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Abstract Irrigation with arsenic (As)-rich groundwater in agricultural soil is one
of the major causes for As contamination in rice. This can be observed in Bangla-
desh where the highest levels of As were reported in rice grains. However, As risk
assessment in rice based on the As contaminated groundwater and soil can be mis-
leading, since As accumulation in plant is controlled by a number of factors in the
soil-rhizosphere system. In this chapter, we have discussed the impact of As-rich
groundwater on rice cultivation, and the major factors which control the fate of As
in the soil-rhizosphere—plant system. Soil parameters such as pH, redox potential,
and concentrations of phosphorous, sulfur, silica, and iron affect the availability of
As in the soil-rhizosphere zone, thus, should be considered in the assessment of As
toxicity for rice. Concentration of silica and phosphate compete with arsenite and
arsenate respectively during uptake by plants. Environmental factor such as soil
flooding condition is also one of the potential factors influencing arsenic accumula-
tion in rice by increasing As mobility in the soil-rhizosphere. In biological factors,
rice genotype, which controls the root aeration, is significant in affecting accumula-
tion of As. Therefore, selection of suitable rice genotype besides growing rice in
aerobic conditions would be important to minimize As accumulation in rice. The
translocation of As from roots to above-ground parts is dependent on As speciation.
Although, organic As is more readily translocated, its uptake is much lower com-
pared to inorganic As; thus, inorganic As predominates in grains.
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1 Introduction

Arsenic (As) is a ubiquitous element that ranks 20th among the most abundant
elements in the earth’s crust (Cullen and Reimer 1989). Its atomic number is 33,
and the atomic weight is 74.92. Arsenic is a redox-sensitive element, which exists
mainly in four oxidation states,+V (arsenate),+1II (arsenite), O (arsenic), and —III
(arsine). Unlike other toxic elements (Pb, Cu, and Co), As occurs as cation (posi-
tively charged ion) and oxyanion (negatively charged ions with oxygen) species. It
can occur in the environment both in organic and inorganic forms. Inorganic forms
usually associate with many minerals and other elements, especially oxygen, sulfur,
and chlorine, while organic forms associate with carbon and hydrogen. The most
important inorganic species are arsenate As(V) and arsenite As(IIl), while the most
important organic species are monomethylarsonic acid (MMA) and dimethylarsinic
acid (DMA). The toxicity of As is mainly dependent on the forms of arsenic. In-
organic As species are more toxic to living organisms than organic forms (Meharg
and Whitaker 2002). Arsenic toxicity in humans can cause severe health problems
ranging from skin lesions to cancers of the brain, liver, kidney, and stomach, and
many other cardiovascular and neurological diseases (Smith et al. 1992; Ng et al.
2003; Martinez et al. 2011).

Arsenic naturally occurs in many environmental media, such as rocks, soil, sedi-
ments, and surface/groundwater, and it can further be released into the aquatic and
terrestrial ecosystem via natural and anthropogenic activities (Lombi et al. 2000).
According to the World Health Organization (WHO) guideline, the baseline limit
of As concentration in safe drinking water is 10 pg/L, which is similar to the Eu-
ropean Union (EU), US Environmental Protection Agency (USEPA), Netherlands,
and Germany limits of As in drinking water (Ahsan and DelValls 2011). However,
in Bangladesh and many other developing countries, such as India, China, and Ne-
pal, it is set to 50 pg/L (World Bank 2005). Currently, Australia has set a strict na-
tional standard of 7 ug/L for acceptable As concentration in drinking water (World
Bank 2005). Arsenic poisoning via drinking of As contaminated groundwater is
well documented (Smedley and Kinniburgh 2002); however, recent investigation
revealed that rice, which is the staple food for nearly half of the world’s population,
is another potential As exposure pathway to human health (William et al. 2005;
Zavala et al. 2008). It can add significant amounts of dietary intake of As than most
crops because rice plants have the special ability to soak up As from soil compared
to other cereals (Heikens 2006), and use of arsenic-contaminated groundwater for
irrigation of rice cultivation (Heikens et al. 2007). However, accumulation of As in
rice is influenced by various environmental, geochemical, and biological factors
which controls As solubility, bioavailability, and uptake in the soil-rhizosphere—
plant system (Walter and Wenzel 2002; Zhao et al. 2010).

This chapter presents the As levels in rice from different parts of the world, as-
sesses the impact of irrigation with As rich-groundwater on soil and paddy rice, and
discusses the major factors controlling As behavior in the soil-rhizosphere—plant
systems, along with As toxicity to plants. Understanding of these aspects may be
helpful to reduce As accumulation in rice grains.
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2 Arsenic Concentration in Rice

Several surveys of As concentration in rice grains have been carried out in various
countries (Table 1). It was found that As concentration in rice varied widely. The
highest level of As, up to 1.85 mg/kg (0.05-1.85 mg/kg), was found in Bangla-
desh (Meharg and Rahman 2003). Other Asian countries also reported high lev-
els (ranges) of arsenic in rice: China, 0.46—1.18 mg/kg (Sun et al. 2008); Taiwan,
0.1-0.63 mg/kg (Lin et al. 2004); Thailand, 0.06-0.5 mg/kg (Adamako et al. 2011);
Japan, 0.07-0.42 mg/kg (Meharg et al. 2009); Korea, 0.24—0.72 mg/kg (Lee et al.
2008); and India, particularly from West Bengal, 0.085-0.66 mg/kg (Roychowd-
hury et al. 2002). Besides Asian rice, significant arsenic levels were reported from
Venezuela (0.19-0.46 mg/kg) by Schoof et al. (1998), France (0.12—0.61 mg/kg) by
Williams et al. (2007a), and USA (0.16-0.71 mg/kg) by Zavala et al. (2008).

