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ARTICLE INFO ABSTRACT

Handling Editor: Prof. L.H. Lash Arsenic contamination in rice poses a significant health risk to rice consumers across the globe. This review
examines the impact of water source and type on the speciation and methylation of arsenic in rice. The review
highlights that groundwater used for irrigation in arsenic-affected regions can lead to higher total arsenic content
Rice . in rice grains and lower proportions of methylated arsenic species. The methylation of As in rice is influenced by
:2:;};;’1:;32 microbial activity in groundwater, which can methylate arsenic that is taken up by rice plants. Reclaimed water
Arsenate reductase irrigation can also increase the risk of arsenic accumulation in rice crops, although the use of organic amend-
Arsenite oxidase ments and proper water management practices can reduce arsenic accumulation. Different water management
regimes, such as continuous flooding irrigation, alternate wetting and drying, aerobic rice cultivation, and
subsurface drip irrigation, can affect the speciation and methylation of As in rice. Continuous flooding irrigation
reduces methylation of As due to anaerobic conditions, while alternate wetting and drying and aerobic rice
cultivation promote methylation by creating aerobic conditions that stimulate the activity of arsenic-methylating
microorganisms. Subsurface drip irrigation reduces total arsenic content in rice grains and increases the pro-
portion of less toxic methylated arsenic species. The review also discusses the complex mechanisms of As-
methylation and transport in rice, emphasizing the importance of understanding these mechanisms to develop
strategies for reducing arsenic uptake in rice plants and mitigating health risks. The review addresses the impact
of water source and type on arsenic speciation and methylation in rice and highlights the need for proper water
management and treatment measures to ensure the safety of the food supply as well as aiding future research and
policies to reduce health risks from rice consumption. The critical information gaps that this review addresses
include the specific effects of different water management regimes on As-methylation, the role of microbial
communities in groundwater in As-methylation, and the potential risks associated with the use of reclaimed
water for irrigation.

Keywords:

1. Introduction

Arsenic (As) is a group 1 non-threshold carcinogen that poses a sig-
nificant health risk to humans when consumed through contaminated
food, such as rice, being a staple food for a large portion of the world’s
population(IARC) [1-4]. Long-term exposure to As can induce oxidative
DNA damages, dermatological lesions, keratosis and various forms of
internal cancers including lungs, bladder and liver cancers [5-7].

Arsenic can exist in different oxidation states, but the predominant
forms found in the environment are inorganic arsenite (AsIIl) and
inorganic arsenate (AsV). In recent years, there has been a growing in-
terest in understanding the mechanisms of methylation of As in rice
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[8-12]. As-methylation involves the addition of a methyl group (-CHs)
to an inorganic arsenic (iAs)-containing molecule, converting it into less
toxic organic forms (the organic arsenic (0As)) such as mono-
methylarsonous acid (MMA(III)), dimethylarsinous acid (DMAC(IID)),
monomethylarsonic acid (MMA(V)) and dimethylarsinic acid (DMA(V))
[8,9,13-15]. Given that rice is a staple food for over 60% of the global
population [16-18], comprehending the processes that govern the
methylation of iAs in rice is crucial for minimizing the health risks
associated with rice consumption among consumers across the globe.
Numerous studies have highlighted As contamination in rice as a
global issue, with varying levels of iAs detected in rice samples world-
wide [2,8,9,13,14,19-22]. However, the extent of contamination
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depends on soil conditions and cultivation practices [8,10]. This review
aims to consolidate the existing knowledge on As-methylation in rice, to
provide a comprehensive overview of the factors influencing
As-methylation, to understand the molecular mechanisms underlying As
speciation and methylation in rice and to provide the implications of
As-methylation in rice to human health. Therefore, this review addresses
the critical information gaps that include the specific effects of different
water management regimes on As-methylation, the role of microbial
communities in groundwater in As-methylation, and the potential risks
associated with the use of reclaimed water for irrigation.

To collect the required information, a literature search was carried
out on Web of Science, PubMed, and Google Scholar to locate articles
pertaining to these topics. The objective of this review is to amalgamate
information from diverse fields of study, thereby bridging the gap be-
tween different disciplines and offering a comprehensive comprehen-
sion of the mechanisms involved As-methylation in rice. Ultimately, this
review can contribute to the development of strategies aimed at mini-
mizing the health risks associated with rice consumption.

Despite previous studies on As contamination in rice, several
research gaps on role of water management practices, source, and type
of irrigation water on speciation and methylation of iAs in rice plants
still remain. Currently, there is a lack of comprehensive understanding
regarding the comparative influence of groundwater irrigation and
reclaimed irrigation water on accumulation and methylation of As in
rice [8]. Bridging this knowledge gap is crucial for developing effective
strategies to mitigate As contamination.

The role of water management regimes, such as continuous flooding
(CF) versus alternate wetting and drying (AWD) in speciation and
methylation of As in rice [23] requires further exploration. The current
reviews lack a clear understanding of how different water management
regimes affect uptake and translocation of methylated As in rice plants.
Furthermore, the mechanisms underlying the transfer of As from soil to
rice plants remain poorly understood. Investigating the influence of soil
properties, such as pH and organic matter content, on As uptake and
accumulation in rice is necessary to fill this research gap.

Limited knowledge exists regarding the speciation and methylation
of As in rice plants. Understanding and consolidating the factors that
influence the conversion of iAs into less toxic forms, such as 0As species,
is crucial for reducing potential health implications. Therefore, this
study will contribute to a better understanding of As contamination in
rice and facilitate the development of effective strategies for its
mitigation.

2. Uptake and transport of As in rice plants
2.1. Uptake of As from soil by rice plants

The uptake of As in rice plants is a complex process that involves
different mechanisms depending on the specific As species. In soil, the
two main forms of As present are arsenate (AsV) and arsenite (AsIII) [24,
25]. Arsenate has similar structure to phosphate, leading to its uptake by
the plant through the same transporters involved in phosphate uptake,
such as phosphate transporters and high-affinity phosphate transporters
[19,26,27]. This phenomenon, known as phosphate mimicry, serves as a
primary pathway for AsV uptake in rice plants. On the other hand, AsIII
is a neutral compound and is taken up by rice plants through aquaporins,
which are specialized water channels that allow the passage of small
molecules like As.

