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Abstract Rice (Oryza sativa L.) is one of the world’s most vital staple grains, and
90% of it is produced and consumed in Asia alone. It plays a significant role in the
entry of mineral nutrients into the food chain. Arsenic (As) is a toxic heavy metal
that threatens the major rice-growing regions in the world, particularly in Asia.
Arsenic is ubiquitously present in moderate concentrations in the environment
because of natural geological processes and anthropogenic impacts. However, rapid
industrialization and excessive use of arsenic-rich groundwater are further fueling
the increased arsenic concentration in agricultural topsoil. Arsenic accumulation in
rice plants has a significant adverse effect on plant, human, and livestock health.
Although arsenic contamination in rice is well documented, its interaction and
accumulation in rice are poorly understood. So far, no candidate genes or QTLs
associated with arsenic interaction are used in breeding programs for the development
of low-arsenic-accumulating rice varieties. The development and adaptation of new
low-arsenic-accumulating rice cultivars resilient to arsenic toxicity constitute safe
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ways to mitigate arsenic contamination in rice. Recent scientific advances in rice
genetics, genomics, and physiology have opened up new opportunities to speed up
the process of developing low-arsenic-accumulating rice cultivars for the rapidly
growing human population.

Keywords Heavy metal - Arsenic contamination - Arsenic speciation -
Phytotoxicity - Quantitative trait loci - Genes

1 Introduction

Rice (Oryza sativa L.) belongs to the grass family (Poaceae). Its domestication is
one of the most significant events in the history of human agricultural advancement
(Khush 1997; Molina et al. 2011; Huang et al. 2012a). It is one of the world’s vital
staple grains and plays a crucial role in the entry of mineral nutrients into the food
chain (Ali et al. 2018a). The presence of naturally occurring unwanted arsenic (As)
metalloid in flooded paddy soil poses a significant threat to rice production and
consumers who depend on rice as their primary staple food (Murugaiyan et al.
2019). A total of 23-25% of the total calories consumed by humans come through
the consumption of rice alone (Ashikari and Ma 2015; Yu et al. 2020). As the world
population is likely to increase further in the coming decades, keeping rice
production sustainable remains a crucial challenge (Ali et al. 2018a). Currently, rice
is planted on 166 million hectares worldwide, nurturing some four billion people
around the world, and the annual harvest of rice is worth ~USD 200 billion (GRiSP
2013). Rice is the primary cereal crop in Asia, where 90% of the world’s rice is
produced and consumed (Frei and Becker 2005; Molden 2013). Approximately
480 million metric tons of milled rice are produced annually; China and India alone
account for ~50% of the rice produced and 90% of this rice production is consumed
domestically (Muthayya et al. 2014). Maintaining a favorable rice supply-demand
balance in the future depends mostly on the exploitation of the production capacity
of the rainfed ecosystem (Li and Ali 2017). On about 60% of the agricultural land
in Asia, rice is grown under rainfed conditions (Rao et al. 2015; Ali et al. 2018a).
The rainfed ecosystem is the dominant one in the low-income countries of Asia,
where demand for rice is projected to remain very high throughout this century (Li
and Ali 2017). Rice production in rainfed conditions is susceptible to a combination
of various biotic and abiotic stresses. Abiotic stresses are the primary factor
undesirably affecting crop growth and yield worldwide (Gao et al. 2007). Various
abiotic stresses limit rice production in rainfed environments, which comprise
35-45% of the global rice area (Wu et al. 2014; Li and Ali 2017). Critical abiotic
stresses including extreme temperature, drought, submergence, salinity, iron
toxicity, nutritional deficiencies, and heavy metal contamination are known to cause
severe losses in rice yield and in the quality of the seed produced (Messerschmidt
et al. 2002; Li and Ali 2017; Wu et al. 2017).
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Large tracts of paddy soil are directly affected by heavy metal (arsenic, lead, and
cadmium) contamination, especially in India, China, and Bangladesh (Das et al.
2008; Chakraborti et al. 2013; Wu et al. 2016). Rice is conventionally produced in
flooded paddy fields, which can translocate the unwanted class I carcinogenic-
arsenic metalloid into the straw and grain (Sayan et al. 2012). An accumulation of
arsenic in the rice plant negatively affects plant performance and also threatens the
health of consumers and livestock (Carbonell-Barrachina et al. 2015). Himalayan
rivers carry arsenic from rock sediments to the densely populated rice-producing
regions of South and Southeast Asia, threatening the primary rice-growing belt of
Asia. In these areas, rice production is already threatened by climate change with
the frequent intrusion of saltwater in the Ganges-Brahmaputra deltaic regions, and
extended periods of drought also force farmers to depend on groundwater for
irrigating paddy fields (Murugaiyan et al. 2019). This groundwater is naturally
enriched because of arsenic-rich aquifers and it acts as an additional source of
arsenic in paddy fields. The long-term use of arsenic-rich groundwater for irrigating
rice crops has resulted in an increased concentration of arsenic in paddy topsoil,
with up to 83 mg As/kg being reported in some parts of Bangladesh and the Indian
subcontinent (Suriyagoda et al. 2018). Without intervention, this concentration will
tend to increase in the coming decades because of the significant dependence on
groundwater for rice production. However, rice varieties suitable for growing in
arsenic-rich fields have not been developed. Despite this arsenic threat, the major
rice-growing countries in Asia need more food for their rapidly growing populations,
leaving scientists with the challenge of developing rice varieties that do not
accumulate arsenic in the grain and straw. These varieties also need to withstand
other abiotic stresses such as drought, salinity, and flooding. Because of global food
security and the increasing health-related concerns associated with arsenic exposure
through rice, it has become vital to understand arsenic toxicity, the interaction with
rice plants, and the physiological mechanisms associated with arsenic accumulation
in rice. Recent scientific advances, particularly in genetics, genomics, and crop
physiology, have opened up new opportunities to speed up the process of developing
highly adaptable rice cultivars that are safe and nutritious for meeting the future
food demand of the growing population.

2 Heavy Metal Contamination

Heavy metal contamination has become a significant limitation to sustainable crop
production. Particularly in rice, it poses a severe threat to human nutrition and food
security (Murugaiyan 2019). The presence of toxic heavy metals such as arsenic
(As), cadmium (Cd), lead (Pb), and mercury (Hg) in irrigated water systems
threatens not only the rice plant but also the populations that depend on rice for their
dietary supply. Additionally, feeding rice straw from contaminated paddy fields to
cattle leads to an additional entry of these elements into the human food chain.
Toxic heavy metals ubiquitously persist at moderate concentrations in the
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environment because of natural weathering of rocks and minerals, and also through
anthropogenic impacts, and they tend to translocate in the food chain (Wu et al.
2016). In recent years, heavy metal contamination has increased significantly in
agricultural soil because of the frequent use of polluted irrigation water (Clemens
and Ma 2016). Various studies have reported that chronic exposure to heavy metals
is often associated with cancer and potentially causes neurotoxicity (Vahidnia et al.
2007). Heavy metals cause developmental neurotoxicity, which is concerning since
these developmental abnormalities are often irreversible (Mochizuki 2019).

2.1 Heavy Metal Interaction with the Biological System

In a biological system, the toxic effects of these metals may be similar even though
their sources are distinct (Fig. 1). Lead and cadmium share similar ionic size and
charge, which make them behave similarly in the biological system, especially
regarding their toxicity for the same or related molecular targets (Pohl et al. 2011).
In principle, lead and cadmium mimic essential ions such as calcium (Ca?*) and zinc
(Zn**) and use their channels to get into the system (Jomova and Valko 2011). Lead
and cadmium exposure generally occurs as a result of industrial exposure. At the
same time, arsenic has been reported to occur naturally or as a contaminant, mainly
with irrigation water, and is often of geographic origin (Abernathy et al. 2001).