Rice As values (ranges) from Europe, 0.13-20 mg/kg (Williams et al. 2005);
Spain, 0.07-0.21 mg/kg (Williams et al. 2007a); Italy, 0.19-0.22 mg/kg (Williams
et al. 2005); and Ghana <0.01-0.15 mg/kg (Adomako et al. 2011) fall into inter-
mediate category. Some parts of the Asian rice also fall into this category, as fol-
lows: Philippines, 0—0.25 mg/kg (Williams et al. 2006); Vietnam, 0.09—0.17 mg/
kg (Adomako et al. 2011); and Pakistan, 0.01-0.2 mg/kg (Adamako et al. 2011).
On contrary, rice from Australia, 0.02—0.04 mg/kg (Williams et al. 2006); Canada,
0.02 mg/kg (Williams et al. 2005); and Egypt (0.02—0.08 mg/kg) (Meharg et al.
2007) is found to contain the lowest levels of As contamination (Table 1). The over-
all range found among all samples, the lowest grain As (0.01 mg/kg) is nearly two
order magnitude difference with that of the highest concentration (1.835 mg/kg).
According to the information available to us, in terms of As contamination levels
in rice, there is no limit set by EU and US (Francesconi 2007). However, China has
regulated the maximum contamination level (MCL) of As in rice as 0.15 mg/kg
(Zhu et al. 2008). On comparison with Table 1, it was noticed that the mean values
of most of the Asian, USA, and France rice were exceeded the MCL. However,
higher enrichment in Asian rice, particularly in Bangladesh, which can be the sig-
nificant source of dictary As for population of this area and population from other
countries import rice from this region.

3 Arsenic in Groundwater

Arsenic contamination of groundwater has been indentified in many countries, in-
cluding Argentina, Bangladesh, China, Cambodia, India, Japan, Mongolia, Mexico,
Nepal, Taiwan, Thailand, Vietnam, and USA (Mandal and Suzuki 2002; Smedley
and Kinniburgh 2002). There are a number of people are at risk of chronic arsenic
poisoning from drinking As-contaminated water in several parts of the world, how-
ever highest number of people at risk from Ganges Delta (Bangladesh and West
Bengal, India) (Fig. 1) (Smedley and Kinniburgh 2005; Garelick and Jones 2008).
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Table 1 Arsenic concentration (in mg/kg) in rice grains from different countries

Country Maximum  Minimum Average No. of Study (Author/year)
samples
Bangladesh  1.835 0.058 0.49 13 Meharg and Rehman (2003)
China 1.18 0.46 0.82 2 Sun et al. (2008)
India 0.66 0.085 0.3 10 Roychowdhury et al. (2002)
Taiwan 0.63 0.1 0.1 5 Lin et al. (2004)
Thailand 0.5 0.06 0.15 53 Adomako et al. (2011)
Korea 0.72 0.24 0.41 - Lee et al. (2008)
Japan 0.42 0.07 0.19 26 Meharg et al. (2009)
Vietanam 0.17 0.09 0.12 18 Adomako et al. (2011)
Philippines  0.25 0 0.07 - Williams et al. (2006)
Pakistan 0.2 0.01 0.09 5 Adomako et al. (2011)
Venezuela  0.46 0.19 0.3 4 Schoof et al. (1998)
Egypt 0.08 0.02 0.05 108 Meharg et al. (2007)
Spain 0.21 0.07 0.13 10 Williams et al. (2007a)
Europe 0.2 0.13 0.15 Williams et al. (2005)
France 0.61 0.12 0.32 22 Williams et al. (2007a)
USA 0.71 0.16 0.29 24 Zavela et al. (2008)
Italy 0.22 0.19 0.14 - Williams et al. (2005)
Ghana 0.15 <0.01 - 7 Adomako et al. (2011)
Australia 0.04 0.02 0.03 5 Williams et al. (2006)
Canada - - 0.02 - Williams et al. (2005)
Lebanon 0.07 0.01 0.04 11 Adomako et al. (2011)

[TERIN

: not avilable

Scores of people from China, Vietnam, Taiwan, Chile, Argentina, and Mexico are
likely at risk as well (Fig. 1).