2.2. Transport of As in a rice plant

Arsenic can be transported to different parts of the rice plant through
the xylem and phloem tissues [28-30] and its accumulation depends on
several factors. These factors include the rice genotype, soil type, con-
centration of As in the soil (level of contamination) and the age and
physiological state of the rice plant [26,31-34]. The mean As
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concentration in different parts of rice plants is reported to decrease in
the following sequence: roots > leaves > stems > ears > grains [32-34].
For example, Geng et al. [32] found that roots had the highest concen-
tration of As ranging from 7.330 to 16.4840 mg kg !, followed by shoots
with concentrations ranging from 1.83 to 32.22 mg kg™, leaves with
concentrations ranging from 0.77 to 13.06 mg kg~ !, and grains with
concentrations ranging from 0.350 to 6.120 mg kg™!. Similarly, Roko-
nuzzaman et al. [34] reported a similar trends with concentrations as
follows: roots (8.260-86.740 mg kg’l), shoots (0.760-17.150 mg kg’l)
and leaves 0.250-7.770 mg kg 1).

2.3. Distribution of As in rice grains

Several studies have indicated that the distribution of As in rice
grains is not uniform and can vary depending on factors such as rice
variety (rice genotype), soil type and environmental conditions [35].
Despite their relatively small weight within the grain, the outermost
layers of rice grain (bran and aleurone) have been found to contain the
highest concentrations of As [32]. The bran layer, in particular, can
contain up to 20 times more As compared to the endosperm, which is the
starchy part of the grain commonly consumed [36,37]. For instance,
Pedron et al. [37] observed a 10-20 times higher concentration of As in
rice bran compared to the endosperm, while Yao et al. [36] reported a
7.1 times higher As concentration in rice bran compared to polished rice.
In terms of variation among rice varieties, a study conducted in
Bangladesh found that BR16 accumulated higher levels of As (0.520 mg
kg™!) compared to BRRIdhan29 (0.050 mg kg™!) [35]. Additionally,
studies have also highlighted that As speciation in rice grains is influ-
enced by factors such as phytotoxicity and cultivars [38,39]. Under-
standing these factors is crucial for the development effective strategies
to mitigate the health risks associated with As exposure from rice
consumption.

2.4. Factors that affect uptake and transport of As

The uptake and transportation of As in rice plants are influenced by
various factors, including, the chemical form of As, the presence and
availability of nutrient, soil pH, and environmental stressors like
drought and flooding [27,35,40-42].

2.4.1. The chemical form of As

The uptake and transportation of As in rice plants are influenced by
the various chemical forms of As present in the soil [40,43-46]. Spe-
cifically, arsenate is the predominant form of As in aerobic soil condi-
tions [47,48]. It shares similarities with phosphate and is adsorbed by
plants through phosphate transporters. Arsenate carries a negative
charge at neutral pH, allowing it to be mobile and easily transported in
the soil solution. On the other hand, arsenite is the reduced form of As
and tends to be dominate in anaerobic or reducing soil conditions. Un-
like arsenate, it does not readily adsorb onto soil particles and can freely
diffuse across cell membranes. Arsenite uptake in plants occurs through
non-specific channels and aquaporins. Organic As compounds, such as
MMA and DMA, originate from biological processes involving microbial
transformations of iAs. These compounds can be found in soil and water
and are also taken up by plants. Organic As (0As) is less toxic than
inorganic forms and generally exhibits lower bioavailability. The pri-
mary uptake of As in rice plants occurs through the roots. The transport
mechanisms involved vary depending on the specific forms of As.
Arsenate is taken up by rice plants through phosphate transporters due
to its structural similarity to phosphate. Several studies have identified
specific transporters responsible for arsenate uptake in rice, including
the phosphate transporters OsPT1, OsPT2, OsPT8, and OsPT11 [14,26,
49]. Arsenite, on the other hand, enters rice roots via non-specific
channels and aquaporins. Studies have shown that members of the
NIP (NOD26-like intrinsic protein) subfamily of aquaporins, such as Lsil
(also known as NIP2;1), play a crucial role in facilitating arsenite uptake
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in rice roots [11,40].

After being taken up by the roots, As undergoes transport and
translocation to various plant tissues, including the shoots and grains.
Chowdhury et al. [50] reported that arsenic accumulation and trans-
location factors in rice are consistent whether it is grown in pots or in the
field. Arsenic initially accumulates in and is primarily translocated into
the roots, then progresses to the stem before eventually reaching the
leaves and grains, [50]. Chowdhury et al. [50] further reported that a
similar pattern of arsenic concentration was observed in Taiwanese rice
plants that followed the order: root > straw > grain, irrespective of soil’s
arsenic concentration.

The specific transport mechanisms involved vary depending on the
chemical forms of As. For instance, As is transported from the roots to
the shoots through the xylem, the water-conducting tissues of plants.
This translocation occurs via the same transporters responsible for
arsenate uptake in the roots. Several researches have demonstrated that
OsLsi2 (also known as Lsi2 or NIP3;1) - a member of the NIP subfamily of
aquaporins — are involved in the translocation of arsenate from the roots
to the shoots in rice plants [11,26,45]. On the other hand, arsenite can
either move upwards or downwards or both within rice plants or get
translocated either through the xylem or phloem or both. The trans-
location of arsenite from the root to the xylem involves various trans-
porters, including OsABCC1 and OsABCC2 [26,29,51]. Additionally,
arsenite can be sequestered and stored in the vacuoles of different rice
plant tissues in roots, which limits its translocation to the shoots [42,52].
Top of Form For instance, Williams et al. [42] reported a higher transfer
factor (TF) of 0.05-3.8 (mean: 0.76) from soil to shoots of rice and a
lower TF from soil to grain of 0.01-0.12 (mean: 0.04) demonstrating
that larger proportion of As is sequestered and stored in the vacuoles
located in the roots.

2.4.2. Nutrient presence and availability

The availability of nutrients in rice paddies significantly impact on
the uptake of As by rice plants. For instance, available phosphorus (P) in
paddy soils can compete with As uptake and translocation considering
that P that is a chemical analogue of As and both are up-taken through
the same transporters [35]. This competition ultimately limit As uptake
and reduce translocation of As in rice grains. Furthermore, Meharg &
Rahman [22] and Mlangeni et al. [16] reported that iron, an essential
nutrient for rice plants, can reduce the uptake of As by forming com-
plexes with the As and thereby reducing As bioavailability. Wang et al.,
[23,53] also reported that nitrogen soil amendment can increase As
uptake of As in rice plants because excessive soil amendment with ni-
trogen fertilizers increases the soil pH, making As more accessible for
uptake to rice plants [54]. Similarly, application of phosphorus fertil-
izers enhances As availability in the soil and increases As uptake by rice
plants, leading to higher levels of As accumulation in the rice grain [54].
The authors suggested that this effect is due to the competition between
As and phosphorus for uptake by the plant roots, as well as the increase
in the number of As uptake pathways in response to phosphorus
fertilization.