Toxic heavy metals in agricultural topsoil
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Fig. 1 Similarities between heavy metals and their interaction with the biological system
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Arsenic and lead are known as thiol-binding metals. Hence, both are expected to
behave similarly and show similar targets and binding sites (Flora et al. 2011).
Arsenic and lead could bind to protein-containing sulthydryl-rich amino acids such
as cysteine residue and could have the same toxic effect. When heavy metals are
ingested by humans, the nervous system is a primary target for several of them
(Sengupta and Bishayi 2002; Nordberg et al. 2005; Thomas 2013).

2.2 Chronic Arsenic Exposure and Its Adverse Effects
on Human Health

Arsenic is a metalloid element. It is the 20th most abundant mineral in Earth’s
crust with an average concentration in sediments ranging from 5 to 10 mg/kg
(National Research Council (U.S.) Committee on Medical and Biological
Effects of Environmental Pollutants 1977). Chronic exposure to arsenic is
linked with myriad possible adverse health effects on humans, including skin
lesions, hypertension, cardiovascular disease, pulmonary disease, reproductive
and neurological dysfunctions, hematological changes, and malignancies of
skin and internal organs (Mandal and Suzuki 2002). Groundwater arsenic con-
tamination and its ill health effects in Southeast Asian countries came into the
limelight in 1984 when groundwater used for drinking purposes was directly
tainted by arsenic from natural sources (Garai et al. 1984; Duker et al. 2005).
A substantial part of the Ganga-Meghna-Brahmaputra plain, with an area of
569,749 km? and population surpassing 500 million, was at risk of mass arsenic
poisoning (Das et al. 2008; Chakraborti et al. 2013). The World Health
Organization (WHO) has recommended <10pg/L concentration of arsenic in
drinking water as a safe limit (Muhammad et al. 2010; Kumar and Puri 2012).
However, high levels of arsenic contamination through groundwater and their
adverse impact on human health have been reported in many countries across
the world (Nriagu et al. 2007). The magnitude of this problem is of great con-
cern in Bangladesh, followed by India and China (Nickson et al. 2000; Mohan
and Pittman 2007; Guha Mazumder 2015; Tareq et al. 2015). Approximately
85—-150 million people in India and Bangladesh are at immediate risk from
mass arsenic poisoning through contaminated drinking water (Hossain 2000).
Both long- and short-term exposure are hazardous and can lead to skin, blad-
der, lung, and prostate cancers, cardiovascular diseases, diabetes, and anemia,
as well as reproductive, developmental, immunological, and neurological
effects (Roy and Saha 2002; Ng 2005; Guha Mazumder 2008). Arsenicosis is a
chronic illness linked with drinking water with high concentrations of arsenic
over a long period and it commonly occurs in populations exposed to arsenic
contamination in their living environment (Mazumder 2003; Sun 2004; Kalia
and Flora 2005).
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3 Arsenic Contamination in Paddy Soil

Arsenic-containing compounds were used widely in the early twentieth century as
pesticides and fungicides, which led to a high-arsenic load in agricultural topsoil
and water runoff (Mukherjee et al. 2017). Most arsenic exposures occur through
contaminated drinking and irrigation water sources. Arsenic is mainly found in
pesticides (lead arsenate, calcium arsenate, and sodium arsenite), herbicides
(monosodium arsenate and cacodylic acid and dimethyl arsenic acid), cotton
desiccants (arsenic acid), wood preservatives (zinc arsenate and chromium arsenate),
and semiconductors (gallium arsenide, indium arsenide, and aluminum gallium
arsenide). Arsenic is even used as a desiccant and defoliant in agriculture, and as a
by-product in the smelting process, particularly for gold and copper, from coal
residues (Jarup 2003; Vaughan 2006; Chen et al. 2016). Rivers originating from the
higher Himalayas carry arsenic from their rock deposits to the densely inhabited
rice-growing regions of South and Southeast Asia, making the primary rice-growing
belt of Asia vulnerable to arsenic pollution (Shepherd et al. 2015; Lawson et al.
2016). Climate change is also threatening rice production in these areas. With the
frequent occurrence of drought and saltwater intrusion in the Ganges-Brahmaputra
deltas of India and Bangladesh, farmers increasingly tap groundwater resources for
irrigation (Laha 2017). This groundwater is an additional source of arsenic
discharged from the naturally abundant arsenic aquifers (Bondu et al. 2016).
Typically, 4-8 mg/kg of arsenic occur in flooded paddy soil, but the concentration
increases exponentially in paddy soil throughout the cropping season and can reach
83 mg As/kg in parts of Bangladesh and West Bengal regions of India (Abedin et al.
2002b; Zavala and Duxbury 2008). Evidence has emerged in recent years that
arsenic-enriched groundwater occurs commonly in other Asian countries, including
Cambodia, Myanmar, Pakistan, Nepal, Vietnam, and Japan (Fig. 2) (Smith et al.
2000; Das et al. 2008; Brammer and Ravenscroft 2009; Jiang et al. 2013). In the
early 1970s, the use of surface water was abandoned mainly in the Bengal delta in
response to severe health effects caused by pathogens, and this unexpectedly
resulted in the extensive use of arsenic-contaminated groundwater (Caldwell et al.
2003). Alluvial and deltaic environments are mainly characterized by reducing
conditions that cause a high-arsenic release in groundwater (Abernathy et al. 2001;
Lee et al. 2008). Arsenic-abundant groundwater is drawn from shallow (<100 m)
depths by domestic and irrigation wells in the Bengal basin aquifer system (Sultana
2013). It has been reported that groundwater from shallow tube wells (12-33 m)
contains very high amounts of arsenic. In contrast, the water from deep tube wells
(200-300 m) contains lower amounts of arsenic (<50pg/L) (Hossain 2006).
Subsurface mobilization of arsenic is mainly caused by a combination of chemical,
physical, and microbial factors, and various mechanisms have been proposed to
elucidate arsenic mobilization (Anawar et al. 2003; Amini et al. 2008). Among
those, the most widely accepted theories are pyrite oxidation and oxy-hydroxide
reduction (Hossain 2006). Arsenic dissolution and release in deltaic regions have
been modeled considering the contribution of microbes, organic matter, and paleo-
sol formation (Gorny et al. 2015).