3.1 Arsenic Mobility in Groundwater

Based on the As geochemistry, there are three major mechanisms controlling As
mobility in the groundwater, which have been reported by various workers. These
are:

Oxidation of Pyrite Mobilization of As due to oxidation of arsenic-rich pyrite
minerals associated with sediment and rock materials have been identified by many
workers (Williams et al. 1996; Kim et al. 2012) (Table 2). Insoluble As-bearing
minerals such as arsenopyrite (FeAsS) are rapidly oxidized when in contact with
oxygen, releasing soluble As(Ill) and Fe(Il) (Smedley and Kinniburgh 2002). The
oxidation of the As-bearing minerals is dependent on availability of oxygen. High
oxygen in pyritiferrous system suffers by the excess pumping and water-table draw-
down. Chakraborti et al. (2001) and Sikdar et al. (2001) observed that water table
declined in the Bengal basin because of the agricultural pumping that began in
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Table 2 As concentration in groundwater (ug/L) relations with major release mechanism reported

from different countries

Country As in Major release mechanism References
groundwater

USA Up to 12,000 Oxidation of As-rich sulfides Schreiber et al. (2000)

Thailand 1.25-5114 Oxidation of As-rich sulfides Williams et al. (1996)

Korea 23-178 Oxidation of As-rich sulfides Kim et al. (2012)

Bangladesh Up to 640 Reductive dissolution of Fe or Mn Harvey et al. (2002)
(hydro)oxides

Bangladesh 6-934 Reductive dissolution of Fe or Mn Bibi et al. (2008)
(hydro)oxides

India 0.77-1059 Reductive dissolution of Fe or Mn Bhattacharyya et al. (2008)
(hydro)oxides

Nepal <10-740 Reductive dissolution of Fe or Mn  Gurung et al. (2005)
(hydro)oxides

China 0.6-572 Reductive dissolution of Fe or Mn  Guo et al. (2008)
(hydro)oxides

Taiwan Up to 12,000 Reductive dissolution of Fe or Mn Chen and Liu (2007)
(hydro)oxides

Vietnam 1-741 Reductive dissolution of Fe or Mn Naguyen and Itoi (2009)
(hydro)oxides, oxidation of As-
rich sulfides®

USA 11-2620 Reductive dissolution of Fe or Mn Welch and Lico (1998)
(hydro)oxides, Desorption from
Fe (hydro)oxides

India 0.82-538 Reductive dissolution of Fe or Mn Kar et al. (2010)
(hydro)oxides, Desorption from
Fe (hydro)oxides?

Argentina 7-14,969 Desorption from Fe (hydro)oxides Bhattacharya et al. (2006)

2 Minor mechanism

the 1970s. Subsequently, in 1978, first As contamination in the Bengal Basin was
detected. The rate of oxidation of pyrite is dependent on the redox potential (Eh)
and pH. The release of Fe from pyrite oxidation can form Fe oxides that can immo-
bilize As.

Reductive Dissolution of Fe Oxyhydroxides Arsenic in Fe-oxyhydroxides is
mobilized when the environment becomes anaerobic (Smedley and Kinniburgh
2002). Bhattacharya et al. (1997) first proposed the reductive dissolution of Fe oxy-
hydroxides process for arsenic release. After that, many other studies have been
reported this mechanism (Welch and Lico 1998; Harvey et al. 2002; Bibi et al. 2008;
Gurung et al. 2005; Chen and Liu 2007; Bhattacharyya et al. 2008; Guo et al. 2008;
Kar et al. 2010) (Table 2). McArthur et al. (2001) stated that the good correlation
between As and HCO,™ in groundwater is an indication of reduction. Other studies
from Bengal basin reported that low Eh, O,, NO,", and SO,*", and high Fe and Mn
in groundwater are the indication of reducing conditions (Bhattacharya et al. 1997,
Dowling et al. 2002). Similarly, Kim et al. (2009) and Sahoo et al. (2013) stated that
the higher arsenic concentration in groundwater associated with lower Eh, NO,, and
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SO,*, and higher alkalinity, Fe, and PO, is the indication of reductive dissolution
of Fe (hydr)oxides.

Desorption of Fe-Oxydroxides Besides anaerobic conditions for releasing As
from Fe oxyhydroxides, there is also effect of pH, particularly at pH>8.5, which
can cause mobilization of As from Fe-oxides. This is indentified by some workers
(Bhattacharya et al. 2006; Kar et al. 2010) (Table 2).

4 Impact of As-Rich Groundwater on Paddy Cultivation

Arsenic concentration in paddy fields can occur naturally via weathering processes,
and/or by anthropogenic activities such as mining (Zhu et al. 2008), pesticide use,
fertilizer application (Williams et al. 2007b), and irrigation with As contaminated
groundwater (Mehrag and Rahman 2003; Williams et al. 2006). However, irrigation
with As contaminated groundwater plays a dominant role, especially in Asian coun-
tries where groundwater-irrigated rice cultivation has increased dramatically over
the past few decades to maintain the country’s food security. In the long term, use of
this As-contaminated irrigation water can cause elevated As concentration in paddy
soils and crops (Heikens et al. 2007; Hossain et al. 2008; Baig et al. 2011). Several
field studies from Bangladesh and West Bengal showed that irrigation with As-rich
groundwater increases the As levels in the top soil (Meharg and Rahman 2003;
Norra et al. 2005; Williams et al. 2006; Roychowdhury et al. 2002). Studies from
Argentina, Chile, and Taiwan (Chen et al. 2002; Tu and Ma 2004) also reported that
As contents in agricultural soils are significantly higher than the normal levels due
to irrigation with As-rich groundwater.

