. 2009. Lagesbeskrivning av efterbehandlingsar-
betet i landet 2008. Skrivelse, 2009-02-19, Dnr 642-175-09 Rf.
Naturvardsverket. 2002. Rapport 4918. Metodik for inventering av
fororenade omraden. Bedomningsgrunder for miljokvalitet. Vagled-



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

ning for insamling av underlagsdata. Naturvardsverkets forlag.
ISSN: 0282-7298.

Ng, J.C., Noller, B.N., Naidu, R., Bundschuh, J., Bhattacharya, P.
(eds.). 2012. 111.2. Remediation and water treatment. In: Understand-
ing the geological and medical interface of arsenic. As 2012. CRC
Press, London. ISBN: 978-0-415-63763-3, pp. 263-314.

Niazi, N.K., Singh, B., Van Zwieten, L., Kachenko, A.G. 2012. Phy-
toremediation of an arsenic-contaminated site using Pteris vittata L.
and Pityrogramma calomelanos var. austroamericana: a long-term
study. Environ Sci Pollut Res Int 19, 3506-3515.

Nielsen, F.H. 1991. Nutritional requirements for boron, silicon, va-
nadium, nickel and arsenic: current knowledge and speculation.
Faseb J 5, 2161-2167.

Nordstrom, D., K. 2002. Worldwide occurrences of arsenic in
ground water. Science 296, 2143-2145.

Nouri, J., Lorestani, B., Yousefi, N., Khorasani, N., Hasani, A.H.,
Seif, F., Cheraghi,M. 2011. Phytoremediation potential of native
plants grown in the vicinity of Ahangaran lead-zinc mine (Hamedan,
Iran). Environ Earth Sci 62, 639-644.

Pickering, 1.J., Prince, R.C., George, M.J., Smith, R.D., George,
G.N., Salt, D.E. 2000. Reduction and coordination of arsenic in In-
dian mustard. Plant Physiology 122, 1171-1177.

Produktregistret (2010). Kemikalieinspektionen. www.kemi.se, tel.
+46-8519 41 191 and tel. +46-851941183.

Pulford, 1.D., Watson, C. 2003. Phytoremediation of heavy metal-
contaminated land by trees - a review. Environ Int 29, 529-540.
Raab, A, Ferreira, K., Meharg, A.A., Feldmann, J. 2007. Can arse-
nic-phytochelatin complex formation be used as an indicator for tox-
icity in Helianthus annuus? J Exp Bot 58, 1333-1338.

Rahman, M.M., Asaduzzaman, M., Naidu, R. 2012. Concentration
of arsenic, cadmium and lead in home garden vegetables of Bangla-
desh. In: Ng, J.C., Noller, B.N., Naidu, R., Bundschuh, J.,
Bhattacharya, P. (eds.) Understanding the geological and medical in-
terface of arsenic. As 2012. CRC Press, London. ISBN: 978-0-415-
63763-3.

Rascio, N. Navari-lzzo, F. 2011. Heavy metal hyperaccumulating
plants: How and why do they do it? And what makes them so inter-
esting? Plant Sci 180, 169-181.

Robinson, B.H., Bafiuelos, G., Conesa, H.M., Evangelou, M.W.H.,
Schulin, R. 2009. The phytomanagement of trace elements in soil.
Cr Rev Plant Sci 28, 240-266.

Robinson, B., Kim, N., Marchetti, M., Moni, C., Schroeter, L, van
den Dijssel, C., Milne, G., Clothier, B. 2006. Arsenic hyperaccumu-
lation by aquatic macrophytes in the Taupo Volcanic Zone, New
Zealand. Environ Exp Bot 58, 206-215.

49



50

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Sadig, M. 1997. Arsenic chemistry in soils: an overview of thermo-
dynamic predictions and field observations. Water Air Soil Poll
93,117-136.

Salido, A.L., Hasty, K.L., Lim, J.M., Butcher, D.J. 2003. Phytore-
mediation of arsenic and lead in contaminated soil using Chinese
brake ferns (Pteris vittata) and Indian mustard (Brassica juncea). Int
J Phytorem 5, 89-103.

Sarma, H. 2011. Metal hyperaccumulation in plants: a review focus-
ing on phytoremediation technology. J Environ Sci Technol 4 (2),
118-138.

SGU, Sveriges Geologiska Undersékning. 2005. Mineralmarknaden,
Tema: Arsenik. Per. Publ. 2005:4. ISSN 0283-2038.

Sharma, 1. 2012. Arsenic induced oxidative stress in plants. Biologia
67, 447-453.

Sharples, J.M., Meharg, A.A., Chambers, S.M., Cairney, JW.G.
2000. Symbiotic solution to arsenic contamination. Nature 404, 951-
952.

Sheppard, S.C. 1992. Summary of phytotoxic levels of soil arsenic.
Water Air Soil Poll, 64, 539-550.

Signes-Pastor, A.J., Al-Rmalli, S\W., Jenkins, R.O., Carbonell-
Barrachina, A.A., Haris, P.l. 2012. Arsenic bioaccessibility in
cooked rice as affected by arsenic in cooking water. J Food Sci. 77
(11), T201-206.

Silva Gonzaga, M.l., Ma, L.Q., Pacheco, E.P., dos Santos, W.M.
2012. Predicting arsenic bioavailability to hyperaccumulator Pteris
Vittata in arsenic-contaminated soils. Int J Phytorem 14, 939-949.
Smith, A.H., Hopenhayn-Rich, C., Bates, M.N., Goeden, H.M.,
Hertz-Picciotto, 1., Duggan, H.M. Wood, R., Kosnett, M.J., Smith,
M., T. 1992. Cancer risks from arsenic in drinking water. Environ
Health Persp 97, 259-267.

