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Abstract 
Arsenic contamination of food is a global concern, both from human health and agronomic 

perspectives. Rice is inherently efficient at accumulating arsenic as a result of it being grown under 

anaerobic conditions which promotes mobilisation and uptake of inorganic arsenic. The accumulation 

of arsenic in the grain of the rice plant can pose a significant risk to human health. Inorganic arsenic 

(Asi) is a class one, non-threshold carcinogenic, while organic arsenic (DMA and MA) species are 

relatively nontoxic to humans. This results in organic arsenic species being overlooked when evaluating 

risks for human health and agricultural practices. The objectives of the study were to determine how 

rice plants respond to different arsenic species and how the different arsenic species affected the 

plants' health. The study specifically aimed to determine the role arsenic plays in inducing straighthead 

disease.  

In this project, rice was grown both hydroponically and in the field. For the hydroponic experiments, 

rice plants were grown under controlled conditions exposing the plants to individual arsenic species of 

either Asi or DMA. The results from these hydroponic experiments showed that rice plants exhibit an 

ability to control the distribution of Asi within the plant. Rice plants exposed to DMA, however, 

displayed no ability to control the distribution of DMA once taken up. Through exposing rice to DMA 

hydroponically, the plants with the most significant reduction in growth displayed higher DMA 

concentrations. 

For the field trials, a range of rice varieties were cultivated utilising different agronomic practices (e.g. 

straw incorporation and nitrogen fertilisation) to change the bioavailability on arsenic in the soil. The 

incorporation of straw into the soil resulted in the formation of DMA and an increase of arsenic in the 

grain as DMA. DMA accumulated linearly in the grain to become the dominant species whereas, Asi 

plateaus at 0.2 g g-1. DMA uptake also increased the severity of straighthead disease. The finding 

reinforced the finding from the hydroponic experiment that rice plants lack the ability to control the 

accumulation and distribution of DMA within the plant. This lack of ability to control DMA 

accumulation poses a threat to the health of the rice plants. The plants with straighthead disease in 

the field recorded higher DMA concentrations in the husks and leaves when compared to healthy 

plants. This demonstrated that DMA can cause stress to the plant. Favourable conditions, including 

straw incorporation, increase DMA formation, and bioavailability can result in elevated DMA 

concentrations in the grain and the expression of straighthead disease. 

This study has highlighted that DMA could pose a threat to crop productivity and potentially human 

health. Rice appears to have some capacity to control Asi concentrations in the grain, whereas DMA 

can accumulate unregulated.  
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1.   Introduction and Background 

1.1. Motivation 
Rice is a highly strategic global commodity, for both food security and economic growth (Yadva and 

Kumar, 2019). Rice is the staple food for more than half the world's population and accounts for one-

third of total daily calories for many people in developing nations. The production of rice supports the 

livelihood of over 1 billion people, both as a primary source of food and income (Yadva and Kumar, 

2019). Both the production and quality of rice is an important issue worldwide. Rice production needs 

to increase by 25% over the next 25 years to meet increases in dietary requirements (Bitoun, 2018). 

However, rice production is going to face several challenges, with one significant problem being arsenic 

contamination of soils and water supplies (Brammer and Ravenscroft, 2009). In rice, arsenic is a threat 

to both human and plant health.  

Arsenic in rice grains can pose a significant risk to human health. Inorganic arsenic (Asi) is a class one, 

non-threshold carcinogenic. Organic arsenic, dimethyl-arsenic (DMA) and monomethyl-arsenic (MA) 

species are believed to be relatively nontoxic to humans. The high toxicity of Asi has resulted in organic 

arsenic species being overlooked when evaluating risks for human health and agricultural practices. 

Compared to other cereals, rice can contain ten times the concentration of arsenic in the grain. Within 

rice grains, arsenic is primarily present as Asi or DMA (Williams et al., 2005). MA is occasionally 

detected; however, this is at low concentrations or below detection limits (Batista et al., 2011, Williams 

et al., 2005).  

Elevated concentrations of organic arsenic, both DMA and MA, in the soil and rice plant is thought to 

be linked to straighthead disease (Yan et al., 2005). Straighthead disease results in the sterility of the 

plant, leading to empty husk at the time of harvest (Rasamivelona et al., 1995). In severe cases, the 

rice husk deforms (Rahman et al., 2008). A wide range of factors has been associated with straighthead 

disease in rice. These include low soil pH and high organic matter, as well as agronomic practises such 

as continuous flooding of the rice field (Rahman et al., 2008, Williams, 2005, Wilson et al., 2001). These 

factors also can play a significant role in the cycling of arsenic within the soil and plant. The uncertainty 

behind the nature of straighthead disease could be made clearer through a better understanding of 

the characteristics of DMA within both the rice paddy and rice plant.  

Having a better understanding of the arsenic species present and their concentration and behaviour 

within rice paddies are vital for assessing the risk to humans. This risk needs to be considered through 

both human consumption of grain and of livestock that consumes rice by-products, such as straw. 

Furthermore, an improved understanding of arsenic cycling in the rice field can allow for better 
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agronomic practices to better manage arsenic in rice fields for both crop productivity and low arsenic 

rice grains.     

1.2. Arsenic Cycling in Rice Paddies 

Rice is unique in that it is the only major crop grown under flooded conditions (anaerobically). Rice is 

capable of being grown under dry conditions (aerobically); however, rice is highly sensitive to water 

stress, and this can cause a reduction in yield (Ekanayake et al., 1989). Anaerobic growing conditions 

create a unique environment that can favour the accumulation and uptake of arsenic into the plant 

(Xu et al., 2008). It is important to understand the processes controlling the cycling of arsenic in the 

soil.  

Sources of Arsenic in Rice Paddies 

Arsenic naturally occurs within our environment, being the 20th most abundant element in the earth 

crust and present in over 300 different minerals (Drahota and Filippi, 2009). The source of arsenic in 

rice paddies can be both natural and anthropogenic in origin. Arsenic only becomes a concern when it 

becomes elevated in soils and waters. For naturally occurring arsenic, this commonly occurs through 

climatic and hydrological processes, with the dominant process being weathering (Bhattacharya et al., 

1997). 

The flooding of the rice fields aids in the mobilisation of arsenic from the soil matrix. In rice paddies, 

natural arsenic contamination could be the result of reductive dissolution or microbial activity 

(Yamaguchi et al., 2011). Arsenic has a strong affinity to iron and manganese hydroxides, with rice 

being commonly grown under anaerobic conditions; this creates reducing environments in the soil. 

The reducing environment can result in the reduction of iron (oxy)hydroxides releasing arsenic, a major 

contributor to natural arsenic pollution in rice paddies (Welch et al., 2000). With some soil types being 

more susceptible to naturally higher concentrations of arsenic, the estimated global baseline for total 

soil arsenic concentrations is in the order of 5-10mg kg-1 (Smedley and Kinniburgh, 2002). Arsenic soil 

concentrations exceeding 10 mg kg-1 in rice paddies are considered contaminated (Dittmar et al., 2007, 

Norra et al., 2005) 

The main anthropogenic sources that threaten rice production are industrial pollution and runoff (Khan 

et al., 2008, Liu et al., 2010a) and previous land use (Gilmour and Wells, 1980, Rahman et al., 2008). 

Straighthead disease is commonly observed in fields with a history of use of arsenic-based pesticides 

and herbicides. In the US, this is especially an issue with rice grown where cotton has been previously 

sown (Gilmour and Wells, 1980). 
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Bioavailability of Arsenic in Rice Paddies 

Bioavailable arsenic is the proportion of arsenic available for uptake via the roots of the rice plant. The 

bioavailability of arsenic is influenced by the total arsenic concentration present (Khan et al., 2010) 

and is controlled by soil redox, pH and organic matter content (Marin et al., 1993, Norton et al., 2013). 

The total arsenic concentration in the soil does not always correlate to the bioavailable arsenic (Chen 

et al., 2018); however, studies have shown a positive correlation between total soil arsenic and total 

arsenic in the grain (Hossain et al., 2008). The correlation between soil and grain arsenic may better 

be described by soil properties (Kumarathilaka et al., 2018a), the soil type can have drastic effects on 

the concentration of arsenic released into the porewater available for uptake (Khan et al., 2010, Wan 

et al., 2019).  

Redox 

The redox potential of the soil can determine the species of arsenic present, the mobility, 

bioavailability and uptake (Kumarathilaka et al., 2018b). Under reducing conditions As(III) is dominant, 

accounting for between 87–94% of the total arsenic in the porewater (Das et al., 2016). The lower the 

reducing potential of the soil, the greater the solubility of arsenic (Marin et al., 1993), this is primarily 

driven by the dissolution of arsenic from iron and manganese bearing minerals (Takahashi et al., 2004, 

Yamaguchi et al., 2011). In contrast, in aerobic soil, As(V) is predominant (Xu et al., 2008), however, it 

is much less mobile as As(V) becomes adsorbed to iron-rich minerals (Masscheleyn et al., 1991). 

pH 

The pH of the also determines the solubility and species of arsenic present (Bech et al., 1997, Carbonell-

Barrachina et al., 2000). Decreasing soil pH results in an increase in the soil solution as it promotes the 

desorption of arsenic from sorption sites (Marin et al., 1993). The pH of the soil can affect the species 

of arsenic present in the soil solution, Yamaguchi et al. (2011) showed at lower pH As(III) was the 

predominant species available in solution, and more likely to be bioavailable than As(V). At higher pH 

(>7) As(III) has a higher affinity for sorption to soils than As(V) (Dixit and Hering, 2003) and can result 

in As(V) becoming the dominate species bioavailable for uptake. The effects of soil pH can have both 

a negative (Bhattacharya et al., 2010) and positive (Ahmed et al., 2011) correlation with arsenic 

concentrations in rice plants. This difference may be due to other soil conditions (Signes-Pastor et al., 

2007, Tu and Ma, 2003) or soil characteristics (Bech et al., 1997, Fu et al., 2011). 

Organic matter  

The presence of organic matter in the soil can influence methylation potential and affect the 

bioavailability of arsenic of the soil (Jia et al., 2013). Organic matter provides a source of nutrients to 
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microbes in the soil (Huang et al., 2012a).  The increase in microbial activity can result in an increase 

in methylation of arsenic in the soil (Awasthi et al., 2017). The increase in microbial activity under 

flooded conditions also further reduces the redox potential of the soil, as microorganisms further 

deplete oxygen decomposing the organic matter (Tanji et al., 2003, Yang et al., 2018). Further 

reduction of redox potential can also release arsenic that is typically tightly bound and previously 

unavailable, increasing the overall pool of bioavailable arsenic (Wang et al., 2017).   

Redox, pH and organic matter can all be influenced by different management practices used to 

cultivate rice. One of the most significant controls on the bioavailability of arsenic in rice paddies is 

how the rice is grown, either anaerobic or aerobically (Hua et al., 2011, Xu et al., 2008). Rice is typically 

grown under flooded conditions, which significantly reduces the redox potential of the soil.  Arsenic 

concentrations under flooded conditions could be up to 16 times higher within the soil compared to 

anaerobic soil (Xu et al., 2008), resulting in increased arsenic accumulation within the plant.  

The flooding of rice paddies can also increase methylation of arsenic in the soil (Awasthi et al., 2017, 

Shimizu et al., 2011), whereas aerobic conditions are more favourable for the demethylation of organic 

arsenic (Gao and Burau, 1997, Yoshinaga et al., 2011). Rice cannot methylate arsenic within the plant 

(Lomax et al., 2012); therefore, all organic arsenic compounds within the plant originate from the soil. 

Chen et al. (2019) have proposed the first biogeochemical model for arsenic methylation and 

demethylation in rice paddies under anaerobic conditions. The model proposes that the processes 

driving organic arsenic production in rice paddies are dependent on the redox state of the soil. 

Anaerobes such as sulphate-reducing bacteria are responsible for methylation arsenic while 

methylotrophic methanogenesis bacteria are responsible for demethylation of methylated arsenic. 

The Challenger pathway (Challenger, 1945), a two-step process of reduction and methylation, is 

commonly the accepted pathway for the methylation of arsenic (Chowdhury, 2017). S-

adenosylmethionine (SAM) is the methyl donor (Bentley and Chasteen, 2002) with the reaction being 

catalysed by As(III) S-adenosylmethionine methyltransferase (ArsM) (Qin et al., 2009, Qin et al., 2006).  

The methylation potential of the soil largely controls the organic arsenic concentrations in the soil and 

rice grain (Zhao et al., 2013b). Alternating wetting and drying of the rice fields has shown to drastically 

decrease the total arsenic concentration in the grain (Xu et al., 2008). Intermittent flooding or growing 

rice aerobically has shown to have a greater effect on the reduction of DMA in the grain than Asi (Hu 

et al., 2015, Li et al., 2009b, Xu et al., 2008). Recently Mlangeni et al. (2020) found that with Fe 

amended soils under intermitted flooding resulting in an increase in DMA concentrations in the grain.  

Methylation of arsenic is favoured under anoxic conditions (Awasthi et al., 2017, Somenahally et al., 

2011), the addition of iron may promote iron-reducing bacteria to enhance further arsenic methylation 
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(Yang et al., 2018). There is still uncertainty for the key drivers in the bioavailability of organic arsenic 

in rice paddies, with arsenic methylation potential showed to vary up to two orders of magnitude 

between soils (Mestrot et al., 2011). 

1.3. Arsenic in Rice Plants 

Uptake of Arsenic 

In rice, there are two main mechanisms that have been identified for the uptake of arsenic from the 

soil into the root of the rice plant, phosphate transporters for As(V) and silicon transporters for As(III), 

DMA and MA (Kumarathilaka et al., 2018a). Under aerobic conditions, As(V) is the predominant arsenic 

species in the soil, and under anaerobic conditions As(V) is reduced to As(III) (Zhang et al., 2015). As(V) 

can be taken up by phosphate transporters in the roots (Wang et al., 2016). Paszkowski et al. (2002) 

identified 13 high-affinity phosphate transporters OsPT1-OsPt13, with OsPt1 (Kamiya et al., 2013) and 

OsPT8 (Wang et al., 2016) being essential transporters of As(V).  

The uptake of As(III) is predominantly via nodulin 26-like intrinsic proteins (NIPs); a subfamily of 

aquaporin channels. As(III) is taken up by several NIPs, with the predominant pathways for uptake 

including OsNIP2;1 (Lsi1), (Ma et al., 2008), OsNIP3;2 (Chen et al., 2017) and OsNIP3;3 (Katsuhara et 

al., 2014). In rice, OsNIP2;1 or the low silicon rice 1 (Lsi1) gene are the major influx transporters for 

silicic acid (Ma et al., 2006). As(III) can utilise these transporters because under flooded conditions, 

As(III) is the prevalent arsenic species (Xu et al., 2008). Under these conditions As(III) is present as the 

uncharged molecule of arsenous acid [As(OH)3] at pH <8.0 and shares similar characteristics as silicic 

acid [Si(OH)4] with a tetrahedral orientation As(III) and similar molecular size and pKa values (9.3 and 

9.2 respectively). As a result, the uptake of As(III) via NIPs is adventitious. 

As mentioned, all methylated arsenic within the plant originates from the soil, as rice lacks any 

mechanism to methylate arsenic (Lomax et al., 2012). There is still a lack of understanding of the 

uptake for organic arsenic species. The current understanding is that the aquaporin channel, Lsi1 (Li et 

al., 2009a, Rahman et al., 2011), is DMA and MA permeable. This is the same pathway for the uptake 

of As(III); however, the uptake of DMA and MA are at much lower rates (Abedin et al., 2002a). The 

addition of silicon to hydroponic cultures reduces DMA uptake (Limmer et al., 2018b); however, field 

trials have shown that silicon can have no effect (Fleck et al., 2013) or can enhance the uptake of DMA 

(Liu et al., 2014). An increase in DMA uptake in the soil may be a result of increased Asi desorption and 

an increase in DMA methylation (Dykes et al., 2020) 

Translocation of Arsenic 

The transport and fate of the arsenic within the rice plant is mainly dependent on the species of arsenic 

taken up via the roots of the plant (Kumarathilaka et al., 2018a). Distinguishing between the different 
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arsenic species is crucial to understand the physiological effects that arsenic can have on the rice plant 

(Zhao and Wang, 2019). The rice plant has different detoxification mechanisms for the different arsenic 

species (Schmöger et al., 2000, Tang et al., 2016a).  