There are a number of studies that investigated the impact of irrigation with
As-rich groundwater on soil and its subsequent impact on rice grains (Mehrag and
Rahman 2003; Williams et al. 2006; Dittmar et al. 2010). Meharg and Rahman
(2003) reported the positive relations among As in irrigation water, soil, and rice
from Bangladesh. Williams et al. (2006) did an extensive sampling of rice through-
out Bangladesh, and found that high As concentration in rice is associated with
As contaminated irrigation water. In another study from Murshidabad district of
Bangladesh, Roychowdhury et al. (2005) reported the positive relations among
As concentrations in irrigated water, soil, and plants. Recently, Singh et al. (2010)
observed the positive relations between irrigation water and rice. However, this
relationship is conflicting in some cases. Norra et al. (2005) found no significant
relationship between rice grains from West Bengal, India, where plants are irrigated
with low and high concentrations of As containing water. Van Geen et al. (2006)
reported that there was no evidence of a proportional transfer As from soil to rice
grains, despite the soil irrigated with As rich-groundwater. Furthermore, Williams
et al. (2007a) reported elevated As concentration in rice grains in background paddy
soil. These observations indicate that As content in rice is not directly dependent on
total concentration of As in soil and irrigation water, but may be with other factors
in the soil-rhizosphere—plant system, which are relevant.
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5 Arsenic Behavior in Soil-Plant System

5.1 Soil

Arsenic is naturally present in soil. Its average concentration in non-contaminated
soils is ~5 mg/kg; however, the concentration can increase up to 27,000 mg/kg or
more than that in contaminated soil (Mclaren et al. 1996). The solubility and bio-
availability of As in soil is influenced by various factors (Fitz and Wenzel 2002;
Zhao et al. 2009), which are discussed below.

As Speciation

Arsenic in soil exists in both inorganic and organic forms. The most common inor-
ganic As species in soil are As(V) and As(I1I), while organic forms are MMA and
DMA (Zhao et al. 2009). As(III) is more toxic than As(V), and also much more
toxic than MMA or DMA (Zhao et al. 2010). Inorganic As species are dominat-
ing in paddy soils, whereas organic species are in low quantities (Fitz and Wenzel
2002). Inorganic species can be converted to organic form by methylation linked
with microbial action in paddy soil (Takamatsu et al. 1982). Each species has differ-
ent solubility and bioavailability. Marine et al. (1992) reported that the As availabil-
ity to rice plants followed the order As(Ill)>MMA >As(V)>DMA. Meharg and
Whitaker (2002) also observed that both As(IIl) and MMA are more available to
rice plants. This indicates that speciation of As in soil environment is essential to
assess As toxicity to plants.

Redox Potential

The balance of reducing and oxidizing condition (redox status) in the soil is im-
portant because it controls arsenic mobility and speciation (Fitz and Wenzel 2002).
Under oxidizing conditions (acrobic), As(V) usually dominates, which has strong
affinity for soil minerals such as Fe-oxhydroxides, leading to decrease As solubility
and bioavailability to plants (Takahashi et al. 2004; Xu et al. 2008). However, under
reducing conditions, such as soil flooding, As(IIl) is the most common inorganic
species, and its mobility is sharply increased in the soil-rhizopshere (Takahashi et al.
2004). This is due to the reductive dissolution of Fe-oxyhydroxides, and relatively
high abundance of Fe reducing bacteria and algae in reduced soil, which help in As
solubility via reduction of As(V) and methyl As species to more soluble As(III) spe-
cies (Horneman et al. 2004; Mahimairaja et al. 2005). Therefore, in flooded soil, As
is readily available for plant uptake. This may be the cause for higher As content in
lowland crops usually growing in a reducing environment, such as paddy rice, than
upland cereal crops (Williams et al. 2007a). However, changing irrigation practice
can manage As uptake in plants (Das et al. 2008). Somennahally et al. (2011) con-
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ducted an experiment by changing the irrigation process, and found that rice takes
up less As in intermittently flooding than continuous flooding. Other studies also
supported that irrigation practice can significantly control As accumulation in plants
(Arao et al. 2009; Roberts et al. 2011; Rahaman et al. 2011; Talukdar et al. 2011).

pH

The sorption of As to metal-oxyhydroxides is generally affected by soil pH (Fitz
and Wenzel 2002; Quazi et al. 2011), but there is not any universal agreement on
this issue. Arsenic (AsV) tends to be sorbed by Fe—Al oxyhydroxides at near neutral
to acidic pH (Mukherjee et al. 2009). However, at extremely acidic pH (pH <3), ar-
senic mobility can increase due to the dissolution of arsenic binding species, such as
Fe and Al oxycompounds (Signes-Pastor et al. 2007). Furthermore, the mobility of
As in soil can increase at higher soil pH, above pH 8.5, because at high pH, mineral
surfaces (mainly Fe-oxides) become progressively negatively charged that facilitate
desorption of As from Fe-oxides (Marine et al. 1992; Streat et al. 2008), and in-
creases labile As in the rhizosphere, leading to more As accumulation in plants (Fitz
and Wenzel 2002). Campbell et al. (1985) observed that uptake of arsenic in plants
increases at higher soil pH. In a recent work, Ahmed et al. (2011) also observed the
positive relationship between grain As and soil pH.

