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The most talked about metalloid in the modern world, arsenic affects the liver, kidney, and lungs; leads to cardiovascular
diseases, cancer, and diabetes; and may cause blindness with long-time exposure. With naturally occurring arsenic
boosted by mining and other industrial processes contaminating soil and drinking water, arsenic toxicity is a major
challenge to health professionals and scientists around the world. Arsenic Toxicity: Prevention and Treatment reviews
current understanding of arsenic poisoning and the health consequences resulting from exposure_The book paints a vivid
picture of the sources of arsenic toxicity including ground water; food such as rice, fruits and vegetables, fish, and chicken;
as well as occupational exposures from industries such as using inorganic arsenic like glass production, non-ferrous alloy,
wood preservation, and semiconductor manufacturing units. It details the health hazards of arsenic toxicity and then
examines removal, mainly from soil and water, highlighting eco-friendly bioremediation technigues. It discusses classical
and modern treatment methods for arsenic toxicity, emphasizing the use of nutraceuticals and functional foods With its
focus on the remediation of arsenic toxicity using nutraceutical and functional food, the book provides a unique resource
for combatting this global scourge. It provides strategies for defending arsenic toxicity naturally without causing any
additional adverse effects.
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7.1 CHEMICAL AND ENVIRONMENTAL PROPERTIES OF ARSENIC

Arsenic (As) is a highly toxic element that has poisoned many people by being added
to their food and drink, mistakenly, unknowingly, or deliberately [1]. Arsenic occurs
in trace quantities in all rock, soil, water, and air [2,3]. Naturally, total As is about
1-2 mg/kg in rock, 5-10 mg/kg in soil, and 1-3 pg/L in seawater [4]. Volcanoes and
microbial activities can release As into the atmosphere as arsine gas (AsH;) or meth-
ylated Arsine species. The atmospheric residence time of As species is relatively
short and the As concentration is generally low (0.02 pg/m?), except in the vicinity
of these sources [5]. However, anthropogenic sources such as fossil fuel combus-
tion, mining, smelting of sulfide ores, pesticide application, timber preservation, and
the application of sludge and manure have elevated As levels and may cause As
contamination in the food chain and drinking water [6]. As an example, past use of
arsenical herbicides in sugarcane fields resulted in total As levels ranging from 50 to
950 mg/kg in some Hawaiian soils [7,8].

Although As can have -3, 0, +3, and + 5 oxidation states, the two oxidation states
of As (+3) (arsenite, with ionic radius, r=0.58 A) and As (+5) (arsenate, r=0.46 A)
are most important environmentally and biologically. Because of its size and polar-
izability, As (+3) has a relatively high affinity for softer S- and N-donating species.
Thus, As (+3) can react strongly with thiols of cysteine residues and/or imidazolium
nitrogens of histidine residues from cellular proteins, inactivating many enzymes
[9]. In aqueous solution, it is found mainly as the neutral [As(OH)] species whose
first pK,=9.2. Arsenate (+5) with its greater charge and smaller ionic radius leads
to a higher stability with harder O-donating species, and its prevalence in aqueous
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solution as H,AsO,~, HAsO,*  depending on pH (pK,’s=2.3, 7.0, and 11.5), chemi-
cally, AsO,* and PO,?~ whose pK,’s 2.1, 7.2, and 12.7 are very similar. Thus, As
(+5) can replace phosphate in energy transfer phosphorylation and block protein
synthesis. On the other hand, like phosphate, arsenate can be adsorbed strongly on
sesquioxides, particularly amorphous Fe(OH),, rendering it less bioavailable and less
toxic [7,10].

The As (+3)/As (+5) two-electron redox potential (E”=+140 mV at pH 7.0,
25°C vs. normal hydrogen electrode) is significantly higher than that of phosphate
(E”=-690 mV), resulting in the existence of both As (+3) and As (+5) in environ-
mental and biological conditions [5]. In addition, As can form stable bonds with
carbon, yielding compounds such as mono-[CH;AsH,], di-[(CH;),AsH], tri-methyl
arsines [(CH;);As], arsenobetain [(CH;);—As*—CH,COO"], arsenocholine [(CH;);—
As*—CH,-CH,—OH], and arsenosugars [5,6].