Arsenic Stress Responses and Accumulation in Rice 287
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Fig. 2 Worldwide distribution of arsenic-contaminated regions and showing contaminated regions
overlapping with major rice-growing belt. (Image modified from the British Geological Survey,
Safiuddin et al. 2011)

3.1 Arsenic Contamination in Rice

The chemical characteristics of arsenic in paddy soil are complex, as it exists in both
organic and inorganic forms, and it differs distinctly under flooded (anaerobic) and
non-flooded (aerobic) conditions (Meharg and Hartley-Whitaker 2002). The toxicity of
arsenic is associated with reduced soil conditions (flooded soils), which increase the
bioavailability of inorganic arsenic and uptake into rice (Zhao et al. 2010b; Islam et al.
2016). Rice is commonly grown in flooded soil under reduced conditions, in which it
assimilates inorganic arsenic into its grain, and this accumulation may adversely affect
the nutritional quality of the grain (Islam et al. 2016). Of the total arsenic present in rice
grain, inorganic arsenic constitutes approximately 54%. Also, grain arsenic content
increases with increased As concentration in paddy soil (Suriyagoda et al. 2018). Total
rice grain As concentration can vary from 0.011 to 0.82 mg/kg on average, depending
on location, contamination level, and rice cultivars used (Islam et al. 2016). In highly
contaminated areas, arsenic concentration can reach 1.7 mg/kg in rice grain, which is
ten times more than the limit allowed by the WHO in rice grain (Meharg and Rahman
2003). Arsenic content in the rice plant decreases in the order of roots > leaves > grain,
and in the rice grain, husk > bran polish > brown rice > raw rice > polished rice > cooked
rice (Suriyagoda et al. 2018). A study with a continuous inorganic arsenic treatment
showed an increased enrichment of up to 91.8 mg As/kg in the straw (Abedin et al.
2002c). About 30% of the total arsenic taken up by humans was contributed through
rice and rice products (Li et al. 2011). Furthermore, the straw that cattle feed on will
also accumulate arsenic in milk and meat, which are in turn consumed by humans,
leading to another route of arsenic exposure (Talukder et al. 2011).
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3.2 Arsenic Speciation in the Rice Ecosystem

Arsenic metalloid is ubiquitously found in various inorganic and organic forms in
paddy soil. Inorganic arsenic compounds are considered to be highly toxic and they
enter into paddy soil through both natural and anthropogenic activities (Sturchio et al.
2013). The toxic effects of arsenic in rice plants depend on their species form, with
inorganic arsenic species being more extremely toxic than the organic form. The most
common inorganic species that occur in the rice ecosystem are arsenate™ and
arsenite™ (Fig. 3), while the most common organic species are monomethylarsonic
acid (MMA) and dimethylarsinic acid (DMA) (Abedin et al. 2002c; Tripathi et al.
2013). Among the inorganic species, trivalent arsenite™ is considered to be more
mobile and toxic than pentavalent arsenate™. In both oxidation states, it can combine
with methyl groups to form organic arsenic species (Vahter and Concha 2001).
However, the existence of organic species in paddy soil is significantly lower than that
of inorganic arsenic species. In anaerobic flooded-soil fields (submerged paddy fields),
the reduced form arsenite™ dominates; in aerobic soil conditions, such as upland rice
fields, its oxidized form arsenate®™’ dominates (Tripathi et al. 2013; Pandey et al. 2015).

3.3 Inorganic Arsenic Interaction with Essential
Plant Nutrients

Rice plants do not possess naturally evolved arsenic transporters (Pandey et al.
2015). Instead, arsenic competes with chemically similar essential minerals to enter
the plant system (Wenzel and Alloway 2013). Arsenite™ is physiochemically
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Fig. 3 Inorganic arsenic species found in rice-growing environments. (Adapted and modified
from Rice Almanac, 3rd edition, Maclean et al. 2002)
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similar to silica (Si), and thus it competes with the Si-uptake pathway. Silica is not
considered an essential nutrient in many plant species. However, silica is uptaken
actively by the rice plant due to anaerobic respiration, and the silica content in the
rice stem and leaf ranges from 10% to 20% (Takahashi 1968; Ma and Takahashi
1990; Dobermann and Fairhurst 2000). Alternatively, arsenate!"’ is physiochemically
similar to the essential mineral phosphorus (P) and uses P acquisition pathways to
enter the root system, and for efflux toward the xylem and various tissues (Clemens
2006; Zhao et al. 2009; Yang et al. 2018). Most rice genotypes possess a mechanism
to retain much of the toxic arsenic burden in the roots. However, a genotype-
dependent proportion of arsenic is translocated into the shoots and other tissues,
including grains of the rice plant (Carey et al. 2010; Pandey et al. 2015). Since
35-55% of rice is produced in irrigated conditions (Ali et al. 2018b), arsenite™
contributes to the dominant arsenic species loaded into rice plants (Zhao et al. 2010a).

4 Arsenic-Induced Toxicity Symptoms During Different
Growth Stages of Rice

Enhanced uptake of arsenic will influence plant growth negatively. Arsenic toxicity
in rice plants triggers various symptoms that include lower seed germination rate,
poor seed establishment, lower photosynthetic rates, stunted plant growth, low
biomass production, sterility-related yield loss, and a physiological disorder referred
to as straighthead disease that was associated with arsenic toxicity (Fig. 4) (Rahman
et al. 2008; Zhao et al. 2013). Symptoms are often confounded with other soil-
related problems associated with rice (Abedin et al. 2002b; Rahman et al. 2008; Zhu
et al. 2008).

4.1 Germination Stage

Germination is one of the most delicate stages in a plant’s growth cycle. It can be
easily affected by abiotic stresses such as drought, salinity, and heavy metals (Rajjou
et al. 2012). In general, its starting point is defined with the imbibition of dry seed
via water uptake and its termination by radicle or coleoptile appearance (Bewley
1997). A unique feature of rice is the ability to germinate in anaerobic conditions in
which the coleoptile occurs first, followed by the radicle. During this process,
various complex physiological and biochemical processes take place, for example,
the synthesis and degradation of phytohormones, especially abscisic acid (ABA)
and gibberellic acid (GA), reactivation of metabolism, and hydrolyzation of starch
via enzymes for maintaining a source of energy (Seneviratne et al. 2019). He and
Yang (2013) summarized the three phases of germination and their ongoing
processes. During phase one, water is taken up rapidly into the seed, where the
biosynthesis of mRNA starts, followed by starch degradation. In phase 2, the
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Fig. 4 Arsenic-induced symptoms during the different growth stages in rice

reactivation of metabolism begins, involving starch hydrolysis, glycolysis, and
fermentation for mobilizing reserves, accompanied by amino acid biosynthesis,
non-functional protein degradation, and mitochondria assembly. In the third phase,
the conversion of carbohydrates to sugars begins, and the embryo is activated. The
last step is coleoptile emergence, which is accompanied by the onset of aerobic
respiration (He and Yang 2013). Especially in phase 1 and 3, water is taken up
rapidly (Bewley 1997). With the background of arsenic-contaminated water, this
implies that the seed and its emerging seedling confront arsenic stress. This may
lead to an interruption or alteration in the normal germination process (Seneviratne
et al. 2019). Germination of seeds was delayed or inhibited when the seeds were
grown in a nutrient solution with more than 5 ppm arsenic (Begum and Mondal
2019). When seedlings were grown in pots filled with arsenic-contaminated soil,
their mortality was observed at 40 mg/kg arsenite™ in aerobic and anaerobic
conditions, but it was higher in the anaerobic treatment (Shah et al. 2014). Those
different observations could be explained by different experimental setups, different
growth media, or because two different varieties were tested in the studies: IET-4786
and BRRIdhan28. When the seeds were able to germinate, they showed lower dry
matter and decreased shoot and root length (Begum and Mondal 2019). A lower
number of leaves and a lower leaf blade width were also observed as a consequence
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of arsenic treatment (Shaibur et al. 2006). Also, the chlorophyll content of seedling
leaves decreased, irrespective of whether the plants were treated with arsenate™ or
arsenite™ (Shaibur et al. 2006; Choudhury et al. 2011; Begum and Mondal 2019).
As a general observation, arsenite™ treatment always caused more toxic symptoms
on seedlings than arsenate™) (Shah et al. 2014; Begum and Mondal 2019).