There have been significantly more pathways identified for the translocation and metabolism of Asi in 

rice compared to organic arsenic (Kumarathilaka et al., 2018a). This is primarily due to the high toxicity 

of Asi to humans (Zheng et al., 2013). Inorganic arsenic enters the rice plant via phosphate transporters 

for As(V) or silicon transporters for As(III), as discussed above. Once taken up, the plants have a range 

of defence mechanisms to detoxify or cope with Asi (Zhao et al., 2009).  

The detoxification mechanisms for both As(III) and As(V) are the same except As(V) has an extra step, 

involving the reduction of As(V) to As(III) upon uptake. An arsenate reductase protein, High Arsenic 

Content-1 (HAC1) has been identified in the epidermis of rice roots (Chao et al., 2014). The location of 

HAC1 on the outer layers of the root surface allows the efficient reduction of As(V) to As(III) and the 

efflux of As(III) to the external medium. The aquaporin channels used for the uptake of As(III) are 

bidirectional, allowing As(III) to also be effluxed back into the external medium (Zhao et al., 2010b) 

A secondary detoxification mechanism of As(III) is the formation of As-thiol complexes and vacuole 

sequestration. As(III) has a high affinity to thiol peptides including phytochelatins (PCs) (Liu et al., 

2010b), with the formation of As(III)-PC complexes forming a crucial step in the detoxification of Asi 

(Raab et al., 2007a). ATP-binding cassette transporters (ABC) sequester As(III)-PC complexes into 

vacuoles of the plant. For rice, the Oryza sativa C-type ATP-binding cassette transporter (OsABCC1) has 

been identified, and it plays a crucial role in limiting Asi transport through sequestration of As-PC 

complexes in vacuoles (Song et al., 2014). OsABCC1 was expressed throughout the plant, indicating 

that the plants can further limit the transport of As(III) throughout the plant and not just within the 

roots.  

For As(III) or As(V) that has not detoxified in the roots, it is transported throughout the plant by the 

same family of transporters that were involved in their uptake. Further transport of As(V) and As(III) is 

achieved via either xylem or phloem transport. The primary role of the xylem is to transport water, 

whereas the role of the phloem is to transport food for the plant. The polar orientation of Lsi1 and Lsi2 

in the roots of rice plants (Zhao et al., 2009) allows the Lsi2 protein to play a curtailing role in the 

loading of As(III) into the centre (stele) of the xylem (Ma et al., 2008, Ma et al., 2007). 

Studies indicated that that the main pathway for Asi to the grain is via the phloem (Zhao et al., 2012), 

accounting for up to 90% of total As(III) transport to the grain (Carey et al., 2010). The mechanisms for 

As(III) loading and transport to the phloem are unclear, and while xylem loading is via silicon 

transporters, Carey et al. (2011) used a silicic acid analogue, germanic acid, to show that As(III) did not 
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compete for shoot-to-grain transport. This suggests that As(III) utilises another pathway(s) in addition 

from silicon transport pathway. A controlling factor of the long-distance transport of As(III) is the nodes 

of the rice plant. The nodes are junctions between the stem and leaves of the plant with the primary 

role of controlling the distribution of nutrients throughout the plant (Yamaji and Ma, 2014). The arsenic 

concentration of nodes can be significantly higher than other parts of the rice shoots (Moore et al., 

2014). ABCC1 transporters are responsible for the sequestration of As(III) into vacuoles and have been 

identified in rice nodes localised in the phloem companion cells (Song et al., 2014). ABCC1 transporters 

provide a mechanism to control the transport of As(III) to the grain (Chen et al., 2015).  

Methylated arsenic, despite being taken up much slower than that of Asi, is transported throughout 

the rice plants more efficiently than Asi (Raab et al., 2007b, Carey et al., 2010) although little is known 

about the transport and metabolism of DMA and MA within rice plants. The high affinity of As(III) for 

thiol complexes is an essential factor limiting its mobility (Liu et al., 2010b). Of the organic arsenic 

species, only MA has shown an affinity for thiols (Mishra et al., 2017). DMA has the highest mobility 

throughout the rice plants since DMA does not form DMA-thiol complexes within the rice plant (Raab 

et al., 2007b) thus, it is unable to be sequestered into vacuoles of the plant (Tang et al., 2016a). 

Hydroponic experiments exposing Castor beans to different arsenic species found that within the 

xylem and phloem of Castor bean plants, DMA is stable and remains uncomplexed (Ye et al., 2010), 

which supports the high mobility of DMA throughout the plant (Raab et al., 2007b). The lack of ability 

to control DMA transport along with the lack of DMA detoxification mechanisms could help explain 

the higher phytotoxicity of DMA compared to Asi (Tang et al., 2016a).  

Unlike As(III), DMA is not permeable to Lsi2 for further transport and xylem loading (Li et al., 2009a). 

It has been suggested that Peptide transporters (PRT) are involved in the translocation of DMA 

throughout the rice plant, with Tang et al. (2017) showing that Oryza sativa Peptide transporters 7 

(OsPRT7) was involved in the transport of within DMA in rice plants. OsPRT7 belongs to a group of 

membrane proteins from the nitrate transporter 1/peptide transporter (NRT1/PTR) family. This family 

is responsible for the transport of a wide range of different substrates including nitrogen and peptides, 

because of diversity in this group of proteins Léran et al. (2014) combining and the remaining the family 

proteins to NPF (NRT1/PTR Family) (Léran et al., 2014). 

The expression of PTR7 has been detected throughout all rice tissues (Zhao et al., 2010c), and growth 

stages and external stresses can influence its relative expression (Ouyang et al., 2010). DMA transport 

is also influenced by rice growth stage, with DMA seen to be efficiently transported from the flag leaf 

to the grain at germination (Carey et al., 2011). The expression of this transporter throughout the rice 

plant can aid in explaining the high mobility of DMA throughout the rice plant.    
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Unloading of Arsenic to the Grain 

Total arsenic concentrations in rice have been reported as high as 2 g g-1 (Islam et al., 2004), with 

surveys showing that the medium arsenic concentration between countries can vary by up to 7 orders 

of magnitude (Meharg et al., 2009). Zavala and Duxbury (2008) analysed over 200 commercial rice 

samples and reported that the ‘normal’ range for arsenic in rice grains varies between 0.08 - 0.2 g g-

1 globally.  Nationally, total arsenic concentration can also vary. For example, within Australia, total 

arsenic concentrations in rice varied between 0.02 and 0.63 g g-1 (Maher et al., 2018).  Factors 

including geography, genotype (Syu et al., 2015), and management practices (Xu et al., 2008) can affect 

arsenic concentration in the grain. An important factor in understanding and managing the arsenic 

concentration of rice grain is to understand the speciation of arsenic within the grain.   

The dominant species of arsenic found in the grain are DMA and Asi (Williams et al., 2005) where AsI 

within the grain can account for between 5-90% of the total arsenic content (Williams et al., 2005, 

Zavala et al., 2008). The speciation of arsenic in the grain varies geographically within countries (Chen 

et al., 2018, Tenni et al., 2017) and globally (Meharg et al., 2009).  DMA typically is the dominate species 

of arsenic in the grain in Australia, USA and Spain (Maher et al., 2018, Maher et al., 2013, Zavala et al., 

2008) whereas in Bangladesh, China and India inorganic arsenic is dominate (Williams et al., 2005, 

Meharg et al., 2009, Rahman et al., 2014)    

Arsenic unloading onto the grain is via both the xylem and phloem; however, the phloem is the 

dominant pathway (Carey et al., 2010). DMA is transported to the grain at an order of magnitude 

higher than Asi (Carey et al., 2010). The same transporter responsible for DMA transport throughout 

the rice plant is also involved in DMA accumulation in the rice grain (Tang et al., 2017). As(III) is typically 

the major Asi species found in rice grain (Huang et al., 2012b). The main pathway for As(III) to the grain 

is via the phloem (Carey et al., 2010, Zhao et al., 2012). In Arabidopsis thaliana plants inositol 

transporters (INTs), AtINT2 and AtINT4, are catalysis for loading As(III) into the phloem (Duan et al., 

2015); although the exact mechanisms involved in the loading of Asi into the grain remain unclear. 

The distribution patterns of Asi and DMA differ significantly (Zheng et al., 2011). DMA is distributed 

throughout the rice grain whereas Asi typically accumulates to the outer edges, localised in the ovular 

vascular trace (OVT) (Lombi et al., 2009, Zheng et al., 2013, Tang et al., 2020). The OVT could act as a 

barrier for arsenic entering the embryo and endosperm (Carey et al., 2010, Lombi et al., 2009), as the 

OVT is the main pathway for nutrients to be transported into the endosperm (Krishnan and 

Dayanandan, 2003). DMA, however, can efficiently pass the barrier. As(III)-thiol complexes have been 
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reported in the OVT and bran of the rice (Lombi et al., 2009), these complexes limit the mobility of 

arsenic Asi and prevent further transport into the grain.   

1.4. Arsenic and Rice Plant Health 

Arsenic stress to Plant 
Arsenic, like metals, causes stress and toxicity in plants. Most studies have focused on Asi induced 

toxicity in rice. Both As(III) and As(V) disrupt key metabolic pathways once taken up (Finnegan and 

Chen, 2012). As(III) has a high affinity for sulfhydryl groups (-SH) proteins and can bind and form As(III)-

SH complexes affecting both structure and function and inhibiting key enzymatic reactions (Requejo 

and Tena, 2005). Since As(V) can utilise phosphate transporters, As(V) can replace phosphate in many 

reactions, noticeably in Adenosine triphosphate (ATP) forming unstable adenosine diphosphate – 

arsenate (ADP-As) (Meharg and Hartley-Whitaker, 2002), which affects the production of energy 

(Meharg, 1994). Both As(V) and As(III) can greatly affect cellular metabolism and signalling (Finnegan 

and Chen, 2012)  

Arsenic, like metals, through redox cycling within the plant, can generate oxidative stress in the plant 

(Hartley‐Whitaker et al., 2001, Pessarakli and Tan, 2010). Oxidative stress in plants is the excess 

production of reactive oxygen species (ROS) (Dat et al., 2000). Reactive oxygen species are highly 

reactive and can react with cellular components resulting in DNA damage, protein modification and 

lipid peroxidation (Singh et al., 2006). Reactive oxygen species are used as messengers for signalling 

for a range of physiological processes. Plants have mechanisms to control the levels of ROS, through 

the production of different antioxidants and enzymes such as glutathione (GHS) and cysteine (Cys) 

(Foyer and Noctor, 2009). GHS and Cys formation can reduce the effects of oxidative stress in rice 

plants exposed to Asi (Shri et al., 2009). GHS and other antioxidant thiols help keep the ROS balance in 

equilibrium (Foyer and Noctor, 2009).  

Organic arsenic, however, is more phytotoxic to rice plants (Tang et al., 2016a). Phytotoxicity is a result 

of oxidative stress and/or inhibition of ATP formation and can result in a reduction in plant growth, 

delayed germination or yield reduction (Panaullah et al., 2009, Syu et al., 2015). A key defence 

mechanism for Asi induced stress is the formation of As(III)-GSH to reduce oxidative stress (Singh et al., 

2006). DMA does not form these complexes and does not promote the formation of GHS and other 

thiols (Tang et al., 2016a). Instead, DMA treated plants can induce a high level of oxidative stress within 

the plant (Tang et al., 2016a). Although much still unclear about the toxicity of DMA and other organic 

arsenic species found in plants, DMA likely plays a key role in inducing straighthead disease in rice 

(Meharg and Zhao, 2012).  
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Straighthead Disease  
Straighthead is a disease that causes sterility in rice resulting in a lack of grain formation and hence the 

head of the rice to remain upright at maturity, i.e. straighthead (Rasamivelona et al., 1995, Yan et al., 

2005). The primary symptoms include sterile florets lacking or distorted lemma and palea (Dunn and 

Dunn, 2012). Extreme cases of straighthead can even result in the panicles and head not forming 

(Rahman et al., 2008). The result is a reduction in grain yield, and in some cases, entire fields can be 

wiped out (Dilday et al., 2000). Compared to other causes of induced sterility in rice, straighthead 

occurs in early flower development, while other sterility usually occurs after heading (Belefant-Miller 

and Beaty, 2007).  

The occurrence of straighthead has been reported around the globe including Australia (Dunn et al., 

2006), Japan (Takeoka et al., 1990), Bangladesh and India (Rahman et al., 2008) , most notably, in the 

USA (Gilmour and Wells, 1980). Straighthead in the USA is an issue mainly where rice is grown on 

historical cotton fields, land that has previously been treated with the cotton herbicide; monosodium 

methanearsonate (MSMA). Residual MSMA in soil has been shown to induce straighthead disease in 

rice (Gilmour and Wells, 1980, Horton et al., 1983). In Australia, Straighthead has been recorded in rice 

crops since the 1960s, and mainly in crops where rice is grown after legume-based pasture (Dunn et 

al., 2006).  

Throughout the USA and Australia straighthead disease is frequently associated with organic arsenic. 

In Southeast Asia, particularly around the Bangla Delta, concentrations of Asi in the irrigation water is 

elevated yet straighthead is not commonly reported. Using popular Bangladeshi rice verities, Rahman 

et al. (2008) showed that 60 mg As kg-1 of Asi in the soil was the critical concentration to induce 

straighthead diseases. A survey conducted across a range of sites throughout Bangladesh, with natural 

soil arsenic concentrations ranging from 10 to 70 mg kg-1 arsenic, found a reduction in grain yield with 

increasing arsenic concentrations in the soils (Panaullah et al., 2009). This shows a negative 

relationship between increasing arsenic concentration and grain yield and gives strong evidence of 

arsenic-induced sterility in Bangladesh. Straighthead disease has also been attributed to with a range 

of other factors, including a range of soils conditions (low pH, low free iron or rich organic matter) 

(Rahman et al., 2008) or continuous flooding of the rice paddy (Wilson et al., 2001). that can all affect 

the occurrence of the disease. 

For rice grown in soil, straighthead disease has been induced by both Asi (Rahman et al., 2008) and 

organic arsenic (Yan et al., 2005). In hydroponic experiments, however, Asi has been unable to induce 

straighthead disease. Investigating the toxicity of Asi and organic arsenic species Zheng et al. (2013) 

concluded that DMA was more toxic to the reproductive tissues, whereas Asi tended to accumulate 

more in the vegetative tissues. Recent studies have suggested that DMA may target cell wall 
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metabolism, particularly in early panicle formation (Tang et al., 2020). Also, DMA distorted the rice 

florets, producing symptoms similar to straighthead disease, whereas Asi did not affect floret 

development (Zheng et al., 2013). The addition of silicon has been shown to reduce the severity of 

straighthead disease in rice (Limmer et al., 2018b). It is still unclear if the addition of silicon reduces 

the effect of straighthead disease by reducing the uptake of DMA as both silicon and DMA are taken 

up via Lis1 transporters (Li et al., 2009a), which was observed by Limmer et al. (2018b). However, Tang 

et al. (2020) observed no change in DMA accumulation with the addition of silicon. As silicon can help 

reduce the effects of abiotic stresses, the addition of silicon instead may be reducing the effects caused 

by DMA accumulation (Sanglard et al., 2014). There is still uncertainty about how DMA affect rice 

plants and its role in inducing straighthead disease.  