The presence of silicon, another vital nutrient for rice plants, can
reduce the uptake and transport of As by rice plants [26,55,56]. This is
achieved by influencing the chemical forms of As in the soil, resulting in
less uptake and accumulation of toxic forms of As in rice plants [26,49,
57]. Ma et al. [49] reported that silicon enhances the structural integrity
of rice plant cell walls, preventing the entry of As into the plant tissues. A
study conducted in Bangladesh demonstrated that the application of Si
to As-contaminated soil reduced As uptake in rice plants by up to 56%
[56,58,59]. Similarly, a study in China found that the addition of Si to
the soil decreased As accumulation in the roots and shoots of rice plants
by up to 42% and 36%, respectively [60]. These findings suggest that
soil amendment with Si can be an effective strategy for mitigating As
contamination in rice crops.
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2.4.3. Soil pH

Soil pH also plays a crucial role in either mobilizing or immobilizing
As in porewater. Rahman et al. [35] found that As mobility increased in
acidic soils and decreased in alkaline soils due to changes in As specia-
tion and solubility. Similarly, Williams et al. [42] reported that As
mobility and bioavailability in soil decreased as soil pH increased. This
is because the speciation of As is highly dependent on pH, with As being
predominantly present in its more mobile and bioavailable forms at low
pH, while at high pH, As is more likely to be adsorbed onto soil particles
and immobilised [35,42].

2.4.4. Environmental stressors

Environmental stressors, such as drought and flooding, can either
increase or decrease the uptake and transport of As depending on the
specific stressor [42,60,61]. Drought stress has the potential to enhance
As uptake and accumulation in rice plants by upregulating and pro-
moting the expression of genes involved in As uptake and transport [62].
Conversely, flooding can reduce As uptake and transport in rice plants
due to the anaerobic conditions that alter the soil’s redox potential,
leading to the formation of less mobile As species [27,35,40-42,63-66].
To effectively mitigate As contamination in rice crops, it is crucial for
agricultural scientists to comprehensively understand the aforemen-
tioned factors. This understanding will aid in the development of
effective mitigatory strategies aimed at reducing As contamination in
rice crops.

2.5. Arsenic speciation and methylation in rice

In rice grains, methylated arsenic species account for 10-90% of the
total arsenic, mainly present as DMA, partly as MMA and TMAO [67,68]
which vary with regions, rice genotype and irrigation type. The process
of As-methylation is a biotransformation and detoxification process that
converts iAs into various methylated forms through enzymatic reactions
in living organisms [69,70]. This methylation process is crucial as it
converts highly toxic iAs species into less or non-toxic species as well as
more easily excreted forms such as MMA and DMA [69-71].
As-methylation in rice plants is an important area of research due to the
potential health risks associated with consuming rice that has accumu-
lated methylated forms of arsenic. The As-methylation in rice is influ-
enced by various factors, including soil conditions, water source and
management, cultivation practices, rice genotypes, microbial in-
teractions, and physicochemical parameters such as soil pH, redox po-
tential, and the presence of iron, sulphur, and phosphate in rice paddies
and soil-porewater [69-71]. Understanding the factors that influence
As-methylation in rice plants can help develop strategies to mitigate
arsenic contamination and reduce human exposure [69,71]. Therefore,
in this section, we will discuss factors that influence As-methylation in
rice plants, including interactions among these factors and their subse-
quent impact on As dynamics to develop effective strategies for miti-
gating As contamination in rice.

2.6. Impact of water source and type on As-methylation in rice

2.6.1. Impact of groundwater irrigation on methylation

in certain regions of the world, groundwater (Fig. 1) used for irri-
gation contains elevated levels of naturally occurring As [31,67],. This
As can be taken up by rice plants through their roots, leading to accu-
mulation and methylation in rice grains [72,73]. For example, Chowd-
hury et al. [74,75] observed that rice cultivated in Bangladesh, where
the irrigation water had a high levels of As exhibited significantly higher
total As content in the grain compared to rice cultivated non-As
contaminated areas. Similarly, several studies have reported that rice
samples from As-affected areas of West Bengal, India, had higher total As
concentrations but lower proportions of methylated As species
compared to rice samples from non-affected areas [76,77].

The methylation of As in rice is influenced by microbial activity
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Parameters
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® Reduction of As

Water ¢ Oxidation of As
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e Continuous flooding
e Alternate wetting and
drying
® Aerobic rice cultivation

® Subsurface drip irrigation
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Anoxic conditions

Oxic conditions
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i
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Methylation
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Water source and type
® Groundwater irrigation

® Reclaimed water

Microbial
communities

Fig. 1. Factors affecting arsenic (As) methylation indicating main factors and
parameters affected.

(Fig. 1) in groundwater [69-71,75,78,79]. The presence of microbial
communities in groundwater leads to methylation of As, which can then
be sequestered by rice plants [69-71,78,80]. The uptake of As by rice
plants is impacted by the concentration and speciation of As in the soil
and porewater. Implementing appropriate measures such as ground-
water monitoring and treatment, improved irrigation techniques, and
the utilization of As-resistant rice varieties can help mitigate the risk of
As accumulation in rice crops. For instance, studies have shown that
high levels of sulphate in groundwater promote As-methylation while
high levels of bicarbonate inhibit this process [81]. Additionally, redox
conditions in the soil and water can also influence the production of
methylated As species [65,67].

2.6.2. Reclaimed water irrigation

Reclaimed water refers to wastewater that has undergone treatment
to remove impurities and is reused for non-potable purposes, such as
irrigation. However, numerous studies have indicated that use of
reclaimed water for irrigation can increase the risk of As accumulation in
rice crops [82,83]. For instance, a study investigating the impact of
reclaimed water irrigation on As accumulation in rice and the effec-
tiveness of water management and organic amendments in reducing As
accumulation discovered that using reclaimed water resulted in higher
As concentrations in rice grains compared to the use of fresh water for
irrigation [84,85]. Nevertheless, the study also found that a combination
of reclaimed water usage and organic amendments reduced As accu-
mulation in rice grains by 18.2-52.7% [84,85]. The authors recom-
mended that the use of reclaimed water for irrigation should be coupled
with appropriate water management practices and organic amendments
to minimize As contamination in rice. For instance, research conducted
in California’s San Joaquin Valley revealed that rice crops irrigated with
reclaimed water had higher concentrations of As in their grains
compared to rice crops irrigated with fresh water [84,86]. Similarly, a
study conducted in China demonstrated that rice crops irrigated with
reclaimed water exhibited higher total As content in their grains
compared to crops irrigated with fresh water [33]. While some studies
have suggested that the presence of organic matter in reclaimed water
can promote the methylation of As in rice, potentially reducing its
toxicity, the potential risks associated with the use of reclaimed water
for irrigation cannot be overlooked [14,87]. It is crucial to ensure proper
treatment and testing of wastewater before using it for agricultural
irrigation, and appropriate measures must be taken to ensure the safety
of the food supply.
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2.7. Impact of water management regimes on methylation of As in rice