Smith, E., Juhasz, A.L., Weber, J. 2009. Arsenic uptake and specia-
tion in vegetables grown under greenhouse conditions. Environ Ge-
ochem Health 31, 125-132.

Smith, P.G., Koch, I., Reimer, K.J. 2008. Uptake, transport and
transformation of arsenate in radishes (Raphanus sativus). Sci Total
Environ 390, 188-197.

Sridhar, B.B.M., Han, F.X., Diehl, S.V., Monts, D.L. Su, Y. 2011.
Effect of phytoaccumulation of arsenic and chromium on structural
and ultrastructural changes of brake fern (Pteris vittata). Braz J Plant
Physiol 23, 285-293.

Srivastava, S., Mishra, S., Tripathi, R.D., Dwivedi, S., Trivedi, P.K.,
Tandon, P.K. 2007. Phytochelatins and antioxidant systems respond
differentially during arsenite and arsenate stress in Hydrilla verticil-
lata (L.f.) Royle. Environ Sci Technol 41 (8), 2930-2936.



91. Stoltz E., Greger M. 2002. Accumulation properties of As, Cd, Cu,
Pb and Zn by four wetland plant species growing on submersed
mine tailings. Exp Environ Bot 47, 271-280.

92. Suzuki, K.T., Tomita, T., Ogra, Y., Ohmichi, M. 2001. Glutathione-
conjugated Arsenics in the Potential Hepato-enteric Circulation in
Rats. Chem Res Toxicol 14, 1604-1611.

93. Tripathi, R., Srivastava, S., Mishra, S., Singh, N., Tuli, R., Gupta,
D.K., Maathuis, J.M. 2007. Arsenic hazards: strategies for tolerance
and remediation by plants. Trends Biotechnol 25 (4), 158-165.

94. Vamerali, T., Bandiera, M., Mosca, G. 2011. In situ phytoremedia-
tion of arsenic- and metal-polluted pyrite waste with field crops: ef-
fects of soil management. Chemosphere 83, 1241-1248.

95. Verbruggen, N., Hermans, C., Schat, H. 2009. Mechanisms to cope
with arsenic or cadmium excess in plants. Curr Opin Plant Biol 12,
364-372.

96. Vithanage, M., Dabrowska, B.B., Mukherjee, A.B. Sandhi, A.
Bhattacharya, P. 2012. Arsenic uptake by plants and possible phy-
toremediation applications: a brief overview. Environ Chem Lett 10,
217-224.

97. Voesenek, L.A., Colmer, T.D., Pierik, R., Millenaar, F.F., Peeters,
A.J. 2006. How plants cope with complete submergence. New Phy-
tol 170, 213-226.

98. Wang, S., Mulligan, C.N. 2009. Effect of natural organic matter on
arsenic mobilization from mine tailings. J Hazard Mater 168, 721—
726.

99. Wang, J., Zhao, F.J., Meharg, A.A., Raab, A., Feldmann, J.,
McGrath, S.P. 2002. Mechanisms of Arsenic Hyperaccumulation in
Pteris vittata. Uptake Kinetics, Interactions with Phosphate, and Ar-
senic Speciation. Plant Physiol 130, 1552-1561.

100.Ward, O.P., Singh, A., 2004. Soil Bioremediation and Phytoremedi-
ation - An Overview. In: Singh, A., Ward, O.P. (eds.), Applied Bio-
remediation and Phytoremediation. Springer-Verlag, Berlin, pp.1-
12.

101.Wood, J., M. 1974. Biological cycles for toxic elements in the envi-
ronment. Science 183, 1049-1052.

102.25. Xue, PY, Yan, CZ. 2011. Arsenic accumulation and transloca-
tion in the submerged macrophyte Hydrilla verticillata (L.f.) Royle.
Chemosphere 85, 1176-1181.

103.Xue, PY, Yan, CZ, Sun, G., Luo, Z. 2012. Arsenic accumulation
and speciation in the submerged macrophyte Ceratophyllum demer-
sum L. Environ Sci Pollut Res 19, 3969-3976.

104.Yamamoto, T., Nakamura, A., lwai, H., Ishii, T., Ma, J.F., Yoko-
yama, R., Nishitani, K., Satoh, S., Furukawa, J. 2012. Effect of sili-
con deficiency on secondary cell wall synthesis in rice leaf. J Plant
Res 125, 771-779.

51



52

105.Yan, X.L., Lin, L.Y., Liao, X.Y., Zhang, W.B. 2012. Arsenic accu-
mulation and resistance mechanism in Panax notoginseng, a tradi-
tional rare medicinal herb. Chemosphere 87(1), 31-6.

106.Zhang, X., Uroic, M.K., Xie, W.Y., Zhu, Y.G., Chen, B.D,,
McGrath, S.P., Feldmann, J., Zhao, F.J. 2012. Phytochelatins play a
key role in arsenic accumulation and tolerance in the aquatic macro-
phyte Wolffia globosa. Environ Pollut 165, 18-24.

107.Zhao, F.J., Ma, J.F., Meharg, A.A., McGrath, S.P. 2009. Arsenic
uptake and metabolism in plants. New Phytol 181, 777-794.

108.Zhao, F.J., McGrath, S., P., Meharg, A., A. 2010. Arsenic as a food
chain contaminant: mechanisms of plant uptake and metabolism and
mitigation strategies. Annu Rev Plant Biol 61, 535-559.

109.Zhu, Y-G., Williams, P.N., Meharg, A.A. 2008. Exposure to inor-
ganic arsenic from rice: A global health issue? Environ Pollut 154,
169-171.