1.5. Research Questions  
When we look at the cycling of arsenic in rice paddies, and how rice plants respond to different arsenic 

species, there are still many unknowns, especially when it comes to organic arsenic. Asi has been the 

focus of most studies, mainly due to its toxicity to humans and regulations around the world, limiting 

Asi in food and water, including rice. Organic arsenic species such as DMA is found in rice and some 

cases much higher concentrations that Asi, however, we still do not understand the effects this has on 

rice plants. Arsenic has been associated with straighthead disease in rice; however, the critical role 

arsenic plays in inducing the disease is still unclear. By better understanding the cycling of DMA within 

rice paddies it could help in identifying the critical role arsenic plays in inducing straighthead disease 

and safeguarding rice production into the future.  

The main aim of this project is to determine the effects different arsenic species have on rice plants 

and the critical role these arsenic species play in inducing straighthead disease. To achieve this aim, I 

will address several research questions. 

• How does exposure to different arsenic species stress developing rice plants? 

• How agronomic practices, i.e., straw and nitrogen addition to rice paddies, affects the 

bioavailability of different arsenic species within the soil and in the rise itself. 

• How changes in arsenic bioavailability affect the occurrence of straighthead disease?  

• Does the distribution, concentration and arsenic species change between health and 

straighthead affected plants?  

 The project has two key components, hydroponic lab-based experiments (Chapter 3) and field trials 

(Chapter 4 & 5).  

Chapter 3 investigates how exposure to sub-lethal concentrations of different arsenic species stress 

rice plants. In the laboratory, a purpose build hydroponic system was designed and utilised to expose 
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rice to sub-lethal concentrations of either Asi or DMA. This enabled the observation of potential 

physiological and biochemical effects on the growth and development of the rice plant.  

The field trials presented in chapters 4 and 5 were designed to build on the hydroponic experiments 

and to utilise agronomic practices to change the bioavailability of arsenic in the soil to increase the 

chances of observing straighthead disease in the field under controlled conditions.  

Chapter 4 specifically investigates; how straw incorporation and nitrogen addition affected the 

bioavailability of different arsenic species in the soil. By collecting soil samples, whole plants samples 

and milled grain samples, it was possible to investigate if arsenic bioavailability changes in the soil and 

whether these changes in arsenic bioavailability are reflected in the plant and grain.  

Chapter 5 investigates how changes in arsenic bioavailability affect the occurrence of straighthead 

disease? By sampling both healthy and straighthead affected plants within the same plot, it also 

allowed me to investigate how arsenic speciation differs between healthy and straighthead affected 

plants under controlled conditions.  

Finally, Chapter 6 summarises the findings of this research project and presents suggestions for future 

work.  
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2. Methods 

2.1  Introduction 

This project consisted of growing rice, both hydroponically and in the field. The experimental design 

of the individual experiments are outlined in their respective chapters. The processing and analysis of 

plant and soil samples upon completion of each experiment was kept consistent between experiments 

and is outlined in this chapter. Arsenic concentrations within rice plants are relatively low, requiring a 

very low limit of detection by the instrument. Inductively coupled plasma mass spectrometry (ICP-MS) 

was used for the analysis of arsenic in rice plants, due to a low detection limit (~0.1 g L-1) and minimal 

analytical interferences.  

2.2  Sample Preparation 

Soil 

Soil samples were collected using 50 mL plastic Falcon tubes. The Falcon tube was pushed directly into 

the soil at each plot and then removed, collecting approximately the top 10 cm of soil. Following 

collection, the samples were oven-dried in aluminium trays at 70 oC until they were a constant weight, 

approximately 48 hr. The dried soil was then homogenised such that analysis was representative of 

the top 10 cm of soil for each experimental plot. An agate mortar and pestle were used for crushing 

~10 cm of soil into a fine powder. Between samples, the agate and mortar were cleaned and wiped 

out with 100 % ethanol. 

Rice plant material  

Whole plant samples were collected in both the hydroponic and field experiments. For the hydroponic 

experiments, upon harvesting each rice plant was removed from the growth tubes. The plant was 

separated into two sections, above ground and below-ground plant material, with the cut made at the 

base of the stem. Everything below ground was considered roots, and everything above ground was 

considered the shoot and leaves. In the hydroponic experiments, the plants were not grown to grain 

formation, so grains were not analysed for the hydroponic samples.  

The harvesting of field (soil-grown) plant samples involved collecting full-plant samples, including both 

above and below-ground material. The plants were harvested using a stainless-steel knife which was 

used to cut into the soil with a diameter of approximately 5-10cm around from the plant stem. Once 

the plant was free from the substrate, most of the soil surrounding the roots were removed, without 
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losing too much root mass. Following harvest, the plants were stored individually in plastic zip-lock 

bags and chilled for transport back to the lab. 

In the lab, rice plants were lightly rinsed with deionised water to remove any soil that was not removed 

in the field. Plant height was recorded, measuring from the base of the shoot to the tip of the highest 

leaf. Due to the potential loss of roots during the harvesting of the plants, root length was not 

recorded. The plant was divided into above and below ground material before drying. At this stage, 

the iron plaque coating the roots of rice from the field trial plants was removed by 

dithionite/citrate/bicarbonate (DCB) extraction.  

The extraction process to remove the iron plaque coating from the rice roots used a DCB extraction 

solution. The method was based upon the procedure outlined by Otte et al. (1989). The rice roots were 

initially washed with deionised water to remove any excess soil still attached. One gram of root tissue 

was placed into a 50 mL centrifuge tube along with 20 mL of 0.03 M sodium citrate (Na3C6H507.2H20) 

and 0.125 M bicarbonate (NaHCO3) solution and 1.5 g of sodium dithionite (Na2S204) then added. The 

tubes containing the roots and DCB solution were capped and placed in an incubator at 60oC for 10 

min. After that, the roots were washed with 10 mL deionised water. This rinse water was added to the 

DCB extract solution. Post extraction, the roots were dried and stored in a separate centrifuge tube for 

elemental digestion.  

The plant material from both the hydroponic and field-based experiments were placed in individual 

aluminium trays and oven-dried at 70oC until constant weight, approximately 48 hr. Once dried, above-

ground biomass was further separated into leave shoots, husks and grain (for field trial plants) Both 

plant and soil samples were ground and homogenised using an analytical mill (IKE A11) for plant 

samples. 

2.3 Sample Digestion and Analysis protocol  

The sample digestion or extraction procedure was tailored to the sample type and analysis required.  

Total Arsenic analysis  

Here, the digestion process for total arsenic analysis of plants and soil samples is described. 

Approximately 0.2 g of dried homogenised plant or soil sample were weighed out into 55 mL into 

polytetrafluoroethylene (PTFE) digestion vessel. For plant material, twice distilled ultra-pure nitric acid 

(2 mL) and 30% v v-1 hydrogen peroxide (1 mL) was used. For soil material, twice distilled ultra-pure 

nitric acid (2 mL) and hydrochloric acid (1 mL) was used.  Samples were lightly capped and left to 

predigest for 1 hour before being sealed and heated in a microwave oven (CEM MARS). The samples 

were heated using a 4-step temperature and time program adapted from Maher et al. (2013): (1) Ramp 
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temperature to 120oC, (2) hold at 120oC for 5 min, (3) ramp temperature up to 150oC over 3 min and 

(4) hold at 150oC for 15 min.  

Following digestion, samples were left to cool to room temperature before opening the digestion 

vessels. Once cooled, the sample was decanted into 15 mL polyethene vials and diluted to 10 mL with 

deionised water. On the day of analysis, samples were diluted 1-100 (v v-1) using an internal standard 

mixture containing Li, Sc, Rh and Bi made up in 2% (v v-1) with twice distilled ultra-pure nitric acid to 

obtain 10 mL of the sample at a nitric acid concentration of 1% (v v-1) and 10 g g-1 internal standard 

concentration. The samples were digested in batches of 40, and each batch contained 37 samples, 2 

Certified reference materials (CRMs) and 1 blank. The CRMs selected where NIES 10a Rice Flour and 

NIES SRM 1575 Pine Needles for plant samples, and NIES SRM 8704 Buffalo River Sediment (Buffalo, 

NY, USA) and NIES SRM 2710 Montana Soil for soil samples.  

Total arsenic concentrations for both soil and plant samples were analysed on Perkin-Elmer Elan-DRC-

e ICP-MS, with operation and calibration following the protocol outlined by Foster et al. (2007). Stock 

instrument calibration solutions were prepared daily from multi-element standards (Sigma-Aldrich) 

with concentrations ranging between 1 and 1000 g g-1 along with a blank solution. The multi-element 

solution contained key elements, including arsenic. The internal standard was used to monitor and 

calculate any machine drift over each run.  

Arsenic speciation 

Arsenic speciation was determined using the procedure described by Maher et al. (2013), and was 

used as the extractant for arsenic species in both soil and plant samples. Approximately, 0.2 g of dried 

homogenised plant sample was weighed out into a 55 mL PTFE digestion vessel, and 5 mL 2% (v v-1) 

ultrapure nitric acid added. Samples were lightly capped and left to predigest for 1 hr before being 

sealed and heated in a microwave oven (CEM MARS, USA). The samples were heated using the 4-step 

temperature and time program outline by Maher et al. (2013)  for total arsenic analysis. Following 

extraction, samples were left to cool to room temperature before the digestion vessels were opened. 

The samples were decanted into polyethene vials and diluted to 10 mL with deionised water. The 

extracts were centrifuged for 15 min at 4000 rpm, and the supernatants were then decanted and 

filtered through 0.45 m polyethersulfone (PES) syringe filters before speciation analysis.  

To separate arsenic species, a high-pressure liquid chromatography (HPLC) system was used in-line 

with an ICP-MS (Perkin-Elmer Elan-DRC-e) as described by Maher et al. (2018). A PRP-X100 anion 

column (250 x 4.6 mm, 10 m) with a 20 mM ammonium phosphate buffer at pH 6.5, was used at 40oC 

with a flow rate of 1.5 mL min-1 for arsenic separation. Arsenic species retention time and 
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concentrations (Figure 2-1) were determined by speciating four standards; sodium arsenite (As(III)), 

sodium arsenate heptahydrate (As(V)), disodium methyl arsenate (MA) and dimethyl arsenic acid 

(DMA). ICP-MS calibration curves were determined regularly within each analytical run. 

 

 

 

Figure 2-1: Chromatograms of arsenic speciation using HLPC-ICP MS. Top, an example of 25mg/L standard of four different 
arsenic species (As3+, DMA MA and As5+ ). Bottom, Arsenic speciation for Koshihikari rice leaf sample with the four detected 
arsenic species. 
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2.4  Data Processing 

Total arsenic concentrations were processed using Microsoft Excel. Concentrations were calculated 

using calibration curves generated for bracketed batches of between 20-30 samples. The calibration 

was generated from multi-element standards (Sigma-Aldrich) that included arsenic. The standards 

were made up daily to contain 100, 10, 10, 1 and 0.1 g L-1 of arsenic. Any potential interference on 

arsenic was crosschecked by monitoring chloride at m/z 35 and Se at m/z 77 and 82.  Machine drift 

was monitored through the addition and monitoring of internal standards containing 10 g L-1 of Li, Sc, 

Rh and Bi. 

Arsenic speciation data was processed using custom software written in LABVIEW (Figure 2-2). Arsenic 

concentrations were calculated by fitting a model to each peak and integrating the peak area. The 

program fits a curve of best fit and allows customisation by the user. The program automatically 

detects and fits an Exponentially Modified Gaussian model to each peak. The user can review each 

peak and modify the timing for the start and end of the peak and also filter/adjust the baseline to 

ensure the best peak fit. The program can also write the data to an excel spreadsheet. The data 

includes peak number, the minimum and maximum time for each peak alongside peak area, height 

and retention time.   

The processed data for the hydroponic experiments (Chapter 3) is included in Appendix 4 and 5. The 

processed data for the field trial (Chapter 4 and 5) is included in Appendix 9, 10, 11, 12 and 13.  

Figure 2-2: Screen capture of the program used to process arsenic speciation data. Graph displaying data from a typical rice 
grain sample. White dots represent raw data, coloured lines display model fit for each peak detected.   
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2.5  Data Quality 

CRMs were analysed during every analysis run. For plant material digestions NIES 10a Rice Flour and 

NIES SRM 1575 Pine Needles were digested with each batch of samples. Overall the measured total 

arsenic concentration for NIES 10a were 0.18 ± 0.03 g g-1 (n = 11) and for NIES SRM 1575 total arsenic 

concentrations measured were 0.18 ± 0.04 g g-1 (n = 11). The mean concentrations of arsenic 

measured were within the error of the reference concentration for NIES 10a (0.17 g g-1) and the 

certified value of NIES SRM 1575 (0.21 ± 0.04 g g-1).  

For the field trial, arsenic speciation was conducted for different sections of the plant, with the milled 

grain, rice husk, leaves and shoots all analysed. The overall arsenic recovery from milled grain samples 

was 86 ± 10% (n = 43). The husk across all samples gave a recovery of 57 ± 15 % (n = 24). The low 

recovery observed in the husk may be a result of small sample size. The limited amount of husk 

material available for many samples made it difficult to grind into a fine powder using the mill.  When 

using a weak acid extraction, it was not as effective in extracting arsenic for coarse material as a 

concentrated acid digestion.  The leaves and shoots gave an overall recovery of arsenic with recoveries 

of 78 ± 14% (n = 23) and 85 ± 16 % (n = 24), respectively. 

Soil samples were run with two CRMs, SRM 8704 Buffalo Rive Sediment and SRM 2710 Montana Soil, 

with the measured arsenic concentrations at 14 g g-1 (n = 1) and 511 g g-1 (n = 1), respectively. The 

concentrations agreed with the certified concentration of 17 g g-1 and 626 ± 36 g g-1
, giving a recovery 

of 82 % for both CRMs for total arsenic. For arsenic speciation, the average recovery for extracted 

arsenic using 2% v v-1 nitric acid extraction was 21 ± 7% across all soil samples (n = 32). The low recovery 

for extracted arsenic during speciation is addressed in Chapter 4 and 5. The percent of arsenic that was 

extracted was considered the extractable arsenic and the maximum concentration of bioavailable 

arsenic available to the plant, with the unextracted arsenic considered too tightly bound and 

unavailable to the rice plant for uptake.  A weak acid extraction using nitric acid has shown to preserve 

the integrity of the different arsenic species (Foster et al., 2007). Currently, there is no robust method 

available to determine the bioavailable arsenic in soil; however, 1% or 2% v v-1 nitric extractions have 

be utilised for numerous mediums to determine labile arsenic species available including marine plant 

and animal tissue (Foster et al., 2007) and rice plant material and grain (Zhu et al., 2008, Maher et al., 

2018, Huang et al., 2012b). For arsenic speciation in rice, 2% v v-1 nitric acid method has been verified 

against  X-ray absorption near edge structure (Maher et al., 2013).     
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2.6  Summary 

The methods used to measure total arsenic concentrations and determine arsenic speciation 

throughout this project have been well established and reported in the literature (Ellwood and Maher, 

2003, Foster et al., 2007, Maher et al., 2018, Maher et al., 2013). The quality checks put in place for 

data quality (e.g. external standards, internal standard and CRMs) ensures that the data presented in 

the project is both accurate and reliable. The CRM’s analysed alongside the plant material; NIES 10a 

and NIES SRM 1575, are within error of the certified values, which adds confidence to the total arsenic 

concentration reported for the plant material. The recoveries for arsenic species varied between the 

different plant components. Arsenic recoveries of above 85% were achieved for shoots and grains, 

with slightly lower recovery achieved in the shoots, and the lowest observed for soils. 

As different varieties of rice take uptake arsenic at different rates (Abedin et al., 2002b), relative 

changes between treatments and between healthy vs straighthead-affected plants is more relevant 

than absolute concentration changes. The high arsenic recoveries achieved in grains, leaves and shoots 

adds confidence to the data presented. The lower recoveries for the husk are most likely due to limited 

sample material. When reporting the results from the husks, the unextracted arsenic is taken into 

account. The consistency in how the samples were processed can still allow observations to be made 

comparing relative changes between treatments and healthy/straighthead plants.  