Organic Matter

Organic matter (OM) can have a profound effect on As solubility in the soil since it
tends to form insoluble and soluble complexes with As (Mukhaopadhyay and Sany-
al 2004). Pikaray et al. (2005) reported that organic matter has a greater potential for
As sorption due to formation of organo-As complex. Thus, high OM containing soil
can reduce As availability to plants. Considering this effect, Rahaman et al. (2011)
conducted an experiment, and observed that organic amendments significantly re-
duce arsenic content in rice grains. This can be supported by Fu et al. (2011) who
found the negative correlation between As concentration in rice grain and soil OM.

On the contrary, organic matter can increase arsenic mobility in soil by forming
water-soluble complexes with As, leading to inhibit As sorption on mineral sur-
faces (Bauer and Blodau 2006). Dissolved organic matter contains negative charge,
which has high potential to compete with As for sorption sites in the soil, thus, it can
increase As mobility (Lin et al. 2008). Furthermore, dissolved organic matter can
promote As release by changing the redox chemistry of site surfaces and As species
(Wang and Mulligan 2006). Selim Reza et al. (2010) reported that As is released by
the reductive dissolution of Fe-Ox hydroxides linked to organic matter. Others stud-
ies also supported that As solubility in soil is positively related with organic matter
(Hunag et al. 2006; Harvey et al. 2002; Rowland et al. 2006). This may be the cause
for the positive relationship between rice and OM reported by Bhattacharya et al.
(2010a), and elevated grain As in paddy soil even at background soil (Williams
etal. 2011).
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Soil Texture

Soil texture is another important factor that can influence arsenic mobility (Fitz and
Wenzel 2002; Quazi et al. 2011). In general, clay or finer texture soils have much
more surface area than coarse or sandy soils. In addition, Fe oxides are mainly pres-
ent in the clay size soil fraction; therefore, clayey soils can have a higher As reten-
tion potential compared to sandy soils (Fitz and Wenzel 2002; Mahimairaja et al.
2005; Heikens et al. 2007), and soils with clayey texture are supposed to be less
toxic of arsenic to plants compared to sandy soils (Heikens et al. 2007). Sheppard
(1992) observed that phytotoxicity of As is five times more in sands and loams than
clay soils. Similar studies have reported that plant uptake of As is high in loamy
sand and low in silty clay loam (Woolson 1973; O’Neil 1995).

As Bound to Fe-Mn Oxides

Oxides of Fe and Mn are common in soils, and these phases are very efficient in
sorbing As due to their high sorption capacity (Dudas 1987). However, their sorp-
tion property is strongly dependent on the environmental conditions (Mukherjee
etal. 2009). Under aerobic conditions, the affinity of the oxyhydroxides is very high
for As. However, under flooding conditions, oxyhydroxides release As from soil by
the reductive dissolution of Fe oxydroxides, leading to more As available for plant
uptake (Fitz and Wenzel 2002; Takahashi et al. 2004). Fu et al. (2011) found the
positive relations between Fe—-Mn bound As and grain As. Moreover, amorphous
or poorly crystalline Fe oxides are much more readily dissolved than the crystal-
line Fe oxides under flooding conditions (Biswas et al. 2003). Ahmed et al. (2011)
observed the significant positive relations between As in Fe-amorous fraction and
rice. This indicates that As content in amorous/poorly crystalline Fe-oxides in soil
can be an important factor for rice As.

Phosphate

Phosphate (PO,) is an important parameter in agricultural field not only as an im-
portant nutrient, but also it controls As phytoavailability (Woolson et al. 1973; Per-
yea and Kammereck 1995; Bodgan and Schenk 2009). Generally, phosphate is a
chemical analog of AsV (Fitz and Wenzel 2002); thus, it competes with As(V) to oc-
cupy the same sorption sites in soils, leading to increase As solubility (Smith et al.
2002; Fitz and Wenzel 2002). Many studies reported that addition of PO, increases
As mobility in soil (Peryea and Kammereck 1995; Smith et al. 2002; Campos 2002;
Cao et al. 2003; Signes-Pastor et al. 2007), which can subsequently increase As up-
take by plants (Bogdan and Schenk 2009; Islam and Jahiruddin 2010). However, it
is conflicting at some point, since, PO, also competes with As(V) at the same trans-
port during uptake, and can reduce arsenate accumulation in plants (Fitz and Wenzel
2002). This is supported by several works (Abedin et al. 2002a; Tu and Ma 2003;
Lihong and Guilan 2009).
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Sulfur

Sulfate has a high sorption affinity for arsenic. Under reducing conditions, it forms
insoluble As-sulphide minerals, thus less As in the soil-rhizosphere (Signes-Pastor
et al. 2006). In addition, sulfur containing thiol (SH) compounds make chelation
of As in plant roots, that can inhibit As transfer to grains (Raab et al. 2005). Zhang
et al. (2011) highlights the important role of sulfur on arsenic accumulation in rice.
They reported that increase of sulfur content reduced the As content in rice. Hu et al.
(2007) in a pot experiment also found that the addition of sulfur to soil considerably
decreased the As content of rice shoots. This result hypothesized that application
of S fertilizers in paddy fields can obtain high yields, and additionally benefit of
restricting As uptake by plants. However, this needs to be studied under field condi-
tions.