7.2 BIOLOGICAL PROPERTIES OF ARSENIC AND ITS TOXICITY

Due to its chemical similarity to phosphate, As (+5) is taken up by microorganisms,
plant roots, and animal (intestinal) cells by two pathways used for phosphate [11].
The low-affinity P inorganic transport (Pit) pathway uses energy from the transmem-
brane proton gradient, while the high-affinity P specific transport (Pst) pathway has
certain selectivity for phosphate over arsenate with a periplasmic phosphate bind-
ing protein and an ATP-hydrolyzing membrane transporter [12,13]. Neutral arse-
nite [As(OH)], on the other hand, diffuses through membrane-spanning channels
created by aquaglyceroporin proteins, which allow the diffusion of water, glycerol,
Si(OH),, and other neutral species [12,14]. The properties of organoarsenic species
are modulated by their organic substituent(s), and this affects their uptake by these
or other pathways.

Normal human blood levels of As are 0.3-2 pg/L but can be one to two orders
of magnitude higher when elevated levels of As are consumed with drinking water
or food [5]. The overall half-life of As in humans is about 10 h, and 50%-80% of
absorbed As is excreted in about 3 days [15]. Most excretory As is in urine [16].

Ingestion of inorganic As (60-120 mg as As,0;) would result in acute toxicity
characterized by vomiting, abdominal pain, bloody diarrhea, which lead to dehydra-
tion, convulsion, coma, and death [17]. Chronic As exposure leads to skin lesions,
hyperpigmentation, keratosis, diabetes, and cardiovascular disease [18]. “Black foot”
disease, which shows a discoloration and blackening of the extremities, especially
the feet, in Southwestern Taiwan was caused by drinking water from deep artesian
wells high in As [19]. Millions of people in Bangladesh have been poisoned by con-
suming groundwater contaminated with high levels of As, sometimes as high as
800 pg/L [18,20]. The World Health Organization (WHO) and the United States
(U.S.) Environmental Protection Agency have set 10 ug/L As as the maximum con-
centration for drinking water [21]. Rice grown in the southeastern United States is
of concern to human health because of measured As levels of over 300 pg/kg due
to past use of Ca-arsenate as a cotton defoliant [22]. Although currently there are
no national standards for As in food, previous WHO guidelines established a provi-
sional tolerable weekly intake for inorganic As of 15 pg/kg body weight, but these
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are currently being reconsidered [21]. Inorganic As species are of most concern to
human health, with As (+3) being more toxic than As (+5) [23-25]. Organic As spe-
cies, particularly arsenobetain and arsenocholine are generally considered less or
nontoxic, though some debates remain [26].

7.3 BIOREMEDIATION OF ARSENIC

Bioremediation is the use of microorganisms or plants to detoxify an environment
(mainly soil or water) by transforming or degrading pollutants. In case of diffused
pollution, in situ bioremediation is better adapted for treatments of large areas.
Such treated land becomes available for less risky uses at economically accept-
able cost.

Arsenic being a metalloid, unlike many organic pollutants, cannot be converted
to CO, and dissipated into the atmosphere (although the release and capture of
the toxic arsine species are possible). The likely strategy would be oxidation of
the more toxic As (+3) to the less toxic As (+5), methylation of inorganic species,
and/or extraction (uptake) by plants and then disposing of the high-As plant bio-
mass [27,28].

7.3.1  ARSENITE OXIDATION

Although pH and concentration dependent, the redox potential of As (+3)/As (+5)
is about +140 mV at pH 7, making both species exist in environments that support
many microbial growth and activities [29]. Arsenite itself can serve as an electron
(e7) donor for microbial respiration processes, oxidizing to As (+5) with e~ being
passed to suitable e~ acceptors, such as oxygen (O,) or nitrate (NO5~) under aero-
bic conditions. A wide array of microorganisms have evolved an energy requir-
ing detoxification process catalyzed by the ars operon, linked to the intracellular
reduction of As (+5) by the ArsC protein and its efflux as As (+3), as shown in
Figure 7.1.