The recovery for CRM’s used for the soil analysis indicated that the total arsenic concentration 

measured for the soils are ~20% lower than the certified values. The reported arsenic concentration is 

still a good indication of total arsenic in the soil and can give insight into relative changes in total soil 

arsenic concentrations between treatments. The recoveries for arsenic speciation achieved a low 

recovery of ~20%, however, as discussed in chapters 4 and 5, the arsenic extracted from the soil is a 

better indication of the bioavailable arsenic to the plant compared to that extracted using 

concentrated acid digestions.  
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3. The Effect of Individual Arsenic Species on Hydroponically Grown 

Rice. 
 

3.1. Introduction 
This chapter investigated the accumulation and individual effects of inorganic arsenic (Asi) and 

dimethyl arsenic (DMA) in rice plants to understand how these different chemical species accumulate 

and how they affect the plant health and physiology. Arsenic is considered toxic to plants (Finnegan 

and Chen, 2012), however, there is a lack of understanding about the individual effects of the different 

arsenic species, especially organic arsenic species and the response of plants to prolonged exposure.  

Organic arsenic species such as DMA are considered less toxic to most organisms (Vahter and Concha, 

2001); yet studies have shown that DMA and monomethyl-arsenic (MA) can be more toxic than Asi in 

plants (Carbonell et al., 1998, Tlustoš et al., 2006). Rice grown on fields previously treated with 

monosodium methyarsonate (MSMA) have shown an increased occurrence of straighthead disease 

(Gilmour and Wells, 1980, Yan et al., 2005). DMA and MA have been linked to straighthead disease in 

rice, however, the critical role organic arsenic plays is still unclear.  

Within the soil, arsenic can be cycled between redox states depending on the mineral composition, 

such as iron, and its ability to strongly adsorb As(V) (Liu et al., 2015), available oxygen (Bravin et al., 

2008) and organic matter (Williams et al., 2011), which can dramatically alter its phytoavailability. 

Arsenic can also cycle between inorganic and methylated forms by microbial processes (Chen et al., 

2019), which can again affect phytoavailability. In this study, I built a hydroponic system capable of 

growing rice under controlled conditions so that the inherent variability of rice cultivated in the soil is 

removed. The hydroponic system we created allows us to select the arsenic species and control the 

plant exposure concentration in order to eliminate some of the processes that alter its 

phytoavailability.    

This study aimed to expose rice to different sub-lethal concentrations of Asi and DMA under 

hydroponic conditions to observe potential physiological and biochemical effects. Specifically, this 

study had three objectives which were to: 

• Observe how the uptake and accumulation of arsenic vary when rice is exposed to different 

arsenic concentrations and species. 

• Observe how exposure to different arsenic species stresses developing rice plants. 
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3.2. Materials and Methods 
Conventional hydroponic systems that were available contain large reservoirs, with multiple systems 

being fed from a single reservoir. Conventional systems do not allow independence between 

treatments or for the generation of true replicates. Thus, a purpose-built hydroponic system was 

constructed to allow true replicates and to grow rice hydroponically under a range of different 

treatments. The hydroponic portion of this project utilised a purpose-built Deep-Water Culture (DWC) 

system (Figure 3-1). The DWC system is a self-contained reservoir, with the plants growing directly into 

the reservoir.  

The Hydroponics System   

The hydroponic system consisted of 3 main components; a reservoir, plant housing and aerating 

system. The reservoir was constructed using 90 mm diameter Polyvinyl chloride (PVC) pipes cut to 370 

mm length. Along the edge, five holes were drilled at 22 mm diameters, 55 mm apart. The five large 

holes were used to insert the plant housing units. A sixth hole was also bored, with a diameter of 

10mm. The smaller hole was used to insert an air hose to aerate the nutrient solution and an access 

point to take pH measurements. The capacity of the DWC system was a 1.6 L water reservoir.  

The plant housing units were constructed using 20 mm diameter piping cut to 80 mm in length to fit 

into the reservoir (Figure 3-1). Each housing unit held a single plant and the spacing between the plants 

allowed the plant to grow without the roots becoming entangled with neighbouring plants. In previous 

hydroponic systems, it has been found that if the plants were not separated, direct competition 

between plants occurred, which subsequently led to roots becoming entangled and resulted in 

significant variation within treatments. Plants were held in place using 10mm thick Styrofoam disks. 

Styrofoam was used, due to its inert properties, thus avoiding the leaching of unwanted chemicals into 

Figure 3-1: The Deep-Water Culture (DWC) system used throughout all the hydroponic experiments. Left: The complete 
DWC system with growing rice plants. Right: An example of the plant housing tube and with a rice plant placed in the 
Styrofoam disk.  
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the nutrient solution. Each nutrient solution/treatment was aerated by pumping compressed air 

through Teflon tubing and bubbling it into the nutrient solution via air stones through the sixth (10 

mm) hole.  

The plants were grown in a temperature-controlled laboratory between 20-24oC using two ATI T5 

power module light systems using T5 full-spectrum fluorescent bulbs suspended from the roof above 

the plants. The system was on a timer 14hr/10hr day/night cycle. The light field was measured using 

an irradiance sensor (Biospherical Instruments QSL 2102) across the surface of hydroponic growing 

tubes to ensure even distribution of light across the surface. The light was adjusted accordingly to 

ensure that all plants were exposed to 180 E m-2 s-1 throughout the experiment (Kim et al., 2005).  

Seed Germination 
Rice seeds were surface sterilised utilising a technique adapted from Kim et al. (2005). The seeds were 

sterilised by rinsing with 10% v v-1 H2O2 for 10 min, followed by 70% w w-1 ethanol for 5 min and a final 

rinse with deionised water. After surface sterilisation, the seeds were placed in deionised water and 

then placed in an incubator at 30oC for 48hrs to break dormancy and promote the germination of the 

seedlings.  

Seedlings were transplanted into the DWC system after germination. For the first 14 days following 

germination, the plants were exposed to a half-strength nutrient treatment to allow the plants to 

acclimate, followed by full strength after that (Table 3-1). The nutrient solution is that of Yoshida et al. 

(1971) with the addition of silicon at 40 mg L-1, and EDTA at 1mg L-1. The ETDA was added to stop iron 

from being lost from solution via precipitation processes (Jacobson, 1951). 

Table 3-1: The element, chemical formula, and concentrations of nutrients used in the hydroponic growth experiments. 
Nutrient solution adapted from (Yoshida et al., 1971), with the addition of silicon.  

 

Element Chemical Formula Concentration (mg L-1) 

N NH4NO3 40 

P NaH2PO4 2H2O 10 

K K2SO4 40 

Si Na2SiO2 5H2O 40 

Ca CaCl2 40 

Mg MgSO4 7H2O 04 

Mn MnCl2 4H2O 0.5 

Mo (NH4)6 MO7O24 4H2O 0.05 

B H3BO3 0.2 

Zn ZnSO4 7H2O 0.01 

Cu CuSO4 5H2O 0.01 

Fe FeCl3 6H2O 1 
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The nutrient solution and arsenic were renewed every seven days. This involved discarding the old 

nutrient solution and cleaning the tubes to ensure no build-up of mould or algae. The tubes were then 

topped up with 1.6L of nutrient solution and appropriate arsenic treatment.  

Experimental Design  
Once the hydroponic system was tested and finalised, two hydroponic growth experiments were 

conducted. Doongara a long grain rice variety was selected as due to its susceptibility to arsenic and 

straighthead disease. Doongara was also one of the varieties used in the field trials (Chapter 4 & 5), 

allowing comparison between hydroponic and field trials. The rice plants were exposed to two 

different species of arsenic (As(III) and DMA) at four different concentrations. The treatments were as 

follows: 0.0 mol L-1 (control), 0.8 mol L-1 (low), 1.8 mol L-1 (medium), 3.5 mol L-1 (high) and 6.7 

mol L-1 (very high).  Plants grown in experiment 1 were exposed the As(III), whilst plants in experiment 

2 were exposed to DMA. As a check between experiments and for quality control, I repeated the very 

high arsenic treatment for the alternative arsenic species (i.e., experiment 1 included a very DMA 

treatment and experiment 2 a very high As(III) treatment). The arsenic concentration was selected 

based on a previous experiment by Shaibur et al. (2006) were inorganic arsenic toxicity in 

hydroponically cultivated rice plant was found to be below 6.7 mol L-1
 of As(III). As no experiments 

have found a toxicity concentration for DMA in rice, for this experiment, the DMA concentrations were 

matched to As(III) to allow comparison between the two arsenic species.  

Treatments were carried out in triplicate, the layout of the experiments illustrated in Appendix 1 

(experiment 1) and Appendix 2 (experiment 2). The plants was grown for a total of 38 days, this time 

allowed for substantial growth to occur and to observe arsenic accumulation throughout the 

vegetative growth stage. The experiment was terminated before the plants reached flowering, thus 

allowing us to observe the early accumulation of arsenic because studies have shown that uptake of 

nutrients and arsenic changes at different growth stages for the plant (Zheng et al., 2011). 

Harvested plants were lightly rinsed with deionised water, and height recorded from the base of the 

stem to the tip of the highest leaf. Plant roots were also inspected for iron plaque formation, however, 

no plaque was observed on any of the root systems (Figure 3-2).  
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3.3. Results  

Plant Growth  
The final plant heights between the two experiments were slightly different even though they were 

harvested during the same period of growth (Figure 3-3). The mean height of the control for 

Experiment 1 (Asi) and Experiment 2 (DMA) were 230 ± 73mm and 352 ± 51mm, respectively. Between 

the treatments, the rice plants responded differently when exposed to different arsenic species (Figure 

3-3). Plants exposed to Asi (experiment 1) showed a significant decrease in plant height when exposed 

to different Asi concentrations [F(5,47) = 13.04, p=5.65x 10-8]. At Low Asi concentrations, plant growth 

was not affected, however, when Asi concentrations exceeded 1.8 mol L-1 (medium) a significant 

decrease in plant heights was observed (medium = 155 ± 84 mm, high = 61 ± 23mm, very high = 95 ± 

31) when compared to the control, (230 ± 73 mm).  

Figure 3-2: Photos of rice plants being processed at the end of the experiments. Left: image is a rice plant from the 
hydroponic experiments, right: plants grown in the field (chapter 4 & 5), top trays hold the above ground-biomass, and 
bottom trays the roots of the plant. Orange colour is iron plaque formation on the surface of the roots. This image 
illustrates that the rice grown hydroponically exhibited no iron plaque formation on the roots. 
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The plants exposed to DMA showed no significant changes in overall plant heights across all treatments 

[f(5,46) = 2.37, p=0.0533]. In both experiments, plants were exposed to a very high concentration of 

either DMA or Asi (6.7 mol L-1 ) to assess whether physiological differences as a result of arsenic 

exposure occurred within experiments as well as between experiments (Figure 3-3). There were 

considerable differences in plant heights between experiments (Figure 3-3), and thus we are unable to 

compare the growth directly between experiments.   

Figure 3-3: Boxplot of plant height at the completion of the growth experiments. Experiment 1 plants are exposed to a range 
of different Asi concentrations with a set of plants exposed to very high concentrations of DMA as a reference between 
experiments. Experiment 2 plants exposed to a range of DMA treatments with a set of plants exposed to very high Asi 
concentrations as a reference between trials. Dosage concentrations corresponding to each treatment are as follows: control; 

0.0mol L-1 As, Low; 0.8mol L-1 As, Med 1.6 mol L-1 As, High; 3.5mol L-1 As, Vhigh; 6.7mol L-1 As. Experiment 1 n = 45 and 
Experiment 2 n = 44. 
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The effect of the different arsenic treatments on plant biomass showed a similar trend to that observed 

for plant heights (Figure 3-4). Plants exposed to Asi (experiment 1) showed an overall significant 

decrease (p<0.05) in plant mass when exposed to increasing Asi concentrations [F(5,84) = 11.04, 

p=3.43e-8]. Like plant heights, the low Asi treatment resulted in no significant decrease in mean plant 

biomass, whereas the remaining Asi treatments showed a significant (p<0.05) decrease in plant 

biomass relative to the control.   

For the DMA in experiment 2, a significant change (p<0.05) in plant biomass between treatments 

[F(5,66) = 3.133, p=0.0134] was observed (Figure 3-4). There were differences in plant biomass 

between the low DMA treatment (0.74 ± 0.85 g) and the medium DMA treatment (2.07 ± 1.09 g); 

however, there was no significant difference between any of the DMA treatments and the control 

(Figure 3-4).  

Figure 3-4 The plant dry mass at the completion of the growth experiments. Experiment 1 plants were exposed to a range of 
different DMA concentrations with a set of plants exposed to very high concentrations of As i as a reference between 
experiments. Experiment 2 plants were exposed to a range of Asi treatments with a set of plants exposed to very high DMA 
concentrations as a reference between trials. Dosage concentrations corresponding to each treatment are as follows: control; 

0.0mol L-1 As, Low; 0.8mol L-1 As, Med 1.6 mol L-1 As, High; 3.5mol L-1 As, Vhigh; 6.7mol L-1 As. Experiment 1 n = 45 and 
Experiment 2 n = 44. 
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Arsenic accumulation  
Plants exposed to Asi accumulated more arsenic as exposure concentrations increased (Figure 3-5). 

Between experiments 1 and 2, the duplicate treatments of DMA and Asi at 6.7 mol L-1 showed that 

the accumulation of arsenic was the same between experiments (Figure 3-5); the mean Asi 

concentrations were 895 ± 198 g g-1 and 808 ± 184 g g-1 and for DMA concentrations 87 ± 62 g g-1 

and 31 ± 9 g g-1, for experiments 1 and 2 respectively.   

 

The plants exposed to Asi accumulated arsenic to much higher concentrations than plants exposed to 

DMA (Figure 3-5), with most of the arsenic being accumulated in the roots of the plant for both DMA 

and Asi (Figure 3-6). When exposed to Asi, 94 ± 1% of the arsenic was located in the roots. The rice 

plants exposed to DMA accumulate more arsenic in their roots; however, there is significant variability 

within treatments (Table 3-2), resulting in the accumulation between the root and shoots not being 

Figure 3-5: Total average arsenic concentration for whole plant (roots and shoots) Experiment 1 plants were exposed to a 
range of different DMA concentrations with a set of plants exposed to very high concentrations of Asi as a reference between 
experiments. Experiment 2 plants were exposed to a range of Asi treatments with a set of plants exposed to very high DMA 
concentrations as a reference between trials. Dosage concentrations corresponding to each treatment are as follows: control; 

0.0mol L-1 As, Low; 0.8mol L-1 As, Med 1.6 mol L-1 As, High; 3.5mol L-1 As, Vhigh; 6.7mol L-1 As.  
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significantly different (Figure 3-6). The response to increasing arsenic exposure and different arsenic 

species showed two distinct accumulation patterns (Figure 3-7). Plants treated with DMA had a similar 

distribution of arsenic between shoot and roots with increasing concentrations (Figure 3-6). In 

contrast, plants exposed to Asi show a linear response to increasing arsenic application, however, the 

roots of the plant accumulate arsenic to much higher concentrations (Figure 3-6).   

 

  

 

 

 

Figure 3-6: Mean arsenic concentrations throughout the rice plants, for plant exposed to Asi (Top) and DMA (Bottom).The 
actual concentration are outlined in Table 3-2. Dosage concentrations corresponding to each treatment are as follows: 

control; 0.0g/L As, Low; 0.8g/L As, Med 1.6 g/L As, High; 3.5g/L As, V high; 6.7g/L As Error bars represent 1SD.  
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Table 3-2: Summary of arsenic concentrations in rice roots and shoots grown hydroponically. The plants were exposed to 

either As(iii) or DMA. Dosage concentrations corresponding to each treatment is as follows: control; 0.0mol L-1 As, Low; 

0.8mol L-1 As, Med 1.6 mol L-1 As, High; 3.5mol L-1 As, Vhigh; 6.7mol L-1 As. 