2.7.1. Continuous flooding irrigation (CF)

Paddy rice is traditionally cultivated under continuous flooding
irrigation (CF). Under CF, the rice fields are continuously flooded
throughout the growing season [88,89]. Several studies have reported
that CF irrigation regime enhances bioaccumulation and decrease
methylation of As in rice [90,91]. CF decrease methylation of As in soil
porewater by creating anaerobic conditions that in turn limit the ac-
tivities of microorganisms responsible for methylation reactions [90,
92-94]. Methylation of As is an energy-demanding process that requires
reducing power, which is supplied by organic matter in the soil [9,51,69,
95,96]. In a flooded soil, the organic matter is rapidly depleted, and the
redox potential becomes very low, which limits the activity of
As-methylating microorganisms [8,97,98]. In addition, the flooded soil
can lead to the accumulation of toxic metabolites such as sulphides,
which can inhibit the activity of microorganisms [78,96,99,100].

2.8. Alternate wetting and drying (AWD)

Alternate wetting and drying (AWD), which is also referred to as
wetting and drying irrigation (WDI) - with slight differences - by other
scholars, involves periodically draining the fields to allow the soil to dry
out before reflooding [16,88,89,102]. Several studies have reported
impacts of AWD on methylation of As in rice plants [16,26,34,68,88,89,
99]. For instance, a study conducted in Bangladesh reported that rice
cultivated under AWD irrigation had lower iAs and higher oAs con-
centrations compared to that cultivated under CF [34]. In Mlangeni et al.
also reported lower iAs and higher oAs concentrations in rice cultivated
under AWD compared to that cultivated under CF in greenhouse ex-
periments in Aberdeen, Scotland [16]. The study reported a 27% lower
tAs concentration in rice under AWD (1686 mg kg~ ') compared to that
under CF (2309 mg kg-1) [16] (Table 1; Table 2). Another study con-
ducted in China investigated the impact of AWD on the accumulation
and methylation of As in rice plants [9,97,103]. The researchers found
that AWD significantly reduced the tAs content in the rice grain
compared to continuous flooding [9,97,103]. They also found that AWD
increased the proportion of dimethylarsinic acid (DMA), which is a less
toxic form of As, in the rice grain, suggesting that AWD can enhance the
methylation of As in rice plants. A third study conducted in Vietnam
compared the impact of CF and AWD on the accumulation and
methylation of As in rice plants [97,103]. The researchers found that
AWD significantly reduced the total As content in the rice grain
compared to CF. They also found that AWD increased the proportion of
DMA in the rice grain, suggesting that AWD can enhance the methyl-
ation of As in rice plants [9103]. Other studies have also shown that rice
grown under AWD has higher levels of DMA and lower levels of MMA
compared to rice grown under CF, suggesting that AWD promotes the

Table 1
Methylated As (mg kg-!) in rice grains reported by water management regime.
Analytes CF AWD ARC or LW References
Total arsenic (iAs) 0.403 0.310 0.250 [16]
0.678 0.480 0.450 [101]
1.120 0.633 [13]
Inorganiic arsenic (iAs) 0.803 0.502 [13]
0.185 0.150 135 [16]
Arsenites (AsIII) 0.189 0.49 0.145 [101]
Arsenenates (AsV) 0.420 0.250 0.230 [101]
DMA 0.149 0.010 [13]
0.145 0.085 0.035 [16]
MMA 0.01 0.003 [13]

Note: CF, continuous flooding (also called flooding irrigation (FI)) water man-
agement regime; AWD, alternate wetting and drying (also called intermittent
wetting and drying) water management regime, ARC, Aerobic rice cultivation
(also called low water irrigation).
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Table 2

Impact and mechanism of water management regime on As-methylation indi-
cating effect of the regime and mechanism of iAs conversion to methylated As
and references (Ref.).

Water Effect Mechanism Ref.

regime

CF CF creates anaerobic
(anoxic) conditions that
cause arsenic-reducing

bacteria to thrive

Thriving As-reducing bacteria [16]
use AsV as electron acceptor
during their metabolic
processes which convert AsV to
AsIII as follows:

AsV + 3e- + 3 H+ — AsllI

+ H20

Methylation of AsIII to MMA as
follows:

AsIIl + SAM) - MMA + SAH
Methylation of MMA to DMA as
follows:

MMA + SAM — DMA + SAH
Alternate oxic and anoxic
conditions fosters growth of
different microbial populations
Under oxic conditions, certain
bacteria oxidize AsIII to AsV.
Under anoxic conditions, other
bacteria reduce AsV back to
AsIIIL

Different microbial populations
methylate AsV to MMA and
DMA.

Elevated oxygen levels fosters
growth of different microbial
populations

Different microbial populations
transform iAs into oAs species
Variable oxygen availability
influence the activity of
different microbial

AWD AWD creates alternate oxic

and anoxic conditions

[13]

ARC ARC increases oxygen level

in root zones

[101]

SDI SDI induces variable [101]

oxygen availability

communities.
Microorganisms variably
impact As transformations.

Note: CF, continuous flooding irrigation; AWD, alternate wetting and drying;
ARC, Aerobic rice cultivation; SDI, Subsurface drip irrigation.

methylation of iAs to DMA and inhibits the methylation of MMA. The
mechanism is that aerobic conditions during the dry period of AWD
promote the activity of As-methylating microorganisms in the soil,
which preferentially methylate iAs to DMA over MMA. Weber et al. [13]
reported lower MMA (0.003 + 0.004 mg kg’l) (Table 1) in rice bran
cultivated under AWD compared to that cultivated under CF (0.01
+ 0.006 mg kg—1). However contrary results have also been reported.
For instance, Weber et al. [13] also reported a much lower mean DMA
(0.031 + 0.010 mg kg™!) in rice bran under AWD compared to that
under CF (0.149 + 0.0622 mg kg_l) (Table 1). In contrast, under CF, the
anaerobic conditions in the soil promote the methylation of iAs to MMA.

The finding showed that the methylation of iAs to oAs was either
stimulated by AWD or inhibited by CF and that the total As content in
rice grain was higher in plants grown under CF compared to AWD which
indicated that AWD inhibited uptake of As. Thus, AWD effectively
reduced As accumulation and enhanced methylation of As in rice plants
compared to continuous flooding.