Fe-Plaque

In flooded paddy fields, rice plants release oxygen to their root zones through aer-
enchyma, which leads to oxidized Fe(Il) concentrations, and form Fe-oxhydroxide
coating, termed as Fe-plaque, on the root surface (Fig. 2). This plaque is known to
control As uptake by rice plants (Chen et al. 2005; Zhao et al. 2010). Numerous
studies have reported that Fe-plaque scavenges significant amounts of As in root
zones and decreases As uptake by plants (Hossain et al. 2009; Sefferth et al. 2010;
Garnier et al. 2010). However, the formation of Fe-plaque is strongly influenced
by soil properties. Hu et al. (2005) observed that the formation of Fe-plaque is de-
creased on the rice roots after the application of phosphate. Liu et al. (2004) found
that phosphorous (P) sufficiency had little iron plaque on the rice roots while P-
deprivation in solution enhanced the formation of iron plaque on the roots. This may
be because the low P in plant tissue increases oxygen release from rice roots to the
rhizosphere (Kirk and Du 1997), which stimulates the formation of iron plaque. Ni-
trate concentrations also affect Fe-plaque formation in the rhizosphere (Chen et al.
2008), because it is an oxidizer, which reduces Fe(Il) concentration in soil solu-
tion leading to decrease Fe-plaque formation in the rhizosphere (Chen et al. 2008).
However, in spite of decreasing Fe-plaque, it reduces As uptake by rice (Chen et al.
2008). This is due to NO,™ stimulates Fe(II) oxidation and/or inhibits Fe(III) reduc-
tion, which sequesters mobile As on Fe(III) minerals in soil and subsequently make
unavailable for plants. On the other hand, the amendment of NH, enhances Fe(III)
reduction, which increases Fe(II) concentration in the rhizosphere, leading to more
Fe-plaque formation on the root surface (Chen et al. 2008).

Nevertheless, accumulation of As on Fe plaque can be a source for As for plants
(Voegelin et al. 2007) depending on the localized soil condition (Somennahally
etal. 2011). Further, Seyfterth et al. (2010) found that Fe-plaque does not coat many
of the young roots or the younger portion of mature roots, which are important for
solute uptake. Thus, Fe-plaque does not directly prevent As supply and uptake by
rice, but rather serves as a bulk scavenger of As at the root base.
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Fig. 2 Formation of Fe-plaque on rice roots in the soil-rhizosphere, and the arsenic uptake by
rice plants. Arrows with solid and broken lines indicate major and minor processes, respectively.
(Modified after Zhao et al. 2010)

5.2 Plants

The pathway of arsenic uptake, accumulation, and transformation can vary within
and among species (Heikens 2006), which are discussed below.

Rice Varieties

Arsenic uptake by plants is varied with respect to rice varieties (Table 3). Meharg
and Rehman (2003) found the significant variation of As accumulation among the
rice varieties; BR11 was the highest accumulator, collected from Bangladesh. In
a study from West Bengal, Bhattacharya et al. (2010b) reported that among the
rice varieties, IR 50, White Minikit, and Red Minikit were the higher accumula-
tors of As compared to Nayanmani, Jaya, Ratna, Ganga-kaveri, and Lal Sanna.
Ahmed et al. (2011) also recently reported the As variation among the rice varieties.
Though, there are a number of factors that can influence this variation, Zhang and
Duan (2008) stated that rice genotype is the one of the dominating ones. In this
regard, Norton et al. (2009a) conducted a field based experiment in Bangladesh by
selecting 76 cultivars, and noticed 4—5-fold variations in grain As among genotypes,
higher accumulation in landraces cultivars compared to BRRI. The same authors
conducted another study in a multiple environment (Norton et al. 2009b). They
cultivated 13 cultivars at 2 field sites each in Bangladesh, India, and China, and
found 4-5-fold variations in grain As concentration among 7 rice cultivars grown
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Table 3 Arsenic variations in rice grains (mg/kg) with respect to rice varieties
Bangladesh (Meharg et al. 2003)

Rice variety Grain As (mg/kg)
Khatobada 0.058
Pajam 0.082
Swarna 0.096
BRI11 0.203
BRI11 1.830
BRI11 1.740
BRI11 1.770
BRS 0.078
BRI11 0.185
Gocha 0.075
Kalla 0.117
Swarna 0.096
WB, India (Bhattacharya et al. 2010b)

IR 50 0.29
Ratna 0.20
Red minikit 0.24
White minikit 0.31
Ganga-kaveri 0.19
Jaya 0.14
Lal Sanna 0.20
Nayanmani 0.16
Barisal, Bangladesh (Ahmed et al. 2011)

BR3 0.078
BR4 0.068
BRS 0.091
BR10 0.095
BRI11 0.086
BR22 0.105
BR23 0.068
BR25 0.130
BR32 0.140
BR33 0.215
BR34 0.110
BR39 0.139
BR40 0.109
BR41 0.124

in 2 paddy fields in Bangladesh, and a significant correlation between 2 different
As contamination sites in Bangladesh and India among the common genotypes.
Chaturvedi (2006) and Ahmed et al. (2011) also reported that genotype is one of
the major causes for As variation in rice plants. This is may be because genotype
controls the physiological or morphological attributes of the root systems, which
influence the root aeration capacity to form iron plaque on roots (Wu et al. 2011;
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Dwivedi et al. 2011). Therefore, selection of suitable rice genotype based on root
aeration capacity is one of the important factors to control As uptake in rice.