 

 

Treatment Treatment 
Arsenic in Shoots 

Concentration (g g-1) 

Arsenic in Roots 

concentration (g g-1) 

As(III) Control 0.07 ± 0.07 0.4 ± 0.4 

As(III) Low 11.24 ± 3.28 151.3 ± 57.0 

As(III) Medium 18.61 ± 11.24 227.9 ± 93.9 

As(III) High 21.3 ± 13.84 382.0 ± 143.3 

As(III) Vhigh 45.12 ± 13.98 763.2 ± 183.8 

DMA Control 0.02 ± 0.05 0.10 ± 0.2 

DMA Low 3.42 ± 2.14 10.4 ± 8.0 

DMA Medium 4.49 ± 2.8 12.4 ± 3.0 

DMA High 13.02 ± 14.82 23.0 ± 10.2 

DMA Vhigh 27.72 ± 20.72 58.8 ± 58.5 

Figure 3-7: Arsenic accumulation within different plant segments of rice grown hydroponically with increasing exposure to  
Asi (top) and DMA (bottom). Linear regressions were fitted, as shown by dotted lines, with 95% confidence intervals 
represented by the shaded areas.  
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Plant health 
To determine if the different arsenic species had any effect on plant health, the final plant heights were 

used as a measure of plant fitness. Both modelled dose-response curves and Z scores were used to 

investigate the effects the two different arsenic species have on plant health. When modelling the 

dose-response curve, there was a significant decrease in plant height with increasing Inorganic arsenic 

dosage with r2 = 0.89 when second-order polynomial was fitted. The DMA treatments displayed no 

significant change with increasing DMA treatments, r2 = 0.21 when a second order polynomial was 

fitted. A 10% reduction in plant height (EC10) is predicted when plants are exposed to 0.7 mol L-1 

inorganic arsenic and 50% reduction in height (EC50) is predicted for concentrations above 2.5 mol L-

1 inorganic arsenic (Figure 3-8). The rice plants treated with DMA demonstrated no overall reduction 

in height with increasing DMA exposure (Figure 3-8). Due the high variability within each treatment, it 

was not possible to get meaningful EC10 and EC50 results. The variability within the treatment groups in 

explored below using Z scores (Equation 1). 

 

Figure 3-8: Dose response curve for rice plants treated with inorganic arsenic (green) and DMA (orange). Arsenic 
concentration against plants height percent relative to control. Error bars represent standard deviation, n = 45 (Inorganic), n 
= 44 (DMA).  
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Z scores were used to normalise plant height to the control of each experiment (Equation 1), where X̄ 

and s is equal to the mean and standard deviation (SD) of the control group for each experiment, 

respectively. Presented in Table 3-3 is the percentage of plants that fall below the respected Z-scores 

for each treatment. The plants that drop below this score are deemed to be unhealthy.   

𝑧 =  
𝑋− �̅�

𝑠
       Equation 1 

With plant height being the only available measure of plant health in this experiment, a range of 

standard deviations or z-scores were selected to account for natural variability within the population. 

Plants with a z score less than or equal to -2 were the most stunted plants throughout each experiment 

and were considered unhealthy.  

 

Table 3-3: Percentage (%) of unhealthy plants. Plants are deemed unhealthy when the height falls below the respective z-
score. For each treatment n = 9 except for DMA low where n = 8. 

Arsenic 

Species 
Treatment 

Percent of 

unhealthy plants 

 (-1.0 Z- score) 

Percent of 

unhealthy plants 

(-1.5 Z-score) 

Percent of 

unhealthy plants  

(-2.0 Z-score) 

 

As(III) 

Control 22 0 0 

Low  11 0 0 

Medium  44 33 22 

High 100 100 89 

Very High  100 89 22 

Reference (Very High DMA) 75 50 25 

 

DMA 

Control 11 11 11 

Low  75 38 38 

Medium  11 11 11 

High 33 33 22 

Very High  25 25 25 

Reference (Very High AS(III)) 44 44 44 
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To determine where to distinguish between healthy and unhealthy plants based on plant height is a 

judgment call. Table 3-3 shows the percentage of unhealthy plants and a range of thresholds (z-scores), 

and Figure 3-9 was generated using a z score of ≤ -2. Smaller z scores could also be selected to refine 

the parameters, however, two standard deviations allow for natural variability in the plant’s growth. 

As discussed above, there was variability between experiments and reference treatments (Figure 3-3). 

Using two standard deviations to distinguish plant health shows that the plants exposed to DMA had 

a consistent number of unhealthy plants across all treatments. Plants exposed to Asi show higher 

mortality at higher arsenic concentrations, especially when the cut-off between healthy and unhealthy 

is relaxed and set to one standard deviation of the z score (Table 3-3). There were clear differences in 

arsenic concentrations between healthy and unhealthy plants for the DMA treatment with 

concentrations at or higher than 1.8 g L-1 (Figure 3-9). Plants exposed to Asi did not display as great 

difference between healthy and unhealthy plants (Figure 3-9). The exception was the high Asi 

treatment where the unhealthy plants were exposed to much higher arsenic concentrations. In this 

Figure 3-9: Arsenic concentration in the shoots of rice plants exposed to AsI (top) and DMAI (bottom). Divided by healthy 
(green) and unhealthy (orange) plants. Unhealthy plants determined by plants growth less than 2 standard deviations from 
mean of control.  Experiment 1 n = 45 and Experiment 2 n = 44. 
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case, the high Asi treatment mostly had unhealthy plants (Table 3-3), with only one plant being 

classified as healthy.   

3.4. Discussion  

Plant Morphology  
The application of DMA showed no overall change in plant height across all concentrations. 

Meanwhile, increasing the concentration of Asi resulted in a reduction in both plant height (Figure 3-3) 

and biomass (Figure 3-4). The most significant reduction in plant height was observed for the 3.5 g L-

1 treatment, with a 73% reduction in plant height from the control. The height of the rice plants 

significantly decreased when exposed to Asi concentrations greater than or equal to 3.5 g L-1 Asi, with 

significant reductions in height (EC50 ) predicted at Asi concentrations above 2.5  g L-1  (Shaibur et al., 

2006, Zheng et al., 2011). Metal stress in rice, including the metalloid arsenic, can cause a reduction in 

both plant growth and root elongation (Han et al., 2015, Seneviratne et al., 2019). A delayed response 

has been observed, indicating either that rice has some tolerance to Asi (Song et al., 2014, Xu et al., 

2017) or that Asi is interrupting key metabolic pathways where the effects are not immediately 

observed (Kamiya et al., 2013). It is well documented that As(III) and As(V) use silicon (Chen et al., 

2017, Katsuhara et al., 2014, Ma et al., 2008) and phosphate (Wang et al., 2016) transporters for uptake 

and transport (Kumarathilaka et al., 2018a), which can lead to the disruption of signalling or metabolic 

pathways. As(III) also has a high affinity to, and reacts with, sulfhydryl groups (-SH), and also readily 

reacts with enzymes and proteins (Dixit et al., 2015), inhibiting enzyme activity (Chen et al., 2010) and 

affecting plant growth and metabolism (Jha and Dubey, 2004). The disruption certain pathways, for 

example As(V) causing a reduction in photosynthetic activity may actually delay the effects of arsenic 

on the health of the plant (Abbas et al., 2018, Mateos-Naranjo et al., 2012). 

 The reduction in height (Figure 3-3) and biomass (Figure 3-4) observed in the Asi treatments may also 

be caused by an increase and imbalance in Reactive Oxygen Species (ROS) resulting in oxidative stress 

throughout the plant (Shri et al., 2009, Stoeva et al., 2005), as discussed previously in Chapter 1. ROS 

are signalling compounds and intermediates produced by metabolic pathways in cells that play 

essential roles throughout the plants' lifecycle, including plant growth, germination, and grain 

development (Mhamdi and Van Breusegem, 2018).  

Uptake 
Plants exposed to the same concentrations of DMA and Asi resulted in significant differences in the 

accumulation of arsenic within roots (Figure 3-6). Plants exposed to Asi contained up to 18-fold higher 

arsenic concentrations in the root than the DMA treatments and 4-fold higher in the shoots. In this 

study, EDTA was added to the nutrient solution to keep iron in solution. Visual observations at the end 

of the experiment showed the iron plaque did not form on the roots (Figure 3-2). Therefore, arsenic 
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associated with the root structure is most likely accumulated within root tissue and not arsenic bound 

to the iron plaque. For a more detailed understanding of the distribution of arsenic within the roots, 

future experiments may consider rinsing the roots of the rice plants with a phosphate solution instead 

of denoised water. Using a phosphate rinse would remove any surface-bound arsenic from the root 

surface (Abedin et al., 2002b, Chen et al., 2005). This may result in a reduction in overall arsenic 

concentration for the roots; however, the rates of uptake observed between arsenic species are in 

agreement with previous experiments (Abedin et al., 2002b) 

The uptake rate for Asi has been shown to be faster than for DMA (Abedin et al., 2002b). The linear 

response to increasing arsenic exposure and arsenic concentration (Figure 3-7) illustrates a positive 

correlation between exposure and accumulation (Raab et al., 2007b). The significant difference in 

arsenic concentration in the root between the Asi and DMA treatments indicates the Asi is actively 

being accumulated in the roots of the plant (Abedin et al., 2002b, Ma et al., 2008).  

The uptake pathway for arsenic is species-dependent. As(V) is taken up by rice via phosphate 

transporters (Wang et al., 2015), whereas As(III) is taken up via silicon transporters Lsi1 and Lsi2, which 

are Nodulin 26‐like Intrinsic Proteins (OsNIP), a passive aquaporin channel (Ma et al., 2008). DMA is 

also believed to be taken up via Lsi transporters (Li et al., 2009a), but at a much slower rate (Abedin et 

al., 2002b) . For the Asi treatments, the form of arsenic used was As(III), meaning the majority of arsenic 

taken up would have been in the form of As(III). If any oxidation of As(III) to As (V) occurred in the 

nutrient solution upon uptake, it would rapidly be reduced back to As(III) in the plant itself (Xu et al., 

2007). 

Accumulation and Transport 
The higher arsenic concentrations found in the plants exposed to Asi not only illustrate that Asi is taken 

up more efficiently than DMA, but also highlights plant detoxification strategies and response to Asi 

exposure. The detoxification of Asi involves either the sequestration of arsenic in vacuoles (Song et al., 

2010, Song et al., 2014) or arsenic being pumped out of cells into the external medium via efflux 

pathways (Xu et al., 2017). An efficient Asi efflux transporter within rice plants has not yet been 

identified; however, Lsi1 has been identified as bi-directional and can efflux a small amount of As(III) 

(Zhao et al., 2010b). For the Asi that is not effluxed out of the plant, the majority is sequestered into 

vacuoles (Liu et al., 2010b, Song et al., 2014, Zhao et al., 2010a) via As(iii)-thiol complexation complexes 

with glutathione (GSH) or phytochelatins (PCs) (Raab et al., 2005). The high arsenic concentrations 

measured in the roots for the Asi treatments suggest active sequestration within root cells (Moore et 

al., 2011, Vázquez Reina et al., 2005). This study showed that most of the Asi were accumulated in the 

roots of the plants; however, a small percentage was transported to the above-ground tissue (Figure 

3-6). Sequestration of Asi in the roots is an effective way to limit the transport of Asi to above-ground 
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tissues, although Asi still has some mobility throughout the plant (Zhao et al., 2012). Unlike Lsi1, Lsi2 

can control the efflux of As(III) towards the stele and restrict xylem loading (Ma et al., 2008). Further 

transport is limited by additional vascular sequestration (Chen et al., 2015). These are plant nodes, and 

they play a critical role in both storage and controlling further arsenic distribution (Chen et al., 2015, 

Yamaji and Ma, 2014, Zhao et al., 2014).   

The accumulation of arsenic in the shoots of the plants exposed to Asi remained constant for low Asi 

concentrations (0.8 to 3.5 g/L) (Figure 3-6). It was only in the highest Asi treatment (6.7 g/L) that the 

concentration of arsenic significantly increased within shoots (p<0.05). Indeed, the concentration of 

arsenic in the shoots increased from 21 ± 14 g g-1 to 45 ± 14 g g-1 between the 3.5 g L-1 to 6.7 g L-

1 treatments. For the low Asi treatments (0.8 g L-1 and 1.6 g L-1) mean concentrations of 11 ± 3g g-

1 and 21 ± 14g g-1 were obtained, respectively. This poses the question, is there a threshold (Raab et 

al., 2007a) for Asi exposure before plants have the ability to sequester arsenic or the capacity for PC- 

synthesis (Hartley-Whitaker et al., 2001)?  

Once DMA is accumulated within the plant, it appears to have much greater mobility within the plant 

compared to Asi species (Abedin et al., 2002b). This could explain why the concentration of arsenic 

between the root and shoots of plants exposed to DMA was similar across all treatments (Figure 3-6 

and Figure 3-7). Our current understanding is that rice lacks the ability to either efflux or sequester 

DMA into vacuoles in order to reduce its mobility within the plant. Raab et al. (2005) analysed 

sunflowers for As-PC complexes and only detected Asi-PC and MA-PC complexes with no evidence of 

DMA-PC complexes. Recently Mishra et al. (2017) exposed rice to As(V), MA(V) and DMA(V) for seven 

days, and DMA had the highest root/shoot translocation factor and no DMA-PC complexes where 

detected (Raab et al., 2007a). Instead, DMA is efficiently translocated between the roots and shoots 

(Raab et al., 2007b) via both xylem and phloem (Carey et al., 2010), with phloem transport believed to 

be the main pathway for arsenic transport to the grain (Carey et al., 2010, Kumarathilaka et al., 2018a, 

Zhao et al., 2012). 

A peptide transporter (OsPRT7) has been identified as a potential pathway for long-distance transport 

of DMA (Tang et al., 2017). Peptide transporters play an essential role in the transport and 

remobilisation of organic nitrogen throughout the plant (Tsay et al., 2007) and can affect germination, 

plant growth and grain yield (Fang et al., 2013, Fang et al., 2017). If DMA is transported via peptide 

transporters, this can help in explaining the high mobility of DMA within the plant structure (Tang et 

al., 2017), even though DMA is taken up at lower concentrations compared to Asi species. Under 

favourable conditions, DMA could continually accumulate to high concentrations localised throughout 

the plant leading to DMA stress and, in turn, toxicity in rice plants. 
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Plant stress 
The overall aim of this study was not to induce toxicity and death in rice plants but to observe stress 

in the plant to determine how they respond to different individual arsenic species. Studies have shown 

how plants respond to high Asi concentrations, with both As(V) and As(III) inducing the production of 

ROS (Finnegan and Chen, 2012) and inducing oxidative stress in the plant and eventual cell death 

(Hartley‐Whitaker et al., 2001, Tripathi et al., 2012), with As(III) typically having a more pronounced 

effect (Pessarakli and Tan, 2010).  

Oxidative stress can cause a range of effects in plants (Finnegan and Chen, 2012). Generally, this is a 

function of excess ROS production, leading to DNA damage, protein modification, or lipid peroxidation, 

which results in impaired cellular function and potential cell death (Pessarakli and Tan, 2010). Plants, 

however, have a defence system to avoid oxidative damage. In this study, the plants exposed to the 

low concentrations of Asi appear to cope and display a degree of tolerance. Asi is most likely 

sequestered into the vacuoles as part of a detoxification mechanism (Song et al., 2014).  While Asi can 

cause oxidative stress to the plant, the defence mechanism of rice appears to handle low-level 

exposure, between 0.8-1.6 g/L. When exposed to between 1.6-3.5 g/L, reductions in growth and 

plant mass are observed, however, these plants still show the ability to regulate and limit arsenic 

transport to above-ground tissues. For the highest Asi treatments, a significant reduction in growth 

and increased arsenic concentrations in the shoots was measured, suggesting more arsenic transport 

from the root to the greater plant. Thus the high Asi concentrations used in this study could be 

approaching concentrations that are toxic for hydroponically grown rice. Shaibur et al. (2006) also 

found Asi toxicity to be induced in hydroponically grown rice at 6.7 g L-1.   