2.8.1. Aerobic rice cultivation (ARC)

Aerobic rice cultivation (ARC) involves growing rice in non-flooded
soil under aerobic conditions. The impact of ARC on the methylation of
As in rice plants has been studied by several researchers. For instance,
Chou et al. [101] reported lower tAs and AslII loading in rice cultivated
under ARC compared to that under CF (Table 2). The authors associated
the AsIII reduction in ARC to higher redox potential created by aerobic
conditions created by non-flooded soil stimulate the growth of micro-
organisms that promote As-methylation reactions [51,99,101] which
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promotes the methylation of As in soil and water systems [101]. During
aerobic conditions, organic matter are oxidized by aerobic microor-
ganism that release carbon dioxide and nitrogen and phosphorus nu-
trients used by other microorganisms to carry out methylation reactions
[41,89,101,104]. A study conducted in China reported that rice grown
under ARC had lower levels of iAs and higher levels of 0As compared to
rice grown under CF cultivation [105] which also implied that aerobic
conditions promotes the methylation of iAs to 0As [105,106]. Another
study conducted in China found that ARC significantly reduced and
increased he total As content and percentage of dimethylarsinic acid
(DMA), less toxic form of As, in the rice grain compared to CF suggesting
that ARC enhances the methylation of As in rice plants. Further studies
in conducted in Bangladesh also found that the total As content and
proportion of methylated As in the rice grain was higher (>10 folds) and
lower (>7 folds), respectively, in plants cultivated under CF compared
to ARC [105,106]. The finding indicated that the total As bio-
accumulation and the methylation of As are stimulated and inhibited,
respectively by CF conditions [11] confirming that aerobic treatment
can effectively reduce the grain bioaccumulation highly toxic As species.
These studies have shown that rice grown under ARC has higher levels of
DMA and lower levels of MMA compared to rice grown under CF, sug-
gesting that aerobic conditions promote the methylation of iAs to DMA
and inhibit the methylation of MMA [41,89,106]. The mechanism
behind this is that the aerobic conditions in ARC promote the growth of
As-methylating microorganisms in the soil, which preferentially meth-
ylate iAs to DMA over MMA [41,89,106]. In contrast, under CF, the
anaerobic conditions in the soil promote the methylation of iAs to MMA
[106].

2.8.2. Subsurface drip irrigation (SDI)

A study conducted in California, USA found that rice grown under
Subsurface drip irrigation (SDI) had lower levels of iAs and higher levels
of 0As compared to rice grown under AWD. This suggests that SDI may
promote the methylation of iAs to 0oAs [34,84,90,93]. SDI is a water
management practice that involves the use of drip irrigation lines placed
underground, which can improve water use efficiency and reduce water
losses due to evaporation and runoff [34,90]. Studies have shown that
SDI can affect the methylation of As in rice plants through various
mechanisms [84,107] (Table 2). Firstly, SDI reduces the amount of
water used for irrigation, which can decrease the amount of As available
for uptake by the rice plant (Table 2). Besides, reducing available As in
the soil porewater SDI improve soil aeration of which both promote the
activity of microorganisms that convert iAs to organic methylated As
species [108,109]. Many studies have reported that SDI can reduce the
total As (tAs) content in the rice grain compared to continuous flooding.
For example, a study conducted in China found that SDI reduced the tAs
content in the rice grain by 39% compared to continuous flooding
(Table 2). Another study conducted in California, USA, showed that SDI
reduced the total As content in the rice grain by 24% compared to flood
irrigation. Moreover, these studies have also found that SDI increased
the proportion of less toxic methylated As species, particularly dime-
thylarsinic acid (DMA), in the rice grain (Table 2). A study conducted in
California found that SDI increased the proportion of DMA in the rice
grain by 68% compared to flood irrigation. Thus, SDI can significantly
reduce the total As content in the rice grain and increase the proportion
of less toxic methylated As species. The reduction in water used for
irrigation and the resulting changes in soil and microbial conditions
promote the methylation of As in rice plants.

2.9. Mechanisms of As-methylation

It is reported that the mechanisms of As-methylation in rice are
complex that involves several steps and enzymes [99,107]. The
methylation of As primarily occurs in roots of plants [8,97,99] and is
influenced by a complex interplay of biotic factors involving microbial
activity, plant-microbe interactions, and root exudates, [62,110] as well
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as abiotic factors including soil pH, redox potential, soil organic matter,
and the presence of elements like iron and sulphur [19,110]. Therefore,
understanding these factors is key to managing arsenic contamination in
rice cultivation.

The microbes such as bacteria and fungi present in the rhizosphere
(the soil zone directly influenced by root secretions) play a significant
role in As-methylation [62,110-112]. Certain bacteria and fungi can
transform iAs such as AsIII into methylated arsenic compounds through
metabolic processes. However, dominant methylating microbes of As
may vary across distinct soil types or respond to shifts in soil conditions,
such as alterations in redox potential [111]. Additionally, it is plausible
that diverse rice genotypes could exert varying effects on the rhizo-
sphere, potentially impacting the As-methylating microbes therein that
facilitate conversion of iAs into less toxic methylated forms, and sub-
sequently, influencing the As-methylation and accumulation of DMA in
rice [111,112].

Soil pH significantly influences the speciation and methylation of As.
In specific pH ranges, like slightly acidic to neutral soils, there’s a
preference for converting iAs into more harmful forms [112] which can
increase the risk of plant uptake of these harmful forms. Conversely, in
alkaline soils, As tends to remain in less toxic states. Additionally, since
aquaporin channels permit only uncharged molecules, pH can impact
the uptake of monomethylarsonic acid (MMA) and dimethylarsinic acid
(DMA) by altering the balance between protonation and dissociation,
thereby affecting substrate availability for membrane transporters. Li
et al. [38] demonstrated that raising pH from 4.5 to 6.5 significantly
reduced rice’s uptake of MMA, and a similar increase from 5.5 to 6.5
substantially decreased DMA uptake as well. These findings suggest that
managing soil pH in agricultural settings could be an important strategy
for mitigating arsenic uptake by crops. Adjusting pH to slightly acidic to
neutral conditions might reduce the uptake of more toxic forms of
arsenic, while maintaining alkaline conditions could help minimize the
risk of arsenic accumulation in crops.

The redox potential of the soil, which indicates the soil’s oxidation-
reduction status, affects As speciation [51,99]. Reduction conditions
(low redox potential) can promote the transformation of AsV into the
more toxic AslII (This transformation is concerning because AsIII is
generally considered more harmful to living organisms, including plants
and humans, than AsV), while oxidation conditions (high redox poten-
tial) favour the stability of AsV [99,101]. This means that in oxidized
soils, AsV is less likely to be converted into the more toxic AsIIIL

The presence of organic matter in soil can impact As-methylation by
binding with As, thereby affecting its availability to microbes as well as
rice plants, potentially influencing the As-methylation process [34,23,
113,114] considering that organic matter has a greater affinity for
arsenic sorption due to the formation of an organo-arsenic complex
[114]. Norton et al. [113] highlighted organic matter’s role in mobi-
lizing As from paddy fields, as organic matter-consuming microbes
reduce oxygen levels, thereby lowering redox potential and facilitating
As dissolution from iron oxyhydroxides. Similarly, Syu et al. [115]
stressed the importance of considering soil organic matter properties
before using organic amendments in As-contaminated soils as they may
produce varying effects on As accumulation in rice [115].