4.2 Vegetative Growth

The same symptoms as for the seedlings keep occurring during the vegetative
growth phase of the rice plant. Decreased plant height was most commonly observed
(Abedin et al. 2002b; Shah et al. 2014; Dixit et al. 2016) as well as decreased root
length and vigor (Abedin et al. 2002a; Das et al. 2013). Symptoms resulted from a
change in IAA biosynthesis and transport, which is responsible for the formation of
auxin. Lower auxin content then influenced root development, especially of the
lateral roots (Ronzan et al. 2018). The resulting symptom of decreased biomass
(Abedin et al. 2002b) was caused by an alteration in photosynthesis (Tuli et al.
2010). Arsenic toxicity degenerated the membrane structure and therefore affected
the chloroplast as well as photosynthetic processes (Begum and Mondal 2019). The
leaves wilted and turned violet due to increased anthocyanin content (Hossain
2006). As a consequence, leaf tips and margins developed senescence and eventually
necrosis (Das et al. 2013). Because of these symptoms, a lower photosynthetically
active area occurred, which resulted in lower energy for the plant’s metabolism,
leading to decreased plant height and stunted growth.

4.3 Reproductive Growth

The changes in the metabolism of the rice plant described in the previous section led
to lower yield (Shah et al. 2014). Total yield loss was 80% when the soil contained
more than 60 mg As/kg, but a significant loss was observed from 15 mg As/kg (Das
et al. 2013). Yield decreased because of lower tiller number, which was observed in
a treatment of 40 mg/kg arsenite™ in a pot study (Das et al. 2013; Shah et al. 2014).
This caused a lower number of filled and mature grains per panicle (Das et al. 2013).
Another physiological disorder that has been associated with arsenic toxicity is
straighthead disease. This physiological disorder produces sterile florets and
spikelets and thereby diminishes grain yield (Rahman et al. 2008). A study with
arsenate)-contaminated irrigation water showed rice plants with decreased plant
height and grain yield, explained by a lower number of filled grains and grain
weight, and lower root biomass. At the same time, there was a significant increase
in arsenic concentration in the root, straw, rice husk, and grain (Abedin et al. 2002b).
The leaves can wilt and turn violet because of increased anthocyanin content (Abbas
et al. 2018). Also, the chlorophyll content of seedling leaves decreased with both
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arsenate™ and arsenite™. This observation explains the lower biomass and growth.
Finally, leaf tips and margins develop necrosis (Abedin et al. 2002c; Zhao et al.
2009). Roots show decreased biomass and lower root vigor. Grain yield decreases
with decreased tiller number, filled grains, and panicles due to the sterility of florets
and spikelets (Raoetal. 2011). Concerning metabolism, arsenic affects carbohydrate,
lipid, and protein metabolism (Finnegan and Chen 2012). More importantly, arsenic
can cause an increased formation of reactive oxygen species (ROS), exceeding the
level that can be scavenged, thus leading to oxidative damage in the plant. Hydrogen
peroxide (H,0,), and malondialdehyde (CH,(CHO),) were the major ROS formed
when rice seedlings were exposed to arsenate™’ (Rao et al. 2011).

5 Quantitative Trait Loci Associated with Arsenic Stress
Tolerance in Rice

Arsenic toxicity, uptake, and accumulation in rice represent a quantitative trait gov-
erned by multiple loci (Dasgupta et al. 2004; Zhang et al. 2008; Murugaiyan et al.
2019). Genetic improvement by the selection of rice cultivars with a lower concen-
tration of arsenic in the edible parts is vital in the development of rice varieties
accumulating low arsenic (Norton et al. 2012; Duan et al. 2017). Even though rice
breeders have been particularly interested in developing cultivars accumulating low
arsenic for contaminated ecosystems, no promising loci have been functionally
characterized for use in their breeding programs. Identification of appropriate rice
cultivars and genetic mapping of chromosomal regions associated with a low-arse-
nic concentration constitute a practical methodology for diminishing the impact of
arsenic in rice.

Arsenic interaction with rice has remained well-documented over the past two
decades. Several QTLs have been reported in both vegetative tissues and grains
(Table 1). More than a decade ago, Dasgupta et al. (2004) proposed the first QTL
related to arsenate®’ uptake close to a phosphate (P) uptake QTL on chromosome 6
and named the region AsTol (Dasgupta et al. 2004). This region covers multiple
genes with various functions, and it needs to be fine-mapped to identify responsible
genes with potential for rice varieties accumulating low arsenic. Nonetheless,
chromosome 6 has been identified to harbor several QTLs related to arsenic toxicity,
even though these QTLs vary in their physical positions (Dasgupta et al. 2004;
Zhang et al. 2008; Norton et al. 2012; Kuramata et al. 2013; Liu et al. 2019;
Murugaiyan et al. 2019). QTLs on chromosome 6 were proposed to mediate arsenic
concentration in the grain of brown rice (Zhang et al. 2008) and the DNA
concentration of the grain (Kuramata et al. (2013). The previously mapped QTLs
were closely colocalized to a QTL that mediates leaf arsenic concentration (Norton
et al. 2010a). Recently, another QTL responsible for arsenic shoot content was
found by Murugaiyan et al. (2019) on chromosome 6. These results indicated that
the regions on chromosome 6 were involved in the uptake of arsenate™). Several
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genes on chromosome 6 were proposed to be involved in arsenite™ transport: Lsi6
(OsNIP,,) expressed at the grain-filling stage and plasma membrane intrinsic
protein (OsPIPI,;) (Kuramata et al. 2013; Liu et al. 2019). Murugaiyan et al. (2019)
also identified a tolerance QTL (gRChlo1) on chromosome 1 for relative chlorophyll
content in a backcross-selected breeding population of rice, and gRChlo1 increased
the tolerance percentage of rice of arsenite™ stress. However, none of these QTLs
and genes has been functionally characterized for use in breeding programs for the
development of varieties accumulating low arsenic. Chromosome 5 also contained
regions of interest. Norton et al. (2010a) found a QTL associated with arsenic
content in leaves on chromosome 5, but the soil at the study site had a low-arsenic
concentration (<1 ppm). Also, Murugaiyan et al. (2019) identified the same QTL
region on chromosome 5 for shoot arsenic concentration in a breeding population of
rice. A heavy metal-associated domain-containing protein (HMA) was suggested as
a candidate gene on chromosome 5. Those HMAs are associated with detoxifying
heavy metals by containing a metal-binding domain and they have already been
shown to help in the metal homeostasis of copper, zinc, lead, and cadmium

Table 1 QTLs reported in rice for arsenic tolerance and accumulation

Putative
Phenotyping | As QTLs on
Reference under concentration Population used chromosome
Dasgupta et al. Hydroponic | 1 mg As/kg Bala (indica) x Azucena | 6
(2004) culture arsenate'V) (japonica) recombinant
system inbred lines
Zhang et al. (2008) | Pot culture 1.27 mg As/kg | CJO6 (japonica) x T1 2,3,6,8
system (indica) doubled-
haploid population
Norton et al. Field 0.32 mg As/kg | Bala (indica) x Azucena | 1, 3,5, 6
(2010a) conditions (japonica) recombinant
inbred lines
Norton et al. (2012) | Field 73.8 mg As/kg | Bala (indica) x Azucena | 8, 10
conditions (japonica) recombinant
inbred lines
Kuramata et al. Field 1.4 mg As/kg 69 accessions from 6,8
(2013) conditions World Rice Collection
Norton et al. (2014) | Field 14 £ 0.3 mg As/ | 312 accessions from 3,5
conditions kg Rice Diversity Panel 1
Liu et al. (2019) Field 3000 mg As/kg | 276 accessions from 1,2,4,5,9,
conditions global Rice Diversity 11,12
Panel
Murugaiyan et al. | Hydroponic | 10 mg As/kg WTRI (indica) x Hao- |1,2,5,6,8,9
(2019) culture arsenite™V an-nong (japonica)
system backcross recombinant
inbred breeding
population
Norton et al. (2019) | Field 4.63 mg As/kg | 266 Bengal Assam Aus |2,3,5,7,9
conditions Panel
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(Murugaiyan et al. 2019). However, their metal-binding ability toward arsenic has
not been characterized in rice.