The ArsC is an As (+3)-specific exporter, which removes As from the cell. This
process can be passive or active, which the latter case involves an associated ATPase.
The ArsC is a cytoplasmic protein of 13—15 kDA related to tyrosine phosphate phos-
phatases facilitates the reduction of As (+5) when a suitable e~ donor, such as reduced
thioredoxin or glutaredoxin, is provided. The genes involved are clustered in an ars
operon that is located on plasmids or chromosomes of a diverse group of organisms,
including Archaea, Bacteria, and yeasts [9,30,31].

The microbial oxidation of As (+3), a recognized detoxification process, involves
two enzymes: Aso (also called Aox) and Arx [9,32].

As(+3)0,” + 2H,0—22—= As(+5)0,* "+ 4H" +2¢~

The reaction sequence is completed once the electrons generated are passed to a
physiological e~ acceptor, such as a c-type cytochrome [33,34]. Aso, normally
located in the periplasm (Figure 7.1), has been isolated from a variety of organisms,
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Respiratory As(III) As(II0) As(1II) Respiratory As(V)
Oxidase (Aso) Reductase (Arr)

As(V) As(IID)

Cytoplasmic As(V)
Reductase (ArsC)

FIGURE 7.1 Biochemical transformation of inorganic As species by microbial cells.
(Adapted from Lloyd, J.R. et al., Microbial transformations of arsenic in the subsurface,
in: Microbial Metal and Metalloid Metabolism: Advances and Applications, ASM Press,
Washington, DC, pp. 77-90, 2011.)

including Rhizobium sp. Str. NT-26, Hydrogenophaga sp. Str. NT-14, Alcaligenes
faecalis, Arthrobacter sp. Str. 15b, and Ralstonia sp. Str. NT-14 [34]. Aox consists
of two heterologous subunits: AoxA and AoxB. The large catalytic AoxA contains a
molybdenum (Mo) atom coordinated by two pterin molecules and a [3Fe-4S] cluster;
the smaller AoxB subunit contains a [2Fe-2S] cluster, as illustrated in Figure 7.2
[32]. The As (+3) oxidase, Arx, usually operates under anaerobic conditions and is
distantly related to Aso, but has not been fully characterized.

Oremland et al. [35] isolated a facultative chemoautotrophic bacterium, strain
MLHE-1, from arsenite-enriched bottom water from Mono Lake, California, that
oxidized As (+3) anaerobically to As (+5) using nitrate as terminal e~ acceptor [35].
This organism was also able to grow heterotrophically with acetate as carbon and
energy sources and oxygen (aerobic growth) or nitrate (anaerobic growth) as termi-
nal e~ acceptors. Phylogenetic analysis based on its 16S rDNA places this organism
with the haloalkaliphilic Ectothiorhodospira of the y-Proteobacteria.

Mateos et al. [9] proposed that Corynebacterium glutamicum (a member of the
genera Corynebacterium of biotechnological importance for the large-scale pro-
duction of amino acids, such as L-glutamate and L-lysine), which is gram-positive
with a thick cell wall, be used to accumulate/sorb As (34) (and As (+5) after it is
reduced to As (+3)) as a means to clean up (bioremediation) As in water [9]. The
authors showed that C. glutamicum can tolerate up to 12 mM As (+3) and more than
400 mM As (+5) [9].
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FIGURE 7.2 Model of arsenite oxidase (AoxA and AoxB) and arsenate reductase (ArsC).
(Adapted from Saltikov, C.W., Regulation of arsenic metabolic pathways in prokaryotes, in:
Microbial Metal and Metalloid Metabolism, ASM Press, Washington DC, pp. 195-210, 2011.)