The availability of iron (Fe) and sulphur (S) in the paddy soil can
impact As-methylation [16,58,91,116-118]. Iron is known to interact
with As and plays an important role in decreasing the absorption of As in
rice [114] as well as its speciation [16,58,116]. Sulfur also plays a
crucial role in reducing accumulation and translocation of As in rice
plants by participating in biotic processes that lead to As-methylation
[91,116,117,119]. It is reported that application of sulphur induces
the formation of Fe plaques on the surfaces of rice roots which reduces
the As concentration in soil [119,120]. It is also reported that sulphur
compounds such as sulphates (SO4) may enhance the desorption of AsV
from Fe- plaques [119] which increases AsV availability in the soil so-
lution which also can potentially lead to increased arsenic uptake by rice
plants through their roots as well as higher substrate pool for
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methylation processes [119,120]. This could potentially lead to
increased methylation of arsenic within the rice plants, resulting in
higher concentrations of organic arsenic species (MMA and DMA) in the
plant tissues.

Furthermore, it is also reported that SO4 can inhibit AsV transport
into cells in the same way phosphate competes with AsV for transport
and metabolism [45,119-121] which may also reduce the availability of
AsV within the plant. This could lead to a lower concentration of AsV
available for conversion into more toxic forms, such as arsenite (AsIII),
within the plant tissues. Consequently, the speciation of arsenic within
the plant may be shifted towards less toxic forms. In addition, the in-
hibition of AsV transport into plant cells by SO4 may reduce the avail-
ability of AsV for methylation processes within the plant. With inhibited
AsV transport, there may be a lower substrate pool for methylation re-
actions. This could result in reduced production of organic arsenic
species (MMA and DMA) within the plant.

The general mechanism of As methylation in rice can be summarized
in six steps namely: 1) uptake of As, 2) transport of inorganic As, 3)
conversion of arsenite to arsenate, 4) methylation of As, 5) transport of
methylation of As, and 6) sequestration of As [11,30,96,122]. Under-
standing the mechanisms of As methylation is key to developing stra-
tegies to reduce As uptake in rice plants, enhance accumulation of
methylated As in rice grains compared to highly toxic inorganic As and
mitigate the health risks associated with consumption of rice contami-
nated with As. In this section, we will explore mechanisms of As
methylation in rice plants and provide examples and illustrations where
applicable.

2.10. Uptake and transport of As by rice plants

2.10.1. Arsenic uptake

The extent of arsenic uptake by the rice plant system is contingent
upon the predominant form of arsenic existing within the surrounding
environment [123]. However, this assimilation undergoes modulation
in response to variations in the redox potential capacity of the said
environment [123]. AsV and AsIII can undergo interconversion contin-
gent upon alterations in redox states, consequently instigating the gen-
eration of reactive oxygen species (ROS) [27,123,124]. Considering that
AsIII predominates in waterlogged anaerobic conditions, facilitating its
dissolution into the solution and subsequent interaction with proximate
soil-water constituents which leads to rice plants uptake As in water
logged anoxic conditions mainly as AsIII through the aquaporins in the
roots, while AsV, MMA and DMA are less available for uptake compared
to AsIII forms [11,26,40]. Aquaporins, water channels that allow water
and solutes to cross cell membranes, are present in the roots and facil-
itate the uptake of AsIII [11,26,46,114]. The As uptake process in rice
plants is influenced by factors such as presence of iron plaque on the
roots [26,114,123], soil pH and redox conditions in the soils [125,126].
Iron plaque, that develop around paddy roots under flooded (water-
logged) conditions exhibit a strong affinity for capturing As(V) within
the soil, thereby impeding the upward translocation of arsenic beyond
the root zone [16,50,110,123,127,128]. These iron complexes effec-
tively adsorb As species from the surrounding rhizosphere, creating an
As-rich layer on the root surface, thus reducing the chance of As trans-
portation into the root cell system [72,129]. The formation of iron
plaque is significantly enhanced by a higher degree of Root Oxygen Loss
(ROL) and root porosity. Studies suggest that rice cultivars with a greater
capacity for oxygen supply to the root zone through ROL mechanisms
also exhibit stronger root iron plaque formation, leading to the
adsorption of more As species [30,59,108]. Higher ROL also promotes
the oxidation of AsIII to the more adsorbable AsV form.

The factor of soil pH affects the solubility and availability of As in
porewater for uptake, with a pH of around 5.5-6.5 being optimal for
uptake [12,130,131]. For instance, the strong affinity of metal oxide-
s/hydroxides for AsV binding on the surface soil of flooded agricultural
land leads to the accumulation of AsV in soils under reduced condition
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leading to AsV being not readily available for uptake than AsIII under
flooded anaerobic conditions, and vice-versa under aerobic conditions
[16,65,89,132].

2.10.2. Transport of As

Once AslIl and AsV species are absorbed by the roots, they are
transported to the shoots of rice plants through the xylem [11,46,112]
via the silicic acid and phosphate transporters, respectively [123].

The rate of AsIII translocation in the xylem through a silicon-
mediated pathway surpasses that of AsV translocation facilitated by a
phosphate-mediated mechanism [123]. This disparity can be attributed
to the considerably superior ability of silicon to traverse the xylem sap in
contrast to phosphate [123]. Consequently, the transportation efficacy
of AsIII species through the xylem system is notably superior to that of
AsV [123]. Nevertheless, this preference is subject to the influence of
soil acidity, wherein arsenite predominates under acidic conditions
[133]. The prevailing redox conditions of the soil also exert an influence
on the transport of arsenic. Particularly, arsenite is more readily taken
up under anoxic conditions [112,134].

It has been documented that the loading of arsenic into the rice plant
system is contingent upon the prevalent form of arsenic (AsIII or AsV)
abundantly present within the surrounding environment. Moreover,
these species exhibit interconvertibility contingent upon fluctuations in
redox change [27,123]. Within root cells, arsenic undergoes either
conversion into less toxic organic forms or is conveyed to vacuoles in the

guise of AsIII or complexed forms such as
AsllII-glutathione/phytochelatin complexes [69,135,136]. This mecha-
nism is notably efficient within the roots of
hypertolerant/non-hyperaccumulator  plants, thereby effectively

impeding the translocation of As to the aerial parts of the plants. On the
other hand, AsV reduction to AsIII has been observed to transpire effi-
ciently in hyperaccumulator plants [137-139].