Besides chromosomes 6 and 5, chromosome 8 was found to harbor a few QTLs
that influence grain arsenic content, colocalizing with a locus affecting shoot
phosphorus concentration at the seedling stage of rice (Zhang et al. 2008; Norton
et al. 2012; Kuramata et al. 2013). Also, a QTL related to the trait days to heading
was found close to a QTL for grain arsenic content on chromosome 8, leading to the
assumption that a prolonged time of the vegetative phase could decrease grain
arsenic content (Norton et al. 2012). Furthermore, a QTL that mediated grain DNA
content was also localized on this chromosome (Kuramata et al. 2013). Chromosome
3 was also identified several times and was proposed to contain a QTL that
encompassed Lsi2, a transporter for arsenite™ (Norton et al. 2012, 2019).
Nonetheless, it is also important to identify QTLs associated with arsenic uptake as
well as translocation, because, if no arsenic enters the plant or is safely stored, no
arsenic will reach the grain. QTLs mediating root arsenic concentration were located
on chromosomes 3 and 8 (Zhang et al. 2008; Murugaiyan et al. 2019). In order to
estimate arsenic uptake and metabolism, measuring root As content was claimed to
be a biased evaluation criterion due to arsenic residuals on the root surface (Zhang
et al. 2008). More QTLs contributing to shoot arsenic concentration were found on
chromosomes 2, 5, 6, and 9 (Zhang et al. 2008; Murugaiyan et al. 2019), and more
precisely for the arsenic concentration in leaves on chromosomes 1, 3, 5, and 6
(Norton et al. 2010a). The QTL on chromosome 2 covered 13 candidate genes,
including an H* vacuolar pyrophosphatase, which is known to mediate changes in
the concentration of essential and toxic ions (Murugaiyan et al. 2019). However, the
QTLs mapped for arsenic tolerance in rice are not characterized for use in breeding
programs for the development of arsenic-safe varieties.

6 Arsenic Uptake in Rice

As previously stated, arsenite™ is the predominant form of arsenic in paddy soils.
In order to develop rice varieties accumulating low arsenic, it is critical to understand
the uptake, translocation, and underlying physiology of arsenic interaction with rice
(Fig. 5). The uptake kinetics of both inorganic arsenic species were similar and
followed the Michaelis—Menten equation (Lou et al. 2009). At higher substrate
concentration, arsenite™ had a higher uptake and was therefore assumed to have a
low-affinity uptake system (Abedin et al. 2002a). Arsenite™ and arsenate™ have
different ionic size and their uptake pathways differ (Zhao et al. 2013). Arsenite™
resembles the silica ion in diameter and comparable acid-ionization constant value
(pK,) (Jian et al. 2008). Arsenate™ has a structure similar to the orthophosphate
anion and their second and third pK, values are similar (O’ Day 2006). Dimethylarsinic
acid (DMA) and monomethylarsonic acid (MMA) are the most abundant forms of
organic arsenic in paddy soil. They were a result of arsenite methylation facilitated
by microorganisms (Wu et al. 2012). The uptake of organic arsenic species was the
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only way for DMA and MMA to enter the rice plant since rice cannot methylate
arsenic in planta. Instead, methylation occurred in the presence of methylating
microorganisms in the rhizosphere (Lomax et al. 2012). Those microorganisms
need to contain the arsM (S-adenosylmethionine methyltransferase) gene in order to
methylate arsenic (Jia et al. 2013).

6.1 Arsenite Uptake

Two major transporters were identified for arsenite™ uptake in rice (Fig. 6). These
transporters form part of the aquaporins family, belonging to the group of nodulin
26-like intrinsic membrane proteins (NIPs) in rice (Jian et al. 2008). The aquaporins
Lsil (OsNIP2;1) and Lsi2 were permeable only to arsenite™ and usually mediated
silicon influx and efflux. They differed in location and thus in their function. Lsi/
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Fig. 5 Factors influencing arsenic availability and transportation from soil to rice plants: (a) the
factors involved in solubility and available form of arsenic; (b) anaerobic conditions, rice roots of
aerenchyma release a part of the O, to the rhizosphere complex; (c) formation of iron (Fe) plaques:
Fe?* oxidized to Fe** on the root surface and subsequent reaction of sulfhydryl-containing short
peptides such as glutathione and phytochelatins binding to arsenic; (d) if more oxygen is released,
this also may oxidize arsenite™" to arsenate"), which is more strongly adsorbed to iron plaque; (e)
uptake of arsenate®"’ is supported by various micronutrient transporters; (f) As-contaminated paddy
soil influenced by different external factors, and effects of consumption of food grain and drinking
water on human health



296 V. Murugaiyan et al.

was responsible for the transport of arsenite™ from the external solution to the root
cells. It was located and expressed on the outside of the exodermis and endodermis
close to the Casparian stripe. The transport was bidirectional, indicating that
arsenite™ could also efflux to the external medium via Lsi/ (Zhao et al. 2010b).
However, there were more efflux transporters to be included (Zhao et al. 2010a).
Lsi2 mediated the efflux of arsenite™ toward the xylem and formed the counterpart
of Lsil at the expression site. Lsi2 was expressed on the inner side of the plasma
membranes of the exodermis and endodermis. From there, arsenite™ was released
into the cortex and stele. Lsi2 was considered to be more involved in the transport
and translocation of arsenite™ from shoot to grain (Jian et al. 2008). In the stele of
primary roots and cell layers of lateral roots, more precisely in the plasma membrane,
the membrane protein OsNIP3;2 was expressed, which also belongs to the NIP
family. Arsenite™ was also taken up and further transported through this protein
(Chen et al. 2017). Besides the NIPs, plasma membrane intrinsic proteins (PIPs) are
likely to play a role in arsenic homeostasis in rice. When exposed to elevated
arsenite™ concentrations, the transcript concentrations in the roots were downregu-
lated in order to prevent an increased arsenic uptake (Mosa et al. 2012).
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Fig. 6 Schematic representation of arsenic uptake and translocation in rice



Arsenic Stress Responses and Accumulation in Rice 297
6.2 Arsenate Uptake

Arsenate™ is a chemical analog of phosphate ions and takes advantage of the phos-
phorus transport pathway. In the presence of phosphate, the uptake of arsenate®¥)
was actively suppressed, whereas arsenite™ was not (Abedin et al. 2002a). This
finding was a clear indicator that arsenate™ used phosphorus transporters (Pht). On
a molecular level, the Phr family, comprising 13 genes, was associated with
phosphate transport in rice (Wang et al. 2016). Some of the transporter function
genes were investigated concerning arsenate™’ uptake. OsPT8 (OsPht1;8) mediated
phosphorus homeostasis and was also considered as a critical transporter for
arsenate¥) uptake in rice roots (Wang et al. 2016). A role for the uptake and
translocation of arsenate¥) in rice was demonstrated by expression analysis of the
OsPT4 transporter gene. The overexpression of this gene resulted in higher arsenic
accumulation when grown in arsenate™ solution (Chao et al. 2014). Lsil also
played an essential role in the uptake of arsenate™ since it was found that arsenite™®
was effluxed through this channel when rice roots were exposed to arsenate™’ (Zhao
et al. 2010a).