The effects DMA has on rice health are less clear as the individual effects of DMA on rice have not been 

thoroughly studied. Elevated concentrations of organic arsenic, mainly MA in the soil, are linked to 

straighthead disease in rice (Yan et al., 2005), however, the critical role DMA plays has not been 

determined (Meharg and Zhao, 2012). Recently, several studies have found that DMA is more 

phytotoxic to plants than Asi (Tang et al., 2016a, Tang et al., 2016b); largely due to its mobility 

throughout the plant (Carey et al., 2011, Raab et al., 2007b) and the plant's inability to detoxify DMA 

(Tang et al., 2016a). For each DMA treatment, several individual plants displayed a significant reduction 

in growth (Table 3-3). At the higher DMA treatments, the plants with reduced growth had a higher 

concentration of accumulated arsenic in their shoots (Figure 3-9). Tang et al. (2016a) found that plants 

exposed to DMA exhibited significantly more oxidative stress, particularly in the shoots, compared to 

plants treated with As(V) or MA. This was determined by measuring malondialdehyde (MDA) 

concentrations within the plant. MDA production is used as an indicator of lipid peroxidation as a result 

of induced stress (Lin and Kao, 2000, Shah et al., 2001). 
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The high mobility of DMA could aid in the ability to stress plants by allowing the localised accumulation 

of DMA in different sections of the plant. This could also explain the varying effects of DMA on plant 

health, as documented in the literature; the order of toxicity between arsenic species varies between 

studies and plant species (Finnegan and Chen, 2012). In this study, when plant height was used as a 

proxy for plant health (Table 3-3), we observed that unhealthy plants have a higher concentration of 

DMA compared to healthy plants (Figure 3-9). This trend was not observed for Asi treated plants. This 

could be due to the different species causing different types of stress within the plant, or it could 

demonstrate that some plants can detoxify the Asi to a certain extent in comparison to DMA. Once a 

specific arsenic concentration is reached, production of ROS results in oxidative stress, and in some 

cases cell death. Unlike Asi, which has limited mobility throughout the plant, the high mobility of DMA 

could result in many different parts of the plant being susceptible to DMA-induced oxidative stress, 

which has the potential to disrupt key metabolic pathways.   

The exact mechanism of how DMA induces toxicity in plants is still unclear. Typically, when DMA is 

measured, DMA(V) is being analysed. DMA(III) is unstable under aerobic conditions and is oxidised to 

the more stable DMA(V), the acid extraction methods used during analysis oxidises DMA (III) to DMA(V) 

(Jiang et al., 2003). The toxicity of DMA may be induced by DMA(III); however, changes in DMA(III) 

concentrations cannot be detected with acid extractions (Kerl et al., 2019, Garbinski et al., 2019). In 

animal cells, the trivalent organic arsenic species (DMA(III) and MA(III)) have been shown to be more 

cytotoxic than As(III) and As(V) (Petrick et al., 2000, Styblo et al., 2000). Oxidative stress may be induced 

through the redox cycling of DMA(III) and DMA(V) (Naranmandura et al., 2007). In this hydroponic 

experiment, due to the nutrient solution being continuously aerated DMA(III) was unlikely to be 

present.    

If DMA does cause stress in the plant, and there is a critical concentration required to induce stress, 

this could give us insight into straighthead disease. Zheng et al. (2013) found that DMA was toxic to 

reproductive tissues, and Carey et al. (2011) have shown that DMA is remobilised and transported to 

reproductive tissues at the beginning of grain formation. Under these conditions, highly localised DMA 

accumulation could occur and cause stress to the plant. This hypothesis will be discussed further in 

Chapter 5, Inducing straighthead disease in the field.    

3.5. Synthesis and Conclusions 
Rice plants responded differently when exposed to either Asi or DMA. Asi was taken up at a much faster 

rate than that of DMA; however, the rice plants were able to control internal transport; potentially 

sequestering a large amount of arsenic into vacuoles. This mechanism allowed the plant to tolerate 

‘low’ concentrations of Asi. DMA has the potential to influence the plant’s overall health and fitness, 

and these effects may be different from the stress induced by Asi. Plants exposed to DMA showed no 
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ability to control the distribution of DMA within the plant once accumulated, resulting in a uniform 

distribution throughout the plant, thus illustrating the high mobility and lack of detoxification 

strategies for DMA. The results presented here highlight that DMA has a more significant effect on rice 

plants than previously thought.   
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4. Straighthead Disease; Part 1. 

Arsenic uptake and accumulation: Agronomic practices 

4.1. Introduction 

Agronomic practices can have drastic effects on arsenic cycling and uptake (Ma et al., 2014, Suriyagoda 

et al., 2018). Most studies have focused on how different practices promote the accumulation of 

inorganic arsenic (Asi) and unloading into the grain due to health concerns, commonly overlooking 

organic arsenic. In this study, several different varieties of rice were grown in the field under a range 

of different agronomic practices to assess the influence of these practices on arsenic accumulation and 

transfer to the grain. The study has been divided into two chapters; this chapter explores how the 

accumulation of Asi and organic arsenic, dimethyl-arsenic (DMA) and monomethyl-arsenic (MA) in rice 

are affected by different agronomic practices and how changes in the bioavailability of the different 

arsenic species in the soil are reflected in the plant. The following chapter focuses on whether changes 

in arsenic bioavailability and accumulation can affect plant health and productivity.  

The agronomic practices chosen for this field trial were straw incorporation into the soil before sowing 

and fertiliser nitrogen application. Historically, the residual biomass from rice production was burnt in 

order for the next crop to be sown. This process, however, can have detrimental environmental effects 

ranging, from decreased air quality (Punia et al., 2008, Sun et al., 2016), removal of nutrients from the 

system (Dobermann and Fairhurst, 2000, Gupta et al., 2007) and reducing microbial activity (Raheem 

et al., 2019). Many nations, including Australia, are now trying to phase out straw burning. Instead, 

straw incorporation is being advocated to improve soil fertility (Zhang et al., 2016). The effects of straw 

incorporation on the uptake and accumulation of arsenic, especially DMA in rice grown under 

anaerobic (flooded) conditions are unclear. Incorporating straw into the soil can drastically change the 

properties of the soil via increasing the organic matter content of the soil, which promotes oxygen 

availability and changes the redox potential of the soil (Tanji et al., 2003). There has been a lack of field 

trials explicitly researching the effects the straw incorporation can have on the bioavailability and 

accumulation of organic arsenic species in rice.  

The potential adverse effect of straw incorporation in this context could include increases in the 

release of arsenic from redox-sensitive minerals in the soil. Straw incorporation has also been reported 

to promote the methylation of arsenic (Huang et al., 2012a, Zhao et al., 2013a); which could have 

variable effects on crop health and arsenic accumulation. Methylation could lower the bioavailability 

of the more toxic inorganic arsenic species; however, elevated concentrations of organic arsenic could 

be deleterious for plant health, as discussed in Chapter 3. Potential positive effects of straw 

incorporation in this context are that it is high in nutrients, with the subsequent breakdown of straw 
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adding nutrients such as phosphorus and silicon to the soil to compete with arsenic for uptake (Li et 

al., 2018b). 

The addition of nitrogen is not a common practice to manage arsenic uptake in rice. Nitrogen fertiliser 

is applied to most crops around the world, and it is mainly applied to promote higher grain yield. In 

this study, nitrogen was applied to ameliorate the adverse health effects of arsenic-induced stress.  

The study reported in this chapter aimed to investigate:  

• How two agronomic practices, i.e., straw and nitrogen addition to rice paddies, affects the 

bioavailability of different arsenic species within the soil and in the rice itself; 

• How changes of arsenic bioavailability in the soil translate to changes of arsenic speciation 

within rice plants; 

• If different arsenic species accumulate within the rice grain of different rice plant varieties of 

rice? 

4.2. Materials and Methods 

This field trial was part of a larger joint project run with the Department of Primary Industries (DPI). 

The overall aim of this project was to observe the susceptibility of various rice varieties to straighthead 

disease when cultivated under different agronomic practices. My project complemented this project 

by determining whether arsenic concentrations and speciation changed when rice was cultivated using 

different agronomic treatments (straw and nitrogen addition). The field trial was conducted at Yanco 

research station (YRS), within the Riverina NSW (Figure 4-1). This field site is used for research purposes 

only, predominately to screen for straighthead-resistant rice varieties due to elevated concentrations 

of arsenic in the soils near the station. 

Experimental Design 
The trial was conducted in a single field consisting of 4 replicate sites containing 28 plots, each 2.2m 

by 10m, growing seven varieties of rice: Cypress, Sherpa, Topaz, Doongara, Koshihikari, Marisma and 

Lemont. Figure 4-2 depicts the layout of site 1, where most samples were grown. The additional site 

layouts are attached in Appendix 5. All the plots were grouped together in the centre of a larger rice 

paddy field. This allowed us to assume all plants were grown under the same conditions and removed 

any effects caused by being on the edge of the rice field.  

This field trial assessed the effects of straw and nitrogen applications both individually and in 

combination. Rice straw (S+ and S-) was incorporated into the soil before sowing at 20 ton/ha. Nitrogen 

fertilisation (N+ and N-) occurred at panicle initiation (PI). Nitrogen was sourced as urea applied at a 
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rate of 100 kg ha-1. Plots that did not receive straw (S-) or nitrogen (N-) were the control plots, to 

observe how rice grew without amendments.  

Sample Collection 
It was not logistically possible to collect, process and analyse all plant and soil samples from every 

experimental plot. Instead, sampling was focused on replicate plots 1 and 2 (Appendix 5). Soil and 

whole plant samples were collected on the 20th March 2018, which occurred before the fields were 

drained for harvest. Soil samples (top 10cm) were collected using 50 mL plastic Falcon centrifuge tubes, 

by pressing them tubes into the soil. The soil samples were collected in duplicate from the centre of 

the Doongara, and Koshihikari plots across sites 1 and 2 (Appendix 5). The Doongara and Koshihikari 

plots gave an adequate distribution of samples across the study site. Doongara and Koshihikari plots 

4 
N- S-  

Doongara 
N+ S- 
Topaz 

N+ S-  
Marisma 

N+ S-  
Doongara 

N- S-  
Topaz 

N+ S-  
Sherpa 

N- S-  
Cypress 

3 
N- S-  

Lemont 
N- S-  

Sherpa 
N+ S-  

Cypress 
N- S-  

Koshihikari 
N+ S-  

Koshihikari 
N+ S-  

Lemont  
N- S-  

Marisma  

2 
N- S+  

Sherpa 
N- S+  

Cypress 
N+ S+  
Topaz 

N+ S+ 
Koshihikari 

N+ S+  
Doongara 

N- S+  
Marisma 

N- S+  
Lemont 

1 
N- S+  

Doongara  
N+ S+  

Cypress 

N+ S+  
Sherpa 

 

N+ S+  
Marisma 

N+ S+  
Lemont 

N- S+  
Koshihikari 

N- S+  
Topaz 

 8 9 10 11 12 13 14 

Figure 4-2: The field layout for site 1. S+ S+/- indicating the addition or lack of addition of straw (s) and nitrogen (N+/-) indicating 
the addition or lack of addition of urea. X (8-14) and Y (1-4) coordinates give the location of the plot in the overall field trial 
(Appendix 5). 

Field Site 

Yanco Research Station 

Figure 4-1: Areal view of the location of the field site. Located in the Riverina, New South Wales Australia at Yanco research 
station. The rice bay used for the field trial was approximately 50m by 120m long. Images sourced from Google (n.d.)     

N 
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were selected to compare across experiments as these two varieties have been used throughout all 

hydroponic and field trials. 

Whole plant samples were collected in the field, including roots, stem, leaves and grain. The plant 

samples were collected by using a stainless-steel knife to cut into the soil around the base of the plant. 

The knife was used to cut into the soil approximately 10cm radius away from the plant and 

approximately 10cm deep. By cutting into the soil, this allowed the plant to be removed from the 

substrate while minimising the loss of root mass. Once the plant was free from the substrate, soil 

surrounding the roots were removed while preserving the root mass. From each plot, six whole plant 

samples were collected, three healthy plants and three plants exhibiting straighthead disease.  

Following collection, the plants were stored individually in plastic zip-lock bags and kept in a cold room 

at 4oC until they were transported on ice back to Canberra. Once in the laboratory, plant samples were 

rinsed with deionised water (Milli-Q) to remove any excess soil, divided into above and below ground 

sections and placed in aluminium trays and dried in an oven at 700C for 48 hr.  

The dried above-ground biomass was further separated into leaves, shoots, husk and grains (this was 

only possible for plants that had grains, i.e., healthy plants). Both plant and soil samples were ground 

and homogenised using an analytical mill (IKE A11) for plant samples and pestle and agate mortar for 

soil.  

Sample Digestion and Analysis 

Detailed experimental procedures for sample digestion and analysis are outlined in Chapter 2. For total 

arsenic concentrations, plant samples were digested in a microwave oven (CEM, MARS) with 2 mL 

concentrated HNO3 and 1 mL H2O2 (30% v v-1) and soil samples digested with 2 mL concentrated HNO3 

and 1 mL concentrated HCl. Digests were made up to 10 mL using Milli-Q water than diluted 1-100 (v 

v-1) and internal standards added before analysing samples by ICP-MC (Foster et al., 2007).  

Arsenic speciation was determined using the procedure described by Maher et al. (2013). This method 

is outlined in detail in Chapter 2. Arsenic was extracted using 2% v v-1 HNO3 and diluted to 10 mL with 

Milli-Q water. The extracts were centrifuged for 10 min at 4000 rpm and filtered through 0.45 m PES 

syringe filters before analysis. Samples were analysed using an HPLC-ICP-MS employing a PRPX-100 

anion exchange column with 20 mM (NH4)3PO4 buffer at 1.5 ml min-1 at 40oC. 
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4.3. Results 

Agronomic practices and arsenic cycling in the soil.  

Soil samples were collected from each plot at the end of the growing season while the fields were still 

flooded, just before harvest. The arsenic concentrations for straw incorporated soils were significantly 

higher (9 ± 2 g g-1) (t(27)=2.77, p=0.009) compared to soils without incorporated straw (8 ± 1 g g-1) 

(Figure 4-3). The arsenic concentrations in the soil showed no significant differences (p > 0.05) when 

nitrogen was applied (9 ± 2 g g-1) compared to when no nitrogen was applied (8 ± 2 g g-1). The 

interaction between straw and nitrogen on total arsenic concentration showed no significant 

difference (p > 0.05) This indicates that the incorporation straw back into the field leads to an elevation 

of arsenic concentrations in the soil, while the addition of nitrogen does not have any effect on soil 

arsenic concentrations.  

 

Figure 4-3: Arsenic concentrations in soil for all field plots. Data separated by incorporation of straw (S+) and no straw 
incorporation (S-) and coloured according to addition of nitrogen (N+) or no nitrogen addition (N-) applied to the plot at rice 
PI in the form of urea. For each combination of treatments n=8, overall n=32.  
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While straw incorporation led to an increase in total soil arsenic concentration, it is crucial to 

determine whether this increase was reflected in an increase in biologically available arsenic. Straw 

incorporation increased the bioavailable DMA concentration in the soil by 80% from 0.10 ± 0.04 g g-1 

to 0.18 ± 0.12 g g-1. Asi and MA concentrations showed no significant change in concentration. The 

unextractable arsenic concentration of the soil, i.e., the difference between arsenic extracted using 2% 

v v-1 HNO3 and the total digestion method, increased with straw incorporation by 21%. The 2% HNO3 

extraction yielded 22% (n = 32) of the arsenic present, which was assumed to be biologically available 

for uptake by the rice plant. The unextractable arsenic was assumed to be adsorbed to minerals and 

biologically unavailable for uptake by the rice plant. From the soil analysis, we can conclude that the 

addition of straw increased the arsenic concentration of the soil and increased the bioavailability of 

DMA. The addition of nitrogen did not affect either arsenic concentration or bioavailability. 