7.3.2  METHYLATION OF INORGANIC AS SPECIES

Methylation is another mechanism that can confer As resistance and detoxification.
The methylated As species include monomethyl arsonate [MMA (+5)], monomethy-
larsonite [MMA (+3)], dimethylarsinate [DMA (+5)], dimethylarsenite [DMA (+3)],
and trimethylarsine oxide (TMAO), as well as several volatile arsines, including
mono-, di-, and tri-methyl arsines (TAMs). Gosio (1897, as cited in Cullen and Reimer
[36]) was the first to establish that fungi could generate methylated As. Challenger
proposed a scheme in which As (+5) was eventually transformed to TMAs [37]. In
this scheme, As (+5) is first reduced to As (+3) then methylated, and each methylation
step results in the reoxidation of the As, thus requiring a reductive step to As (+3)
prior to further methylation as shown in the equation [36]:

As(+3)0; —2<E 5 CH,As(+5)0(0H), —2—> CH;As(+3)(OH), —21

methylarsonic acid methylarsinousacid

—(CH;), As( + 5)0(0OH) —%—(CHj,), As( + 3)(OH) —2<2

dimethylarsinicacid

— (CH;); As(+5)0—2—(CH;); As(+3)

TMAO Trimethylarsine

The methyl donors (RCH,) in these reactions can be a form of methionine [36].
Several different enzymes have been identified with the methylase activity, such as
S-adenosine methyltransferase in Rhodobacter sphaeroides [38,39].
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FIGURE 7.3 Summary of observed microbial interactions with arsenic species performed
by (B) bacteria and (F) fungi.

Fungi, such as Scopulariopsis brevicaulis, Aspergillus, Mucor, Fusarium,
Peacilomyces, and Candida humicola, have been found to be active in such As meth-
ylation [27,40,41]. Huysmans and Frankenberger [42] isolated a Penicillium sp. from
an agricultural evaporation pond in California capable of producing trimethylarsine
from methylarsonic acid and dimethylarsinic acid. The transformations of arsenic
species by bacteria and fungi are summarized in Figure 7.3 [42].

The methylation of arylarsonic acids (e.g., Roxarsone) is important because their
wide use as food supplements for swine, turkeys, and poultry. Methylphenylarsinic
acid and dimethylphenylarsine oxide are reduced to dimethylphenylarsine by
C. humicola. These arsines species are volatile and can be captured by activated
carbon traps as illustrated in Figure 7.4 for As-contaminated water [27].

7.3.3  ARSENIC EXTRACTION BY PLANTS (PHYTOREMEDIATION)

There are two basic strategies by which higher plants can tolerate elevated levels of
toxic metals, including As [43]: (1) exclusion, whereby transport of As is restricted,
and low, relatively constant As concentrations are maintained in the shoot or grain
over a wide range of soil concentrations, and (2) accumulation, whereby As is accumu-
lated in nontoxic form(s) in upper plant parts at both high and low soil concentrations.

Most plants do not accumulate As, their As concentrations in leaves or seeds
are often below 1 mg/kg [44]. The As hyperaccumulator fern, Pteris vittata,
was discovered by Ma et al. [45] by screening many plant species growing at an
As-contaminated site in Florida. Its fronds can contain in excess of 1% As (or 10,000
mg/kg dry weight) [45,46]. The ability of this fern to translocate As from the roots
to the fronds and accumulate it was due in part to its ability to maintain high phos-
phate in its roots [47]. In fact, once entering the roots, through P transporters (Pit
and Pst proteins), As (+5) is reduced to As (+3) before being expelled to cell vacuoles.
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FIGURE 7.4 Bioreactor design for treatment of As-contaminated water. (Adapted from
Frankenberger, W.T. and Losi, M.E., Applications of bioremediation in the clean up of heavy
metals and metalloids, in: Bioremediation: Science and Applications, American Society of
Agronomy, Madison, WI, Soil Science of Society of America Special Publication No. 43,
pp. 173-210, 1995.)

Cytosolic arsenite, whether as a product of arsenate reductase or from uptake via an
aquaglyceroporin, is detoxified by removal from the cytosol [48]. It is rather coun-
terintuitive that As (+5), which is less toxic, should be converted to the more toxic
As (+3) before removal from the cell interior. Perhaps, arsenate efflux would have
caused phosphate efflux as well, a detrimental consequence that no living cells can
afford, or perhaps it is an accident of evolution as speculated by Rosen [12]:

Since the primordial atmosphere was not oxidizing, most As would have been in the
form of As (+3), and early organisms would have evolved detoxification mechanisms
to cope with As (+3), not As (+5). [Furthermore, As (+3) can be chelated/detoxified
by phytochelatins and other SH-containing proteins] [49,50]. Once the atmosphere
became oxidizing, most As (+3) in the environment would have been oxidized to As
(+5). The mechanisms to cope with As (+5) make use of existing As (+3) extrusion
systems. Besides, the conversion of a phosphatase to a reductase is relatively facile (at
least easy in laboratory conditions), its evolution during the formation of an oxygenic
world would have been rapid.