7 Arsenic Translocation in Rice

The translocation of arsenic depends on its concentration, its capability of complex-
ation, and its sequestration as well as the xylem flow rate (Suriyagoda et al. 2018).
In general, the concentration of arsenic in rice decreases in the following order:
root > straw > husk > grain (Abedin et al. 2002b). Translocation of arsenic species
from root to shoot to grain also depends on the genotype and growth stage. In gen-
eral, grain arsenic content was found to be affected by genotype, year, and geno-
type x year interaction effects (Kuramata et al. 2013). A higher-yielding variety was
found to be capable of translocating more arsenic from root to shoot and also from
shoot to grain than traditionally grown landraces (Bhattacharya et al. 2010).
Genotypes that varied in grain arsenic accumulation were found to have different
arsenic content in all plant tissues (Duan et al. 2011). Furthermore, there was
evidence that translocation mainly took place at the active tillering stage (Das
et al. 2013).

7.1 Arsenite Translocation

The phloem plays a significant role in arsenic translocation from the vegetative tis-
sue to the grain. Arsenite™ was translocated to the vegetative tissue, capable of
being remobilized and transported to the grain through the phloem (Fig. 7). An
explanation for this phloem loading might be a transfer of arsenic in the xylem
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vessels into the phloem (Zhao et al. 2012). The phloem transferred 90% of arsenite™
and 55% of DMA to the grain (Carey et al. 2010). Inorganic arsenic was mostly
found in the caryopsis and transported during the grain-filling stage. DMA
accumulated in the caryopsis before flowering (Zhao et al. 2012). The mechanism
by which arsenite™ is remobilized and further transported is not known yet. Arsenic
could be stored in the nodes and internodes of rice, where arsenic accumulation was
observed in the phloem companion cells. From there, translocation to the grain and
flag leaf was restricted. This capability of the nodes was explained by a higher
expression of Lsi2 and the formation of arsenite™-thiol compounds in the vacuole
(Chen et al. 2016). OsABCC1 was also included in the storage of arsenic in the
nodes by sequestering it in the vacuoles of the phloem companion cells (Song et al.
2014). The phytochelatin synthase OsPCS/ might play a supportive role in this
process, as it reduced arsenic grain contents when overexpressed (Hayashi et al.
2017). In the basal and upper nodes, the transcription factor OsARM (Arsenite
Responsive MYB 1) was strongly expressed in the phloem region when exposed to
high-arsenite™ concentrations. It also showed high expression in the rachis and
spikelet and was likely to be involved in mediating uptake and root-to-shoot
translocation (Wang et al. 2017). Those findings indicate that translocation through
the phloem is more critical than translocation through the xylem.

7.2 Arsenate Translocation

It is widely assumed that arsenate™ is directly reduced to arsenite™ in the root.
Seyfferth et al. (2011) showed that oxidized arsenic species were the predominant
form in the xylem within a root cross-section. This was supported by the assumption
that the uptake of the two inorganic arsenic species occurred at different locations in
the root. However, genotype-dependent variation was also observed (Seyfferth et al.
2011). Another fact that disproved the reduction assumption was that straw contained
mostly arsenate®™ after growing in an arsenate®’ solution for 170 days (Abedin et al.
2002a). The high abundance of arsenate®™’ could be explained by the limited capacity
of the reducing enzymes OsHACI;1 and OsHACI,2, thus not reducing arsenate®™
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anymore (Shi et al. 2016). Nonetheless, as soon as inorganic arsenic was in the
xylem, it became transported to the vegetative parts. Nodulin 26-like intrinsic
membrane proteins that were included in the translocation of arsenite™ from root
to shoot included OsNIPI;I and OsNIP3;3, which caused a decreased arsenic
concentration in shoot and xylem when overexpressed. OsNIP1;1 was expressed in
the basal stem at the seedling and tillering stages. At maturity, it was mostly
expressed in the roots, basal stem, nodes, and spikelets. In contrast, OsNIP3;3 was
expressed continuously in different tissues (Sun et al. 2018). For the transport of
arsenate™) from root to shoot, the expression level of OsPTI was investigated. It
was increased after different phosphate (P) and arsenate!¥) treatments in seedlings,
which indicated its facilitating role for the transport (Kamiya et al. 2013).
OsWRKY?2S, a transcription factor of the WRKY family that is mostly involved in
stress tolerance, was found to contribute to the translocation of arsenate®’ from root
to shoot (Wang et al. 2017).

8 Arsenic Detoxification and Stress Responses in Rice

Arsenic does not have any known biological function within the rice plant, and
enhanced uptake triggers various defense mechanisms in the plant to mitigate the
negative impact of arsenic stress. Once arsenate®” was taken up into the cell, it was
reduced to arsenite™, which was the dominant form inside the plant tissue (Ali
etal. 2009). The reduction was a slow process mediated by glutaredoxin (Suriyagoda
et al. 2018). Enzymatic reduction of arsenate™ was performed more likely by the
arsenateV) reductase gene High Arsenic Content (HAC) (Chao et al. 2014). In rice,
OsHACI;1, OsHACI;2, and OsHAC4 played a significant role in this process (Shi
et al. 2016). They were most commonly expressed in the roots. OsHACI;I was
found in the epidermis, pericycle cells, and root hairs in the mature zone of roots.
OsHACI;2 was most abundant in the epidermis, exodermis, outer layer of the
cortex, and endodermis cells (Shi et al. 2016). OsHAC4 was expressed in the root
epidermis and exodermis (Xu et al. 2017). By overexpression, knocking out, and
xylem sap analysis, it was established that they were included in the reduction of
arsenate™’ to arsenite™ and in the efflux of arsenite™ to the external medium (Shi
et al. 2016). Detoxification of the reduced arsenate™™) and the readily available
arsenite™ was maintained by glutathione-based phytochelatins (PCs). Glutathione
acts as a precursor for PCs, and its role in arsenic tolerance was corroborated by a
study with a sulfur supplement treatment. It was pointed out that most of the
arsenate™ remained in the root, promoting the importance of phytochelatins in
binding arsenic (Dixit et al. 2016). The same can be stated for arsenite™, which
complexes with PCs, lowering its mobility from shoot to grain (Duan et al. 2011).
They are also referred to as arsenite™-thiol complexes. An essential contribution to
this mechanism was suggested for phytochelatin synthase OsPCSI and OsPCS2,
whereby the former was more expressed in the roots under arsenite™ treatment and
the latter was identified to be an essential isozyme controlling PC synthesis
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(Yamazaki et al. 2018). Arsenite™-thiol complexes were transported from the
cytoplasm into the vacuole by a member of the C-type ATP-binding cassette (ABC)
transporter (OsABCC) family, OsABCCI (Song et al. 2014). In the vacuole, the
complexes could be sequestered efficiently since the acidic pH of 5.5 stabilized
them (Ali et al. 2009; Suriyagoda et al. 2018). It was assumed that the same
transporters and detoxification mechanisms as in the root cell were used for storing
arsenic after relocation, but this is not well investigated yet (Zhao et al. 2010b).
Here, the same detoxification mechanism was used again to store arsenic in the
vacuole (Suriyagoda et al. 2018). A study with radioactively labeled arsenic during
the grain-filling stage showed that arsenite™ was somewhat immobile in the xylem
within the rice plant, probably because of its complexation and sequestration (Zhao
etal. 2012). The silica pathway might not be used when translocating and unloading
arsenite™ into the grain since silica mainly accumulated in the husk and not in the
grain (Norton et al. 2010b). However, the addition of silica decreased inorganic
grain arsenic content but increased DMA, by 59% and 33%, respectively (Li et al.
2009). In contrast, arsenate’Y) was proposed to use the phosphorus pathway
throughout the whole transport and translocation (Norton et al. 2010b).