Previous investigations have consistently identified AsIII as the
predominant species of arsenic transported via the xylem sap from roots
to shoots, irrespective of whether the plant is supplied with AsV or AsIII
plants [123,124]. The remarkably efficient translocation of As in As
hyperaccumulators could potentially be attributed to several factors,
including the proficient reduction of AsV to AsIIl within the roots,
heightened efflux of AsIII from cortical cells to the xylem, limited
complexation of AsIII with thiol compounds and subsequent sequestra-
tion within root vacuoles, alongside minimal efflux of AsIII from roots to
the external milieu [110,124,135].

2.11. Mechanisms of methylation of iAs

2.11.1. Conversion of arsenite to arsenate

Arsenite (AsIII) is more toxic to plants and animals than arsenate
(AsV) [74,114,140]. The first step of As-methylation process involves
the conversion of AsV to Aslll, which is helped by the presence of
arsenate reductase (AR) enzymes situated in the cytoplasm of root cells
[20,51,141]. Thus, the more toxic As species, AslII is converted to less
toxic species, AsV. This process which is crucial for the subsequent
methylation reactions [18,142]. The conversion of AslIII to AsV is
mediated by AsllI-oxidase (AO) and glutathione S-transferase (GST)
enzymes [52,143,144]. Aslll is mechanistically converted to AsV
through oxidation with molecular oxygen (O3) or reactive oxygen spe-
cies (ROS) and through enzymatic oxidation by AslII-oxidase (AO) [18].
It is reported in plants such as rice, the enzymatic pathway could be the
main mechanism of AsIII oxidation[18,132].

The study conducted by Majumdar et al. [123] and Mitra et al. [26]
sheds light on the conversion of AslII to AsV and the mechanisms un-
derlying this transformation. The researchers reported that AsIII can be
converted to AsV through various pathways, including oxidation with
molecular oxygen (02), reactive oxygen species (ROS), and enzymatic
oxidation by AslII-oxidase (AO) [26,123]. This conversion process is
particularly relevant in the context of environmental and health
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concerns related to arsenic contamination in rice plants.

One of the mechanisms identified by Majumdar et al. [123,139]. and
Mitra et al. [26] is the oxidation of AsIII through interactions with
molecular oxygen (02) or reactive oxygen species (ROS) [123,139]. This
chemical transformation involves the transfer of electrons from AsIII to
oxygen molecules or ROS, leading to the conversion of AsIII to AsV [26,
123,145,146]. This pathway often occurs in oxidative environments and
contributes to the detoxification of AsIIIL.

Another significant mechanism is the enzymatic oxidation of AsIII by
AslliI-oxidase (AO) [23,114,135] This enzymatic pathway is particularly
relevant in plants, such as rice. AsIll-oxidase is an enzyme that catalyzes
the oxidation of AslII to AsV by utilizing molecular oxygen [26,123,145,
146]. This enzyme plays a crucial role in detoxifying AsIII within plants
and microbial systems [123,146] suggesting that enzymatic pathway
through AslII-oxidase could be the primary mechanism responsible for
the conversion of AsIII to AsV, especially in rice plants.

AsllI-oxidase, enzymes found in some bacteria, fungi, and algae
resident in the roots of rice plants, catalyse the conversion of AsIII to AsV
through the addition of oxygen (O3) or hydrogen peroxide (H202) [147].
The reaction mechanism of arsenite oxidation by Aslll-oxidase is
believed to involve the transfer of electrons from AsIII to a cofactor such
as a quinone which in turn reduces O, to HyO5 [109,132]. According to
Rawlings [109], the produced Hy0; reacts with AsIII to produce AsV as
following:

AslIl 4+ HyOy — AsV + 2 H+ + H,O (€D)]

Some studies have also reported that peroxidases are involved in the
oxidation of AsIII to AsV in rice plants by catalysing the reduction of
H30,to Hy0 which is followed by oxidation of AsIII to AsV as in Eq. 1
[18]. and Superoxide dismutase (SOD) is also reported to be involved in
the oxidation of AsIII to AsV by catalysing the conversion of O to HyOo,
which can then be used by AslII-oxidase to oxidise AsIII [18].

2.11.2. Mechanism of As-methylation

Methylation of As primarily occurs in the roots of rice plants and
serves as an important detoxification mechanism involving a series of
enzymes and pathways. The first step involves the conversion of arse-
nate (AsV) to arsenite (AsIII), which is helped by the presence of arse-
nate reductase (AR) enzymes in the cytoplasm of root cells [141,148].
Subsequently, the process involves the methylation of As, specifically
the addition of a methyl group, resulting in the formation of mono-
methylarsonic acid (MMA). This methylation step is mediated by arse-
nite  methyltransferase =~ (AS3MT) enzymes and relies on
S-adenosylmethionine (SAM) as the methyl donor, leading to the pro-
duction of MMAIII and MMAV facilitated by the presence of MMA(V)
reductase enzymes in the cytoplasm of root cells [51,141]. Further
progression is as follows:

2.11.2.1. Conversion of AsV to AslIl. Inorganic arsenate (AsV) present in
the soil is taken up by rice plant roots. Within the plant, AsV is reduced
to inorganic arsenite (AsIII), the more reactive and toxic form of arsenic.
This reduction step is facilitated by arsenate reductase enzymes [30,65].

2.11.2.2. Methylation of AsIll by ASMT. The methylated forms of
arsenic are produced through the enzymatic activity of arsenate meth-
yltransferase (ASMT) in rice plants [149] (Fig. 2). ASMT transfers a
methyl group from folate to AsIIl, leading to the formation of mono-
methylarsonic acid (MMA(V)) [149].

2.11.2.3. Methylation of MMA(V) to DMA(V). In some rice plants, MMA
(V) can be further methylated to form dimethylarsinic acid (DMA(V))
[11] (Fig. 2). It is reported that the exact mechanism and enzymes
involved in this step are not yet fully understood and can vary between
different rice cultivars [11].
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Fig. 2. Mechanisms of methylation of As showing three main pathways of
methylation of As.

2.11.3. Pathways of As-methylation

Several studies have reported that As-methylation follows three
distinct pathways: ArsM pathway [97], glutathione (GSH)-dependent
pathway [30,71], and the folate-dependent pathway which are dis-
cussed below.