 

Figure 4-4: Arsenic speciation of the paddy soil for each site. Samples grouped and coloured by straw amendments with plots 
showing concentration of different arsenic species, Inorganic arsenic, sum of arsenite and arsenate, dimethyl arsenic (DMA), 
monomethyl arsenic (MA) and Unextracted arsenic, the difference between weak acid extraction and total digestion. Straw 
incorporation; S+, No straw incorporation; S-. n = 16 for each S+ and S- treatment. 
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Arsenic accumulation in the grain  
Since straw incorporation resulted in an increase in the bioavailable arsenic within soils, we 

investigated whether this resulted in increased arsenic concentrations within the plant grain. Milled 

rice grains of Doongara, Koshihikari, Sherpa and Topaz were analysed from sites 1 and 2. This selection 

of rice varieties covered long (Doongara and Topaz), medium (Sherpa) and short (Koshihikari) grain 

varieties as well as straighthead resistant (Sherpa) and susceptible (Doongara, Koshihikari and Topaz) 

varieties. 

 A two-way ANOVA was performed on the influence of straw and nitrogen amendments on the 

accumulation of total arsenic in milled grains for all cultivars combined (Figure 4-5). A significant 

difference in the arsenic content of grains was observed for soil amended with straw, 1.23  0.36 g 

g-1 (F (1.27) = 15.10, p = <0.001), compared to soil with no straw incorporation 0.71  0.20 g g-1. The 

addition of nitrogen showed no effect on arsenic concentration in the grain; F(1.27) = 0.018, p=0.89. 

There was also no interactive effects of straw and nitrogen applications on total arsenic 

concentrations: F(1,27) = 0.06, p = 0.81. The incorporation of arsenic into rice grains as a result of the 

different agronomic treatments was similar to the trends observed in the arsenic concentrations in 

soils (Figure 4-3). 

Overall all varieties of rice showed an elevated arsenic concentration in the grain when straw was 

incorporated into the soil (Table 4-1). Nitrogen did not affect (p > 0.05) on the accumulation of arsenic 

in grains across the four varieties of rice studied (Figure 4-5).  

 

Table 4-1: Total arsenic concentration of milled rice grains for different rice varieties under straw soil amendments, straw 

incorporation (S+) and no straw (S-). Error represents 1 standard deviation.  

 

Variety Straw 
Total arsenic 

(g g-1) 
n 

Doongara S+ 1.24 ± 0.41 3 

Doongara S- 0.67 ± 0.25 4 

Koshihikari S+ 1.15 ± 0.54 4 

Koshihikari S- 0.71 ± 0.08 4 

Sherpa S+ 1.08 ± 0.41 4 

Sherpa S- 0.78 ± 0.21 4 

Topaz S+ 1.07 ± 0.11 4 

Topaz S- 0.68 ± 0.28 4 
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The increase in bioavailable arsenic within soils with added straw resulted in an increase in DMA 

concentrations in soils (Figure 4-4). The increase of total arsenic in the grain was also the result of 

increased DMA accumulation within the rice plant (Figure 4-6). Straw incorporated plots resulted in 

higher concentrations of DMA in the grain (Figure 4-6), while nitrogen amendments did not affect the 

accumulation of DMA or other arsenic species into the grain (Appendix 8). This trend occurred across 

varieties of rice (Appendix 6); thus, all varieties have been pooled and grouped for further statistical 

analysis (Figure 4-6).  

There was a significant difference in accumulation of DMA [t (21) =4.29, p = <0.001] and Asi [t(29)=3.29, 

p <0.001] in the grain for plants grown under different straw amendments. The addition of straw 

resulted in higher DMA concentrations within the grain; straw incorporation (S+) (1.01  0.35 g g-1) 

Figure 4-5: Arsenic concentration in milled grains across the four varieties of rice grown. Top plot, data grouped by straw 
incorporation (S+) and no straw (S-). Bottom plot, data grouped by nitrogen fertilizer application (N+) and no added fertilizer 
(N-). For each variety of rice and treatment n = 4 with the exception of Doongara S+ and Doongara N- were n = 3.  
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compared to no straw (S-) (0.57  0.19 g g-1); whereas the Asi concentrations were lower in the straw 

treated plots, S+ (0.10  0.02 g g-1) to S- (0.13  0.03 g g-1). The presence of MA was also detected 

in some grain samples, with straw addition having slightly higher MA concentrations, S+ (0.02  0.02 

g g-1), S- (0.01  0.02 g g-1). Due to the low concentration of MA, i.e., just above the limit of detection 

(>0.01g g-1), it is not appropriate to make conclusions on the effects of straw incorporation on MA 

accumulation based on the measured MA concentrations. 

 

 

Since all varieties of rice responded the same to both straw and nitrogen treatments, all grain samples 

across all varieties were pooled to determine arsenic accumulation of different arsenic species in the 

grain over a range of different arsenic concentrations. Total arsenic concentrations measured in the 

grain ranged from 0.38 g g-1 to 1.85 g g-1. DMA was the dominate arsenic species found in all of the 

rice grains. The grains with the highest percentage of DMA were observed for the straw incorporation 

Figure 4-6: The concentration of different arsenic species within milled grain. Colours represent straw amendments, Straw 
addition; S+ and no straw; S-. Data includes all four varieties of rice grown. S+ treatment n = 15, S- treatment n = 16 for each 
arsenic species.  
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plots (Figure 4-6). As total arsenic concentrations in the grain increased, Asi and DMA concentrations 

respond differently (Figure 4-8). Asi did not increase appreciably and displayed an average 

concentration of 0.11  0.03 g g-1 across all data. The highest Asi
 concentration measured was 0.18 

g g-1. The accumulation of DMA follows a linear trend with total arsenic concentration. The increase 

in total arsenic in the grain explained by increasing DMA accumulation. 

 

Arsenic accumulation in plant parts 
To further investigate where the different arsenic species are accumulated in rice plant and the effects 

of different agronomic practices, Koshihikari whole plant samples, where subsampled from the larger 

trial and analysed. The rice species Koshihikari exhibited a significant variation in arsenic 

concentrations in grain samples (Appendix 6). These samples are also the plants analysed in the 

following chapter Straighthead part 2: Inducing straighthead disease in the field, which investigates 

the distribution of arsenic between healthy and straighthead diseased plants. The data analysed for 

this section is pooled data of three healthy and three straighthead affected plants from each plot. The 

healthy and straighthead affected plants were pooled together to illustrate the extent to which 

agronomic practices facilitate the accumulation of arsenic.  

The addition of straw increased the arsenic concentration of grains; however, the accumulation of 

arsenic in the biomass of the plant exhibits a different response. Upon the addition of straw, arsenic 

concentrations in the leaves (Figure 4-9) and shoots (Figure 4-10) were significantly (p<0.05) reduced. 

Both the leaves and shoots showed an average decrease in the total arsenic concentration of 54% and 

52%, respectively. It is important to note, that while the addition of straw increased the concentration 

of arsenic within the soil for all plots analysed (Figure 4-3), when only interpreting the soil samples just 

 

Figure 4-7: The ratio between DMA and inorganic arsenic vs total arsenic in the grain. Triangle represent grains from straw 
incorporation plots and circles represent grain from non-straw incorporation plots. A second order polynomial fit applied to 
the data. Shaded area repersents standard error, n = 31. 
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from Koshihikari plots, no significant change in soil arsenic concentrations was observed (Appendix 7), 

due to considerable variation of replicates.   

 

The predominant arsenic species in the leaves (Figure 4-9) and shoots (Figure 4-10) was Asi, which 

accounted for between 87 – 95 % of the total arsenic across all plots. The addition of straw resulted in 

a significant reduction in Asi in both the leaves of 57% (t(14.3)=6.8, p=7.95e-6) and shoots of 54% 

(t(15.4)=7.9, p=8.52e-7). DMA concentrations only showed a significant reduction in the shoots 

(t(20.7)=2.4, p=0.029) and no change in the leaves.   

 

 

Figure 4-8: Total arsenic concentraion along x axis vs arsenic concentration of dimethly arsenic (DMA) and inorganic arsenic 
in milled grain. Shaded area repersents standard error, n = 31 for both arsenic species plotted.  
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Figure 4-9: Arsenic concentration in rice leaves of Koshihikari plants. Samples are grouped by straw incorporation (s+) and no 
straw (s-), total number of plants analysed, n=24. A significant difference (p<0.05) was observed in the accumulation of total 
arsenic; Inorganic arsenic displayed a significant difference (p<0.05) between treatments. No different was observed between 
treatments for accumulation of DMA or MA. S+ treatment n = 12 and S- treatment n = 12 for each species of arsenic.  

Figure 4-10: Arsenic concentration in rice shoots of Koshihikari plants. Samples are grouped by straw incorporation (s+) and 
no straw (s-), total number of plants analysed, n=24. A significant difference (p<0.05) was observed in the accumulation of 
total arsenic; Inorganic arsenic and DMA displayed a significant difference (p<0.05) between treatments. No different was 
observed between treatments for accumulation of MA. S+ treatment n = 12 and S- treatment n = 12 for each species of arsenic. 
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The effects of nitrogen (Appendix 8) and straw (Figure 4-11) addition on the accumulation of arsenic 

in the husk was also investigated. Again, nitrogen did not affect the accumulation of arsenic into the 

grain husk. The addition of straw resulted in a significant decrease in Asi concentrations in the husk 

(t(14.50)=2.51, p=0.02). In Chapter 5, I investigate the accumulation of arsenic in the husks in more 

detail, as significant variations in arsenic concentrations between healthy and straighthead plants may 

be masking any changes observed between treatments in the husk samples.  

4.4. Discussion 

Agronomic practices and arsenic uptake and cycling.  

The addition of nitrogen (in the form of urea) to rice plants in this field trial did not affect the final 

arsenic concentration of the soil (Figure 4-3) and no differences were observed between arsenic 

concentrations in the grain between nitrogen treated and untreated plots (Figure 4-5). Nitrogen may 

potentially inhibit the release of arsenic into the soil pore waters (Chen et al., 2008) through the 

coupling of nitrate, iron and arsenic. This was not seen in this field trial. The effects of nitrogen addition 

have on arsenic accumulation is unclear; studies have observed inconsistent or insignificant effects on 

arsenic accumulation with the addition of nitrogen (Ma et al., 2014, Srivastava et al., 2019).The 

inconsistency between studies and treatments may be a result of a dilution effect, as the addition of 

nitrogen can result in greater biomass of the plant (Xie et al., 2010) diluting other elements (Riedell, 

2010) potentially arsenic. 

Any effects of nitrogen addition in the field trial might have been mitigated due to low nitrogen 

recoveries. This trial direct sowed the rice and applied nitrogen fertiliser at PI. Using these methods 

Dunn et al. (2016) predicts the recovery of nitrogen for rice to be 25%. The low recovery and 

Figure 4-11: Arsenic concentration in rice husk of Koshihikari plants. Samples are grouped by straw incorporation (s+) and no 
straw (s-), total number of plants analysed, n=24. Overall no difference was observed between treatments for total arsenic 
accumulation, however, inorganic arsenic showed a slight change (p<0.05) between treatments.    
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ineffectiveness of nitrogen fertiliser could be the result of a range of factors:  the urea could have been 

adsorbed to the soil surface and not available to prevent arsenic release through nitrogen 

immobilisation (Said-Pullicino et al., 2014), or lost to the atmosphere as nitrous oxide (White et al., 

2002, Zhu and Chen, 2002). Loss of nitrogen to surface runoff should not apply as the field was closed 

off, preventing runoff. To further investigate the effects nitrogen has on arsenic cycling, future studies 

could apply nitrogen in more effective ways, such as applying it directly to the soil before flooding the 

paddies. 

The addition of straw of to the soil resulted in a mean arsenic concentration of 9 ± 2 g g-1 compared 

to 8 ± 1 g g-1 without the addition of straw (Figure 4-3). Due to a large amount of variability in the 

data, it is difficult to determine if straw incorporation would result in an overall increase in total arsenic 

concentrations of the soil. There have been limited studies looking at the application of organic matter 

and the build-up and accumulation of arsenic in bulk soils. Using 20 ton ha-1
 as the amount of straw 

incorporated into the soil and a mean concentration for rice biomass (leaves and shoots) measured 

from this trial, 8 ± 5 g g-1 (n = 48), results in a total arsenic increase of between 0.03 - 0.16 g g-1, i.e. 

≤2% of total soil arsenic (Figure 4-12). DMA only accounts for approximately 7 ± 3% of the total arsenic 

in the biomass. Using this as an estimate, this would result in a maximum increase of 0.01 g g-1 of 

DMA in the soil with the addition of straw. Based on these observations, it is unlikely straw is a source 

of arsenic to the rice paddies at the current concentrations that it is incorporated. Likewise, straw is 

unlikely to be the source of DMA increase in the soil; instead, the incorporation of straw appears to be 

creating favourable conditions for the methylation of inorganic arsenic to DMA (Jia et al., 2014).  

When it comes to rice and other food crops, the more critical question is how straw incorporation and 

nitrogen addition affect the arsenic available for uptake. Methods have been developed to extract and 

preserve liable arsenic species in sediments, to constrain better the bioavailable arsenic (Ellwood and 

Maher, 2003), however, for this study we were only interested in differences between inorganic and 

organic arsenic. This allowed us to use a weak 2% v v-1 nitric acid extraction to extract the potentially 

bioavailable and labile arsenic from soil samples. Under flooded conditions, Asi is predominately 

present as As(III), however during the sampling processing and the extraction process As(III) can be 

oxidised to As(V) (Ellwood and Maher, 2003). Asi for this study is reported as the sum of both As(III) 

and As(V) extracted from the samples. DMA and MA are stable and will not break down during the 

extraction (Foster et al., 2007), so they can be reported individually.  



53 
 

The increase in DMA concentrations in the soil in the straw incorporated plots likely results from an 

enhancement of microbial activity (Jia et al., 2013). The methylation of arsenic in the soil is catalysed 

by adenosylmethionine methyltransferase (ArsM) enzymes (Qin et al., 2006). While studies have 

shown a correlation between ArsM abundance within the rice plants and the grain, and an increase in 

DMA and decrease in inorganic concentrations within the grain (Ma et al., 2014), ArsM genes are both 

functionally and photogenically diverse (Reid et al., 2017), meaning that ArsM should be considered as 

an indicator of enzyme abundance rather than activity. The methylation of arsenic is dependent on 

environmental conditions (Zhao et al., 2013a). The incorporation of straw for this field trial created 

conditions favourable for microbial activity, which in turn increased Asi methylation in the soil (Figure 

4-4). The addition of straw, like other organic matter, can drastically change the soil chemical 

properties and can enhance microbial activity (Huang et al., 2012a). Straw addition also reduces the 

redox potential of the soil, which also aids in arsenic methylation (Frohne et al., 2011). Thus the 
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Figure 4-12: Model prediction of increase in arsenic concentration in soil across different soil densities and concentrations of 
arsenic in rice straw. Assuming all straw is incorporated into the top 10cm of soil and rice straw is incorporated at 20ton/ha. 
Dashed box illustrates concentration range for arsenic found in plants biomass from the field trial.  
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formation of DMA is probably due to a combination of factors; firstly, the increased reducing 

environment under flooded conditions further enhanced by straw decomposition leading to the 

reduction of iron oxides and increase mobility of arsenic (Wang et al., 2017), secondly an increased 

abundance and activity of anaerobic microorganisms capable of methylating arsenic (Jia et al., 2013, 

Ma et al., 2014).   

Between the straw incorporated and control plots, there was an increase of 80% of DMA in the 

extractable arsenic pool (Figure 4-4). Even though DMA only makes up a small proportion of 

extractable and total arsenic in the soil, it is the dominant arsenic species in the grain (Figure 4-6) and 

is present at higher concentrations within the plant compared to the soil (Figure 4-4). The uptake and 

accumulation of arsenic will be discussed in more detail later; however, this discrepancy between soil 

and plant DMA concentrations shows that DMA can be accumulated in the rice plant at much higher 

concentrations than in the soil. Practices like straw incorporation could be a useful tool for improving 

soil fertility, however, it has the potential to increase DMA availability, which could be detrimental. 