8.1 The Oxidative Stress Response in Rice

Concerning metabolism, carbohydrate-, lipid-, protein-, amino acid-, ascorbate-,
and aldarate-related pathways were affected by arsenic uptake (Abbas et al. 2018).
Membrane transport, cell growth, and death, as well as biodegradation were also
altered by showing an up- or down-regulation of gene function (Dubey et al. 2014).
When conducting a genome-wide expression study, several gene families were up-
and down-regulated when grown in arsenite™, especially facilitating transporters,
stress-related genes, regulatory proteins, growth, and development, as well as
secondary metabolism. This finding indicated arsenite™-induced oxidative stress
(Chakrabarty et al. 2009). More importantly, arsenic triggers an increased formation
of reactive oxygen species (ROS) and therefore not all of them could be scavenged,
thus leading to plant damage. Hydrogen peroxide (H,O,) was an ROS that was
formed when rice seedlings were exposed to arsenate™ (Choudhury et al. 2011).
Arsenite™ was found to promote the development of different ROS, namely,
superoxide anion (O,"") and H,0O,, thus inducing lipid peroxidation in rice seedlings
(Mishra et al. 2011). To prevent an excessive amount of H,O,, seedling roots grown
in arsenate™™ solution increased ascorbate peroxidase (APX) activity, which reduced
H,0, via the ascorbate-glutathione cycle (Dubey et al. 2014). For scavenging the
ROS occurring under arsenite™, the concentrations of enzymatic antioxidants
superoxide dismutase (SOD), catalase (CAT), chloroplastic ascorbate peroxidase,
guaiacol peroxidase, monodehydroascorbate reductase, and glutathione reductase
increased. Higher concentrations of ascorbate and glutathione were found, and the
synthesis of phytochelatins and total acid-soluble thiols was enhanced in arsenic-
treated seedlings (Mishra et al. 2011). Besides ROS, altered RNase and protease
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activity were also an indicator of stress. Their activity was inhibited by the presence
of arsenite™, thus leading to high abundance of RNA and proteins. However, an
increase in proline was also reported (Choudhury et al. 2011). Proline is an osmolyte,
and its accumulation was usually found under salinity or drought stress (Amini et al.
2015). Under arsenic stress, its abundance led to the assumption that proline could
help to protect enzymes in the presence of arsenite™ (Mishra and Dubey 2006).
The same can be reported for heat shock proteins (HSPs), generally formed under a
rapid temperature increase, water deficit, or salinity (Ponomarenko et al. 2013). In
the presence of arsenic, several HSP genes were upregulated (Chakrabarty
et al. 2009).

8.2 Root Plaque Formation as a Scavenger for Arsenic Stress

Despite anaerobic conditions in paddy fields, the rhizosphere can be aerobic due to
the semiaquatic characteristic of rice forming an aerenchyma when flooded. From
there, oxygen is released by the roots, forming an oxidation barrier. This leads to the
formation of iron plaque, visible by the reddish coating around the roots, caused by
a reoxidation of Fe™ to Fe!™ (Becker and Asch 2005). Iron plaque is mostly
composed of lepidocrocite, goethite, and ferrihydrite (Seyfferth et al. 2011). It was
proposed that the same reoxidation mechanism and an additional formation of iron
plaque would decrease the uptake of arsenic (Lee et al. 2013). This hypothesis could
not be confirmed since the proportion of the newly formed arsenate in a hydroponic
solution was very low (Liu et al. 2010). Rice genotypes with a higher radial oxygen
loss showed a higher formation of iron plaque. This led to a lower uptake of
arsenate™ and hence to a lower concentration of total inorganic arsenic in the plant
(Wu et al. 2012). However, iron plaque distribution was not homogeneously
covering total roots. Indeed, young roots showed little iron plaque formation.
Therefore, iron plaque was assumed to be a bulk scavenger for arsenic since it was
absent in the main solute-uptake root area (Seyfferth et al. 2011). In general,
arsenate™) was absorbed more than arsenite!™, and arsenite™™ was desorbed more
rapidly (Geng et al. 2017). Surprisingly, the formation of iron plaque enhanced
arsenite™ uptake, but, in this experiment, the iron plaque was formed first and then
the plants were exposed to arsenite™/arsenate™. This practice cannot be transferred
to natural field conditions (Liu et al. 2010). The addition of phosphorus increased
the uptake of arsenate™ irrespective of iron plaque (Geng et al. 2005; Yang et al.
2020). This could be explained because phosphorus might have occupied the
sorption space at the iron plaque, thus releasing more arsenate™.

In conclusion, iron plaque could act as a buffer for arsenate™ uptake (Liu et al.
2010). Concerning a decreased arsenite™ uptake, manganese (Mn) plaque was
shown to be more effective in capturing arsenite™ than iron plaque as shown by the
lower shoot arsenic concentration. However, the control treatment without any
plaque formation also showed lower shoot arsenic concentration. Therefore, the role
of manganese plaque needs to be further investigated (Liu et al. 2010). In contrast
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to the results identified by hydroponic studies, a microcosm study with a
contaminated soil from Bangladesh containing 14 mg As/kg dry weight showed that
iron plaque indeed prevented uptake, leading to lower shoot arsenic concentration
(Huang et al. 2012b).

9 State of Knowledge Gaps for Arsenic Accumulation in Rice

In the past two decades, some progress has been made in understanding the physi-
ological and molecular mechanisms of arsenic metabolism in rice. The regulation
and transportation of arsenic from soil to plants are associated with multiple factors:
soil texture, water availability, arsenic bioavailability, genotype used, arsenic inter-
actions with other heavy metals and essential minerals, rice ecosystem, microbial
interaction, physiological activities, and genotype-by-environment interactions
(Norton et al. 2012; Sahoo and Mukherjee 2014) (Fig. 5). Among these factors, the
selection of rice cultivars with low-arsenic content in grain and straw is the most
efficient and practical approach for decreasing arsenic contamination in rice. The
molecular genetic mechanisms of arsenic accumulation in the root, shoot, and grain
need to be understood clearly for designing efficient breeding strategies and devel-
oping elite breeding materials, which combine arsenic tolerance, low-arsenic
uptake, and high-grain yield.