2.11.3.1. ArsM pathway. The ArsM pathway serves as the primary route
for As-methylation in microorganisms [8,150]. This pathway involves
the enzymatic activity of ArsM methyltransferase, which directly
methylates AsIII (Fig. 2). Consequently, ArsM transfers a methyl group
from S-adenosyl methionine (SAM) to AslII, leading to the formation of
monomethylarsonous acid (MMAIII) [8,150]. MMAIII can then undergo
further methylated to produce dimethylarsinous acid (DMAIII) [8,150]
(Fig. 2). Both MMAIII and DMAIII exhibit lower toxicity compared to iAs
and can be efficiently excreted in humans. For instance,
arsenic-methylating bacteria, such as Escherichia coli, possess ArsM
genes that encode the ArsM methyltransferase enzyme. The ArsM
enzyme catalyses the methylation of AsIII using SAM as the methyl
donor (Fig. 2). This mechanism helps the bacteria to survive in
arsenic-rich environments. For instance, arsenic-methylating bacteria,
such as Escherichia coli, have been found to possess ArsM genes that
encode the ArsM methyltransferase enzyme [8,150]. This ArsM enzyme
catalyses the methylation of AsIII using SAM as the methyl donor [8,
150]. This mechanism provides a significant advantage for these bac-
teria, allowing them to thrive and survive in arsenic-rich environments
[8,150].

2.11.3.2. Glutathione (GSH)-dependent Pathway. The GSH-dependent
pathway is the primary As-methylation mechanism in mammals,
including humans [26,27,51,151]. It involves the sequential methyl-
ation of AslII by the action of two enzymes: arsenite methyltransferase
(AS3MT) and thiol methyltransferase (TMT) (Fig. 2) [26,151]. AS3MT
catalyses the transfer of a methyl group from SAM to AslII, resulting in
the formation of MMA(IID). MMA(III) is then further methylated by TMT
using GSH as the methyl donor, producing DMA(V) [51,151]. DMA(V)
can be reduced to DMA(III) inside the cells. In root cells, As is either
converted to less toxic organic forms or is transported to vacuoles as
AsIII or as AslII-glutathione/phytochelatin complexes [30,151].

2.11.3.3. Folate-dependent pathway. The folate-dependent pathway is
an alternative pathway for As-methylation, mainly found in plants and
fungi [151,152]. It involves the methylation of AsV rather than AsIIL
This pathway requires the presence of folate as a cofactor and involves
the enzymatic activity of arsenate methyltransferase (ASMT). In rice For
example, folate-dependent pathway is also used for As-methylation.
ASMT enzymes in rice methylate AsV using folate as a methyl donor
[151]. The methylated forms of arsenic, such as monomethylarsonic
acid (MMA(V)) and dimethylarsinic acid (DMA(V)), can accumulate in
rice grains, potentially posing a risk to human health.
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2.12. Transport of methylated As

Once methylated, As can be transported from the roots to the shoots
of plants through the xylem. This transportation process is facilitated by
various transporters, including silicon transporters and aquaporins [11,
40,46,78,122,153,154]. The transport of methylated As to the cell wall
is facilitated by transporters, such as the NIP-type aquaporins [11,26,
40], which are integral membrane proteins that regulate the transport of
water and small solutes across the cell membrane [11,40]. These
transporters have been shown to help the uptake of DMA into the root
cells of rice plants, which is then transported to the shoots and seques-
tered in the cell walls.

Silicon transporters, such as Lsil, have been observed to aid in the
uptake and transport of As in rice plants. Lsil is a nodulin 26-like
intrinsic protein (NIP) aquaporin responsible for transporting silicon
and other small molecules across the plasma membrane, such as urea
and glycerol [11,40]. Some studies have proposed that Lsil may also
facilitate the transport of As, particularly DMA, in rice plants. Aqua-
porins, a group of membrane proteins, are also involved in the trans-
portation of water and small solutes across cell membranes. However,
the mechanisms involved in the transport of methylated As in plants are
complex and not yet fully understood [155].

2.13. Sequestration of As

Methylated As, once in the shoots, can be sequestered in plant vac-
uoles and cell walls. This sequestration is facilitated by transporters such
as MATE and ABC transporters [11,26,45,49]. ABCC-type transporters,
belonging to the MRP family, play a role in transporting methylated As
from the cytoplasm to the vacuoles, reducing its toxicity [30,135].
Another sequestration mechanism involves the binding of methylated As
compounds to the cell wall components, like pectin and lignin, through
electrostatic and covalent interactions [30,135,156]. This binding re-
duces the mobility and bioavailability of As, preventing its uptake and
translocation within the plant. The sequestration of methylated As
through these mechanisms, involving various transporters, is vital for
minimizing toxicity and safeguarding human health by preventing its
accumulation in edible plant parts. The above-mentioned mechanism of
As methylation in rice is based on several studies such as those con-
ducted by [18,23,61,65,90,157,158]. These studies have supplied
important insights into the enzymes involved in As methylation and the
transporters that help the movement of As within the plant.

3. Conclusions and recommendations

This review emphasizes that the choice of water source for irrigation
has a significant influence on arsenic levels in rice. Groundwater used
for irrigation in arsenic-affected regions contributes to higher total
arsenic content in rice grains, while reclaimed water irrigation can also
elevate arsenic accumulation in rice crops, necessitating proper moni-
toring and treatment. It is also noted that different water management
practices have varying effects on As-methylation in rice. Continuous
flooding (CF) irrigation leads to reduced methylation due to anaerobic
conditions, whereas techniques like alternate wetting and drying
(AWD), aerobic rice cultivation (ARC) and subsurface drip irrigation
(SDI) promote As-methylation by creating aerobic conditions favourable
for methylation-related microorganisms. SDI stands out as a promising
method to mitigate arsenic-related risks as it reduces the total arsenic
content in rice grains and increases the proportion of less toxic meth-
ylated arsenic species, thereby potentially enhancing the safety of rice
consumption. Furthermore, As-methylation involves complex biotic and
abiotic processes in rice roots, requiring multiple enzymes. Under-
standing these mechanisms is crucial for developing interventions to
reduce arsenic contamination in rice and protect human health. Multiple
methylation pathways in rice plants allow detoxification of inorganic
arsenic to less toxic forms.
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It is worth highlighting that several elements, including iron, silicon,
and phosphate ions, perform pivotal functions in the transportation and
methylation processes of As within rice plants. Consequently, compre-
hending the functions of these elements in facilitating As transport and
methylation in rice plants offers valuable insights into potential ap-
proaches for alleviating the adverse effects of arsenic contamination in
rice grains. This underscores the importance of implementing sound soil
and nutrient management practices, which may encompass the delib-
erate use of tailored soil amendments (fertilizers). These amendments
are designed to curtail As uptake by rice plants and, in turn, enhance the
safety of rice production. To achieve this goal, further research is war-
ranted to identify and evaluate specific formulations of these elements
for their effectiveness in practical applications.
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