Uptake Mechanisms

All As species can be taken up by rice roots; however, inorganic species are taken
up in a much higher rate than organic species (Abedin et al. 2002a). In inorganic As,
As(V) takes up in the plasma membrane via phosphate transport pathway (Meharg
2004). This mechanism involves cotransport of phosphate or arsenate and protons,
with with stoichiometry of at least 2 H" for each H,PO,” or H,AsO, (Ullrich-Ebirius
et al. 1989). Plants contain a number of phosphate transporters, most of are in roots
(Zhao et al. 2009). Due to the competition of both ions in the same transport, it has
been hypothesized that increasing phosphate supply can decrease As uptake (Zhao
et al. 2009). This is supported by several studies (Abedin et al. 2002a; Tu and Ma
2003; Lihong and Guilan 2009). However, phosphate is not an analog of As(IIl),
thus the presence of phosphate in anaerobic soils is probably less relevant in terms
of As behavior (Takahashi et al. 2004). In a pot experiment, Abedin et al. (2002b)
observed that no response of the effect phosphate application on As uptake in rice
under flooding condition. This may be due to the conversion of soil As(V) to As(III)
in reducing environment, and subsequent uptake of As(IIl) by plant, which leads to
lack of effect of phosphate. This is consistent with other studies (Wang et al. 2002;
Hu et al. 2005). However, there are conflicts in certain cases since some studies
showed that addition of phosphorus enhances the As accumulation in the grains of
rice in flooded condition (Jahiruddin et al. 2004; Hossain et al. 2009). In addition,
it is not known if arsenite can be oxidized to arsenate in the root rhizosphere, since
the rice root is known to develop oxidized conditions proximal to the root zones
(Armstrong 1967), and competing with phosphate for plant uptake. Therefore, it
cannot be excluded that phosphate does not influence arsenite behavior in the rhi-
zosphere where aerobic conditions can occur under flooded conditions. However, a
detail investigation is still required in this aspect.

As(III) is actively taken up by roots via aquaporin channels, which is used for
silica transport in the roots (Ma et al. 2008). Since both ions compete during uptake
at the same transport (Zhao et al. 2009), the high silica availability in the soil solu-
tion reduced the arsenite uptake by rice (Bogdan and Schenk 2008; Guo et al. 2007,
2009). This implies that Si amendment of paddy soils could possibly reduce As(III)
uptake in rice plants. Reason for the inhibiting effect of Si is probably because the
supply of Si reduces the expression of Si transporters, Lsil and Lsi2, which mediate
arsenite uptake as well (Ma et al. 2006, 2007, 2008). However, these mechanisms
need to be studied further. The ratio of the plant-available Si to arsenite in pore-
water may be useful to predict the arsenic acumination in rice.
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Translocation and Accumulation of As

Several studies (Table 4) reported that the translocation of As from the roots to the
above-ground parts is significantly limited. Bhattacharya et al. (2009) conducted
a micro level study from West Bengal, India, and noticed the As concentration de-
creasing in plant parts following the order: root>stem >leaves > grain, regardless of
the sampling locations (Table 4). Similar observations were made by Bhattacharya
et al. (2010b) and Biswas and Santra (2011) from the Gangetic West Bengal, India
(Table 4). Das et al. (2004) reported that in rice plant, 73 % of total As is deposited
in roots, while in stems and grain, it is reduced to 22 and 4 %, respectively. This de-
crease in As transfer may be influenced by the plant physiological processes (Abe-
din et al. 2002b; Williams et al. 2007a).

Among all species, organic As is more readily translocated, but, its uptake is very
lower compared to inorganic As (Carbonell et al. 1998). Therefore, inorganic As
dominates in rice grains (Zavala et al. 2008). According to Heikens (2006), about
50% of the total As in grains is inorganic, though it is varied from 10 to 90 %. Com-
pared to various countries, rice from India and Bangladesh contains highest percent-
age of inorganic As (Adomako et al. 2009), implying rice from these regions are at
a higher risk than other parts of world, as this is the main carcinogenic component
(NRC 2001). William et al. (2005) reported that the average percentage of inorganic
As is near about 80 % in Dhaka. With the information on As speciation in rice, the
potential risk of the rice to the human diet can be estimated.

Phytotoxicity

The As exposure to rice plants leads to phytotoxicity, often resulting in straighthead
disease, which is a physiological disorder of rice (Zhao et al. 2009; Van Geen et al.
2006). Yan et al. (2005) and Williams (2003) reported “straighthead” disease is
considered to be an indicator of As toxicity in the USA and Australia. Recently, this
disease has been noticed in rice from Faridpur, Bangladesh (Duxbury and Panaul-
lah 2007). The symptom of this disease includes shortened plant height, delayed
heading, reduction of panicle formation and panicle length, sterile florets, and re-
duced grain yields (Williams 2003; Rahman et al. 2008). However, this disease may
be influenced by soil type and cultivation practices. Frans et al. (1988) found that
straighthead disease is frequently noticed on sandy loam soils but rarely on clay
soils, and often in fields where undecayed vegetation had been ploughed into soils
just before planting rice. Williams (2003) reported that though straighthead disease
was observed over a wide range of Australian soils, the toxicity was worse in soils
with low nitrogen, and in those after pasture or where previous crop stubble had
been incorporated in soils.