Several experiments were conducted to understand the physiological mecha-
nisms underlying rice varieties accumulating low arsenic (Norton et al. 2012;
Murugaiyan et al. 2019). However, some of them show inconsistency and method-
ological errors, leading to wrong assumptions. Many studies focused on arsenate®™’
rather than arsenite™ although arsenite™ is the predominant form in paddy soils,
where the majority of rice is produced. Abedin et al. (2002a) were the first to elu-
cidate that arsenite™ and arsenate™ take advantage of different uptake mecha-
nisms in rice. After this finding, the focus should have been more toward elevated
arsenite™ concentrations in rice experiments, which was not the case. When iden-
tifying the AsTol QTL on chromosome 6, 1 ppm of arsenate™ was used (Dasgupta
et al. 2004). When investigating the accumulation in widely used cultivars in
Bangladesh, the soil was obtained from the Bangladesh Rice Research Institute
(BRRI) and enriched with arsenate®’ rather than arsenite™. There, they found that
a hybrid variety accumulated the most arsenic in the straw at a treatment of
30 mg As/kg, using Na,HAsO, - 7H,0. It was stated that the hybrid variety would
show a higher phytotoxicity and accumulation ability (Rahman et al. 2007). This
finding needs to be proven when the soil is enriched with arsenite™ because, oth-
erwise, the hybrid could contain a more efficient phosphorus-uptake pathway,
which arsenate™ took advantage of. When estimating the grain arsenic content
determined in different soil arsenic concentrations, arsenate) was used to enrich
the soil (Rahman et al. 2008). It cannot be clearly stated how important the differ-
ence between using arsenate’™’ and arsenite™ really is unless both forms are tested
in the same experiment. Another shortcoming, especially when finding QTLs, is
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when a low-arsenic concentration is used. The concentration in the experiment
should simulate field conditions with typical concentrations of 4-8 mg/kg.
Therefore, a concentration of less than 1 ppm cannot lead to reliable results (Abedin
et al. 2002a; Norton et al. 2010a). Most of the published studies related to arsenic
uptake and accumulation were carried out in a hydroponics system or pot culture,
and these experiments need to be carried out in a contaminated field for better
understanding.

Rice production in the major rice-growing countries is shifting toward more effi-
cient technologies such as direct-seeded rice (DSR) and alternate wetting and dry-
ing (AWD) (Pathak et al. 2011; Richards and Sander 2014). It is essential to identify
suitable genotypes, genes, and QTLs associated with overcoming arsenic contami-
nation under these technologies. The presence of flooded water influences arsenic
speciation. It is crucial to use arsenate™) for conducting experiments related to dry-
DSR conditions and arsenite™ for wet-DSR conditions. So far, no experiment has
been conducted to observe the germination ability of rice under DSR conditions in
contaminated soils. AWD technology was proposed to decrease arsenic content in
rice. However, no studies have been conducted to observe how arsenic species acted
when applying AWD technology. Since arsenic translocation from soil depends on
flooding, it is understood that, during the wetting period, arsenite™ dominates, and,
during the drying period, arsenate”) dominates. However, no data were available to
validate this observation.

10 Possible Mitigation Strategies for Arsenic
Accumulation in Rice

Several novel methodologies in rice cooking provided promising results for a
decrease in arsenic content by using a continual flow of clean water over the raw
rice before cooking (Carey et al. 2015). Carey et al. (2015) stated that about 85% of
the inorganic arsenic was removed from the raw rice by using a continual flow of
clean cooking water. Several researchers also found that using a higher water-to-rice
ratio for cooking, followed by removal of the extra water (starch), significantly
decreased the arsenic in cooked rice (Sengupta et al. 2006; Stanton et al. 2015). For
instance, Sengupta et al. (2006) reported a decrease in arsenic by 57% by washing
the rice grain several times until the water looks transparent/clear, and a cooking
process with a 6:1 ratio of water to rice grain with draining of the excess water.
However, the effect of this procedure on the content of essential water-soluble
nutrients such as minerals or B-vitamins remains to be elucidated.

Selection of existing rice cultivars that are biologically restricted in terms of
arsenic accumulation in the grain offers great potential for use in breeding programs,
as some rice cultivars can accumulate 20-30-fold less arsenic than others
(Murugaiyan et al. 2019). The physiological pathways and molecular genetics of
arsenic accumulation in rice were linked to many QTLs and genes involved in the
uptake and translocation of arsenic in rice (Dasgupta et al. 2004; Tuli et al. 2010).
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Still, a gap exists in identifying the candidate genes and allelic variants of the genes
governing low-arsenic content in rice grain. Using recent trends of allele mining and
haplotype breeding technologies can help to limit arsenic accumulation in the grain,
which is a prerequisite for breeding programs to develop low-arsenic-accumulating
rice cultivars (Murugaiyan et al. 2019). Hence, several strategies are possible to
decrease arsenic in rice grains, including the following:

1.

Mitigation strategies related to rice cooking can help to decrease arsenic content
in the major staple food crop, rice. The ratio of rice grain for cooking, the amount
of water used for washing, cooking vessels, and duration of the cooking process
can decrease the arsenic in cooked rice (Carey et al. 2015).

Supplementation of mineral nutrient elements such as S, P, Fe, and Si can also
significantly diminish the accumulation of arsenic content in rice grain by
minimizing its uptake and transport in food crops. For instance, P and Si are
complementary in nature to arsenic in competing for uptake. Therefore, the
external application of these mineral nutrients decreases the chances of arsenic
uptake from the soil (Alkorta et al. 2004; Jian et al. 2008).

Water-saving technologies such as direct-seeded rice cultivation are viable,
immediate, and sustainable solutions for decreasing arsenic content in rice (Hu
et al. 2013; Abedin et al. 2002a). Talukder et al. (2011) reported that arsenic
uptake in rice plants (0.23-0.26 mg/kg) is lower with aerobic water management
than in anaerobic rice cultivation (0.60-0.67 mg/kg).

The identification of donors/selection of rice cultivars with low arsenic can mini-
mize the risk of arsenic associated with human diseases and be eco-friendly to
nature (Norton et al. 2012).

The development of breeding lines through the introgression of QTLs and genes
for low arsenic into elite rice cultivars can ensure high-grain yield and low-
arsenic content in cultivars suitable for cultivation in arsenic-contaminated soils
(Murugaiyan et al. 2019).

CRISPR/Cas9-based genome-editing tools can be useful for modifying crucial-
regulated genes (OsPhtl:8, Lsil, OsSNRAMPI,and OsABCC1) for the interruption
or modification of genes that regulate pathways contributing to low-arsenic
accumulation in rice grain. Targeting the genes involved in the phloem transport
mechanism and nodes could be crucial for transporting to rice grain (Song et al.
2014). Thus, identifying phloem-localized transporters and their manipulation
will provide a promising approach toward decreasing arsenic accumulation
in grain.

11 Future Directions and Conclusions

The nature of arsenic being redox-active, highly toxic to organisms, and its ten-
dency to be methylated make it a complex and important mineral to study. Arsenic
uptake and metabolism in rice need to be placed in the broader context of
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biogeochemical cycling of arsenic in the environment. Bioavailability and specia-
tion of arsenic in the soil are strongly dependent on environmental conditions, and
this knowledge is crucial as it determines the extent of arsenic accumulation by rice
and the consequences of arsenic contamination in the food chain. The widespread
arsenic contamination in the environment, the mobilization of arsenic into rice grain
even in soils with baseline arsenic concentrations, and the realization that excessive
arsenic accumulation in rice can present a health risk to humans have provided a
recent impetus in research on this subject. Therefore, significant progress has been
made in recent years to understand arsenic uptake, speciation, and detoxification in
plants. However, substantial knowledge gaps exist on the mechanisms of arsenic
sequestration in the vacuoles and for arsenic loading and unloading in xylem and
phloem. Still, there is a need to understand the regulation of arsenic accumulation in
grain and to unravel the pathways and enzymes responsible for arsenate¥’ reduction
and methylation. Recent advances in the analytical techniques for arsenic speciation
are instrumental in enhancing our understanding of arsenic biogeochemical cycling
and plant metabolism. Combining these analytical tools with molecular genetics
and functional genomics should provide ample opportunities for unraveling the
mechanisms of arsenic transport, metabolism, and regulation.
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