In addition to P. vittata, a few other fern species, such as Pteris cretica, Pteris longi-
folia, and Pteris umbrosa, also hyperaccumulate As [51]. Except for Pityrogramma
calomelanos, all known As hyperaccumulators are ferns in the Pteris genus.
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Brake fern (F

Oteris vittatg

FIGURE 7.5 (See color insert.) Chinese brake fern (P. vittata L..) grown in the greenhouse
(left) and in the field. (N'V Hue’s personal images.)

However, not all Pteris ferns hyperaccumulate As [47,51,52]. Wang et al. [53] exam-
ined variation of As accumulation by ferns collected at different locations in south
China (Guangxi Province) and found genotypic variations within P. vittata that
could be useful in breeding improved cultivars. Ma et al. [45] found that fronds of
P. vittata were able to accumulate as much as 15,000 mg/kg As in 2 weeks of growth
in a sandy soil spiked with 1500 mg/kg As. Kertulis-Tartar et al. [54] implemented
a field trial in a copper—chromium-arsenate (CCA)-contaminated soil in Florida,
with soil As averaging 278 mg/kg in the 15-30 cm depth. After 2 years of cropping,
soil at that depth averaged 158 mg/kg, a 43% depletion. The bioconcentration factor
(BF), the ratio of As concentration in the plant to the total As concentration in soil,
ranged from 10 to 100, depending on total As levels, soil characteristics, and grow-
ing environments [7,55]. McGrath and Zhao [56] calculated that a harvest of 10 tons
biomass per hectare (ha) with a BF of 20 could reduce soil As in the top 20 cm depth
by 50% after 10 harvests (P. vittata could be harvested every 3 months; Figure 7.5).

While P. vittata is capable of producing substantial biomass under favorable con-
ditions as discussed in detail by Cai and Ma [57] and others [45,56], field results
have been suboptimal [55]. Cai and Ma [57] could obtain only about 1 ton of frond
biomass/ha/year, regardless of harvesting procedure and frequency (although better
soil and plant management could surely improve the fern biomass). It also should
be noted that P. vittata does not tolerate frost, is hard to germinate from spores,
and only grows best in the tropics and subtropics. Its introduction into nonnative
locations may also pose ecological dangers.

Genetic manipulation has the potential to transfer the ability to hyperaccumulate
As to desired species. Chen et al. [58] demonstrated the principle by transferring the
PvARC3 gene, a key As (+3) antiporter in P. vittata to Arabidopsis thaliana. The
resulting transgenic plants had an increased ability to tolerate and accumulate As.
Further work is needed to develop As hyperaccumulating capacities in other plant
species that could produce more biomass, be more easily harvested, or more ecologi-
cally appropriate.

7.4 FUTURE TREND IN BIOREMEDIATION

The biological treatments, using microorganisms and plants, of As-contaminated
systems are making significant progress toward practical technologies that are
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applicable to different agroecological regions. Recent developments in genomics
and proteomics have led to the identification and characterization of As-resistance/
tolerance genes and proteins, such as ars operon, aio gene in As (+3) oxidation and
ArsC protein in As (+5) reduction. Such As involving genes could be engineered
into other bacteria and plants that are adapting well to local environmental condi-
tions, having high As tolerance, or increasing As uptake capacity, thus improving
the efficiency of bioremediation. Applying the knowledge of many interdisciplin-
ary sciences (e.g., microbiology, chemistry, hydrology, geology, engineering, soil
and plant sciences, as well as biotechnology), bioremediation will probably become
more effective, eco-friendly, socially acceptable, and profitable: the sustainable
technology it should be.
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