36 P. K. Sahoo and A. Mukherjee

Table 4 Arsenic accumulation (mg/kg) in different parts of the rice plant
Bhattacharya et al. (2009)

Regions No. of samples Root Straw Husk Grain
Tatla-1 3 8.32 3.58 0.96 0.52
Tatla-2 3 10.48 1.9 0.94 0.59
Ghetugachi 4 7.74 1.88 0.74 0.41
Dubra 3 10.42 2.96 1.35 0.73
Dewli 4 9.02 1.17 0.67 0.25
Hingrara 4 8.93 3.05 0.56 0.47
Shilinda-1 4 12.22 1.94 0.71 0.58
Shilinda-2 3 7.19 2.62 0.79 0.3
Chanduria-1 4 10.09 1.47 0.89 0.72
Chanduria-2 3 18.63 1.41 1.34 0.6
Madanpur-1 3 10.89 1.17 0.99 0.66
Madanpur-2 3 16.83 3.09 1.28 0.69
Sarati 4 11.85 3.35 091 0.42
Saguna 4 9.5 1.79 0.74 0.34
Simurali 3 17.06 4.15 0.74 0.48
Routari 3 14.09 1.17 1.05 0.54
Kancharpara 3 9.33 2.13 0.78 0.65
Bhattacharya et al. (2010a) (Boro rice)

Chakdaha 18 10.45 1.41 0.67 0.23
Ranaghat-I 12 18.93 1.47 0.79 0.3
Shantipur 12 28.63 2.13 0.99 0.4
Krishnagar 12 11.85 1.79 0.74 0.24
Haringhata 9 14.09 1.34 1.05 0.54
Contai 5 0.44 0.08 0.07 0.05
Biswas and Santra (2011)

Chakdah 105 11.07 5.24 0.96 0.59
Haringhata 105 15.01 3.82 1.67 0.81
Ranaghat 105 17.61 4.24 0.71 0.49
Tehatta 105 13.01 5.98 1.13 0.4
Karimpur 105 11.92 3.57 1.79 0.52
Krisnanagar 105 9.79 2.52 0.97 0.1
Hanskhali 105 13.67 5.97 0.72 0.51
Control 105 2.39 1.9 0.02 0.03

6 Conclusions

Arsenic contaminated groundwater is not only posing a risk via drinking of water
but also a serious threat to sustainable agriculture. This chapter discussed the As
levels in rice in several countries, effect of As-rich groundwater on paddy soils and
rice grains, and the factors controlling As mobilization and uptake in the soil-rhizo-
sphere system, along with the toxic effects of As on rice plants.

Arsenic levels in rice significantly varied among countries; higher enrichment in
Asian rice, particularly in Bangladesh. Therefore, rice from this region could add
significant levels of As in the food stuffs. Arsenic contamination in rice is caused
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due to irrigation with As-rich groundwater, and subsequent contamination of soil.
However, arsenic risk assessment in rice based on the total As concentration in soil
and irrigation water can be misleading, since As accumulation in plants is controlled
by a number of factors within the soil-rhizosphere—plant system. Soil parameters
such as soil pH, Eh, texture and concentrations of P, Si, S and Fe and arsenic specia-
tions should be considered in the assessment of soil As for potential rice toxicity.
Environmental factors such as soil flooding is also one of the potential factors in-
fluencing arsenic accumulation in rice by increasing As mobility in the soil-rhizo-
sphere. Therefore, growing rice in aerobic conditions may be a feasible strategy to
mitigate this problem. In addition, rice genotype, which controls the root aeration, is
significant in affecting the accumulation of As. Therefore, selection of suitable rice
genotype is important to minimize As accumulation in rice.

Arsenic is taken up by roots, and then transferred to the edible portion of plant,
which leads to phytotoxicity, often resulting straighthead disease in rice plants.
However, the translocation of As from the roots to the above parts is significantly
limited. Among all species, organic As is more readily translocated, but, its uptake
is very low compared to inorganic As; thus, inorganic As predominates in grains.
Uptake of arsenite in rice occurs through the silicon transport pathway; therefore,
application of silica fertilizers in soil is suggested to decrease the transfer of arsenic
from soil to rice. Further, phosphate fertilization is also suggested to lower the arse-
nate uptake in plants, since both enter to rice through the same transporter. Howev-
er, there are arguments in certain cases, since in the flooding condition As is present
as arsenite which cannot compete phosphate, and further, phosphate increases As
mobility since it competes with arsenate for adsorption site on Fe-oxides/hydrox-
ides. In addition, accumulation of As in the presence Fe-plaque and other soil pa-
rameters is still confusing. More work needed, especially on a close monitoring of
soil, irrigation water, and rice in both lab and field based experiments to understand
the role of Fe-plaque, phosphorous, silica, and sulfur in influencing As mobility and
solubility in soil-rhizospehere and its uptake mechanisms by plants.
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