This increase in DMA in the soil could pose a risk to crop productivity, as elevated concentrations of 

organic arsenic is associated with straighthead disease. Within the grain DMA concentrations varied 

between 0.22 – 1.67 g g-1, however, in the soil DMA concentrations are much lower only varying 

between 0.04 – 0.45 g g-1 suggesting that DMA may be being formed continuously but depleted in 

the soil by the plant, so increases in DMA concentrations in the soil may not be as pronounced. The 

implication of elevated DMA concentrations will be discussed below in Chapter 5.   

Arsenic accumulation into the grain 
The changes in soil arsenic concentrations across treatments are reflected in differences in grain 

arsenic concentrations. Nitrogen did not affect the accumulation of arsenic in the grain on any variety 

of rice (Figure 4-5). As discussed above, the reason for the non-effect of nitrogen is most likely due to 

the application method of nitrogen used in the trial.  

Between cultivars, no significant difference in arsenic accumulation in the grain was observed (Figure 

4-5), although it has been observed that between cultivars arsenic concentrations can vary up to 2.7 

fold (Zhang et al., 2006). The combination of both environmental and genetic difference between 

varieties has been shown to have a significant effect on arsenic accumulation in the grain (Norton et 

al., 2009, Norton et al., 2010). All four varieties of rice responded in the same manner to the straw 

treatments, with every variety showing an increase in total arsenic concentration (Table 4-1) in the 

grain with the incorporation of straw. This increase in arsenic is due to an increase in DMA in the grain 

(Figure 4-5). Rice cannot methylate arsenic (Lomax et al., 2012), so any methylated arsenic detected 

in the plant and grain originates from the soil (Lomax et al., 2012).  
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 As established in Chapter 3, rice does not have any mechanisms to detoxify DMA once taken up. This 

lack of ability to detoxify DMA means that once DMA has been taken up via the roots, DMA can be 

transported throughout the plant.  

If conditions are favourable for the methylation of Asi to DMA within soils (Ma et al., 2014, Xu et al., 

2008), rice will continuously accumulate it. DMA is capable of being transported via both phylum and 

xylem and is translocated around the plant more efficiently than Asi (Raab et al., 2007b). As discussed 

in Chapter 3, OsPRT7, a peptide transporter could play a crucial role in DMA transport to the grain  

(Tang et al., 2017). Rice can mediate/detoxify Asi, once taken As(III) can form As-PC thiol complexes 

and is sequestration into vacuoles (Chao et al., 2014, Tang et al., 2016a) limiting its transport to the 

grain. Whether the rice has mechanisms to regulate Asi unloading into the grain is unclear. The 

observation that the concentration of Asi stays constant over a broad arsenic concentration range 

(Figure 4-8) suggests that the plant may have some control of Asi unloading into the grain. Zheng et al. 

(2013) using synchrotron x-ray fluorescence showed that the arsenic distribution throughout the grain 

differed between Asi and DMA treated plants with limited distribution of Asi throughout the grain 

compared to DMA. Plants lack any ability to detoxify, and sequester DMA, the near-linear increase of 

DMA concentration in the grain suggests that the rice cannot control unloading into the grain (Zhao et 

al. (2013b), as observed in this trial (Figure 4-8). DMA concentrations in the grain are higher than that 

found in the soil, suggesting that DMA is continuously taken up from the soil as methylating arsenic 

bacteria produce it, as studies have shown a strong correlation between ArsM copy number in the soil 

and methylated arsenic concentrations in the soil (Jia et al., 2013) and grain (Ma et al., 2014). The 

continuous accumulation of DMA in the plant may also play a crucial role in inducing straighthead in 

the plant. The effects of elevated DMA accumulation in the plant and the occurrence of straighthead 

disease will be investigated in Chapter 5.  

Arsenic accumulation in plant parts 
The addition of straw results in greater mobility of arsenic in the soil, this study has shown that straw 

incorporation increased DMA concentrations in the soil (Figure 4-4) which translated to higher 

concentrations of DMA in the grain (Figure 4-6). This elevated concentration of DMA due to straw 

incorporation was not observed in the rest of the plant, leaves (Figure 4-9) and shoots (Figure 4-10).  

Instead, the addition of straw resulted in the reduction of arsenic in both the shoots and leaves.  

If straw incorporation increases arsenic bioavailability from soils, why is there a reduction in the arsenic 

concentration in the biomass of the rice plant? To understand this phenomenon, it is essential to 

measure the different arsenic species and how their accumulation changes between treatments. The 

addition of straw resulted in a reduction of mean Asi of ~54% in both the leaves and shoots, DMA 

concentration only show a significant reduction in concentration in the shoots, ~22%.  The biomass of 
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the plant being predominantly Asi, meaning a 54% reduction in arsenic is a substantial change in 

concentration, i.e., 8.0 g g-1 and 3.3 g g-1 for leaves and shoots, respectively. DMA, however, only 

makes up a small percentage of total arsenic in the plant’s biomass (~6%), so a 19% reduction in DMA 

only equates to a 0.11 g g-1 difference in the shoots. This suggests that change in arsenic accumulation 

in the biomass of the plant is the result of inorganic arsenic biochemistry and uptake from the soil, 

rather than DMA uptake and accumulation.      

Although not analysed in this study, the presence of organic matter has been shown to increase the 

formation of iron plaque in rice roots (Syu et al., 2013). There have been several studies investigating 

how iron plaque formation can prevent the uptake of arsenic (Chen et al., 2005, Lee et al., 2013, Li et 

al., 2011), and how iron plaque varies between rice genotypes (Liu et al., 2006).  Iron plaque formation 

in rice has been reported to reduce arsenic uptake and prevent further translocation of arsenic (Liu et 

al., 2004). Two controlling factors for the formation of iron plaque is the available iron in the soil 

solution that can be oxidised at the plant root surface, which is mostly controlled by organic matter 

that creates reductive conditions and solubilisation of iron, Fe3+ to Fe2+ (Syu et al., 2013). The second 

factor is the plant’s ability to release oxygen to the rhizosphere from aerenchyma termed radial oxygen 

loss (ROL) to oxidise the Fe2+ to Fe3+  (Green and Etherington, 1977).  

Without analysing the roots and associated iron plaque, it is difficult to fully comprehend mechanisms 

resulting in a decrease in arsenic concentrations in the plant's biomass in this study. The addition of 

straw, the lower soil Eh would result in increased As(V) reduction to As(III) with increased mobility. The 

increase in organic matter content of the soil could also increase iron plaque formation; however, our 

current understanding is that iron plaque has a greater affinity for As(V) (Chen et al., 2005). Although 

As(III) has been detected in iron plaque, several studies have suggested that iron plaque could promote 

As(III) influx (Chen et al., 2005, Liu et al., 2006). Under this assumption, we would expect that the plants 

from the straw incorporated plots grown anaerobically, with As(III) the dominant arsenic species 

present in the soil solution to have higher arsenic concentrations. 

The decomposition of straw, releasing, or enhancing key nutrients for competition for uptake could 

explain the lower arsenic concentrations in the biomass of plants treated with straw incorporation. 

Without a more detailed soil analysis, particularly in the rhizosphere zone, it is not possible to conclude 

what the key processes are. What was observed was a decrease in Asi in the plants' leaves and shoots. 

Due to the greater reducing conditions in the soil, it is most likely the decrease in Asi concentrations in 

the plant is a result of a decreased As (III) accumulation not As(V), DMA also observed a slight reduction 

in the shoots. This decrease in DMA concentration in the plant biomass is also unusual, since, an 

increase in organic matter promotes increased methylation in the soil, increasing DMA concentrations 
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in the soil. Both As (III) and DMA are taken up via Lsi1 transporters responsible for the uptake of silicon. 

Several studies have found that with the addition of straw into the soil, there is an increase in silicon 

in the pore water (Zheng et al., 2012) and the rhizosphere (Yang et al., 2018). The more significant 

decrease in Asi accumulation in the biomass may be a result of As(III) being taken up at much faster 

rates than DMA. If there is more competition for uptake, i.e., more bioavailable silicon in the soil 

solution, As(III) concentrations would be most affected. It has been extensively reported that silicon 

can suppress arsenic uptake in rice for both hydroponic (Ma et al., 2008) and soil trails (Li et al., 2009b). 

An experiment investigating how silicon effects arsenic uptake across a range of different rice 

genotypes with different ROL  showed that silicon could reduce arsenic uptake and accumulation in 

the shoots (Wu et al., 2016) . The genotypes with the lowest ROL resulted in a reduction in the arsenic 

accumulation with the presence of silicon. The lower ROL could result in less As(III) oxidation around 

the surface of the roots, meaning more As(III) present for uptake in which silicon can compete with for 

uptake (Ma et al., 2008). Once oxidised As(V) is either sequestered to the iron plaque or taken up via 

phosphate transporters, not silicon. In the field this could translate to, straw lowering the Eh resulting 

in more bioavailable As(III), however, also more silicon available for competition for uptake, with a 

number of studies showing silicon amendments to the can reduce Asi uptake (Seyfferth et al., 2016), 

however, can potentially increase organic arsenic concentrations in the grain (Li et al., 2018a, Limmer 

et al., 2018a). If oxidised to As(V), Fe3+ has a strong affinity towards it and As(V) is bound to the iron 

plaque immobilising it (Chen et al., 2005).   

4.5. Synthesis and Conclusions 
The result of the field trials illustrates the complexity behind arsenic cycling and uptake in rice fields. 

Figure 4-13 provides a summary of how the different arsenic species responded to the different 

agronomic practices and the changing of soil conditions and properties. What we observed is that the 

addition of straw to soils creates conditions favourable for both arsenic mobility and arsenic 

methylation under flooded conditions. The arsenic concentrations within the plant, however, tell a 

different story. Here we find differences in accumulation between rice grain and other rice plant 

components, e.g., leaves and shoots. Additional studies need to be undertaken to understand arsenic 

dynamics between soil rhizosphere and plant roots, to better understand the importance of different 

soil/rhizosphere properties and their role in the uptake of different arsenic species. While certain 

agronomic practices may reduce arsenic uptake of certain arsenic species, it may cause an increase in 

other arsenic species. For this study, straw reduced Asi accumulation in the biomass of the plant, 

however, increased DMA concentrations in the grain. Elevated DMA concentration can pose other 

threats to the plant, which will be discussed in Chapter 5.  
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Figure 4-13: A summary of the distribution and accumulation of different arsenic species throughout the rice plant and how straw 
incorporation into the soil effects this. Grain plot: data from all 4 varieties of rice, leaves and shoots plots data from Koshihikari plant 
samples, soil plot showing only extractable species of arsenic with unextracted arsenic concentrations no included, data from all soil 
samples across the two field sites. Error bars represent 1SD. S- represents no straw incorporated into the soil, where S+ is straw 
incorporation.  
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5. Straighthead Disease; Part 2 
 Arsenic uptake and accumulation: Inducing straighthead disease in the field 

5.1. Introduction 
Straighthead is a physiological disorder in rice that results in sterile florets and poorly developed 

panicles, leading to the head of the rice plant remaining upright when it reaches maturity (Yan et al., 

2005). In severe cases of straighthead, the panicles and head of the rice may not even form, resulting 

in a total loss in yield (Rahman et al., 2008). The occurrence of the disease is associated with a range 

of factors. Straighthead disease is believed to be a result of soil conditions and agronomic management 

practices (Williams, 2005). Crops that have previously grown pasture or fields with increased organic 

loading in the soil as a result of straw incorporation has been observed to increase the occurrence and 

severity of straighthead disease (Williams, 2005). The exact cause of the disease, however, is still 

unclear.  

Straighthead has been reported all around the world and is commonly associated with soils containing 

residual arsenical herbicides (Gilmour and Wells, 1980). The sporadic nature of straighthead disease 

(Belefant-Miller and Beaty, 2007) makes it challenging to observe straighthead disease under 

controlled conditions. Growth experiments using monosodium methyl arsenate (MSMA) to induce 

sterility have also observed sterility in control plots (Belefant-Miller, 2012), making it problematic to 

identify the exact triggers for the disease. Straighthead disease is commonly associated with elevated 

arsenic concentrations in the soil and plant, especially organic arsenic. As discussed in Chapter 3, we 

were able to induce stress in rice with the introduction of dimethyl-arsenic (DMA)to the hydroponic 

system. Zheng et al. (2013) also successfully induced stress in rice plants resulting in sterility in rice 

through dosing plants with DMA under controlled conditions in the laboratory. In the field, 

straighthead disease is associated with soils that have been previously treated with MSMA. The critical 

role arsenic, particularly organic arsenic, plays is still unclear.        

The aim of the study reported in this chapter was to observe straighthead disease in the field under 

controlled conditions and determine the critical role arsenic plays in inducing the disease. To achieve 

this goal, we conducted a field trial where we grew multiple varieties of rice, both susceptible and 

resistant to straighthead under different agronomic practices; straw incorporation and nitrogen 

addition. The main research questions proposed by this study were:  

• How different agronomic practices affect the severity of straighthead disease. 

• Does the distribution, concentration and arsenic species change between healthy and 

straighthead affected plants.  
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This field trial was undertaken to improve our understanding of straighthead disease and help develop 

better management strategies to ensure crop security. It was also undertaken to improve our 

understanding of arsenic cycling within rice crops to aid in crop health and food security. 

5.2. Methods 
The experimental design and methods for this field trial are outlined in Chapter 4. The chapter focuses 

on the differences in arsenic accumulation between healthy rice plants and rice plants with 

straighthead disease (Figure 5-1). Additionally, this chapter investigates sterility in plants. Plot sterility 

was determined using 30 tiller cuts taken from the centre of each plot, with sterility calculated using 

empty and full grain counts.  In each plot, three healthy and three straighthead affected whole plant 

samples were collected. A whole-plant sample involves cutting around the base of the plant into the 

soil, approximately 10 cm around from the stem using a stainless-steel knife to liberate the rice roots 

from the soil. Excess soil from the roots was removed by washing in the standing water on the field 

before the whole plant is bagged and stored on ice for further processing and analysis in Canberra.  

 

 

To investigate the variety response, milled grain samples of all four rice varieties were analysed. The 

grain samples were collected from each of the Doongara, Koshihikari, Sherpa and Topaz plots from site 

Figure 5-1: Three heads of rice plants exhibiting straighthead disease collected from the field trial at Yanco research station. 
Left, Koshihikari a short-grain variety. Middle; Sherpa, medium-grain rice variety. Right; Doongara, long-grain rice variety.  
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1 and site 2 (Appendix 5). This involved taking a sub-sample of grain from for each of the plots analysed; 

in total 31 plots were analysed. There were 32 plots in total; however, a Doongara plot exhibited 100% 

sterility thus no grain was recovered. To compare differences in arsenic accumulation between healthy 

and straighthead affected plants, only Koshihikari plants from site 1, four plots in total were selected 

for analysis. Koshihikari plants exhibited a significant range of arsenic concentrations in the grain 

(Chapter 4). Doongara would have been the first choice; however, few Doongara plots exhibited 100% 

sterility, meaning it was not possible to collect enough healthy plant samples for more detailed analysis 

without having to pool plots together. Logistically, it was not possible to analyse the whole plant for 

total arsenic concentrations and arsenic species for all rice varieties. 

In chapter 4, the accumulation of arsenic in rice plants was affected by the incorporation of straw. Due 

to the differences in arsenic accumulation caused by the straw treatments, when comparing healthy 

and straighthead affected plants, the plants are grouped by straw treatments.  

5.3. Results 

Arsenic Induced Sterility 
All varieties showed an increase in sterility associated with the incorporation of straw. The response, 

however, was more significant in some rice varieties more than others (Figure 5-2).  The addition of 

straw increased the mean plot sterility for Doongara (136%), Koshihikari (135%) and Topaz (58%) with 

Sherpa showing the lowest increase in plot sterility (22%). The sterility observed in the field was 

diagnosed as straighthead disease (Figure 5-1), and Sherpa is considered a resistant variety, whereas 

Doongara is considered highly susceptible.  

The relationship between sterility and total grain arsenic concentrations differed across varieties 

(Figure 5-3). Only Koshihikari [r2 = 0.98, p = 0.001, n = 6] and topaz [r2 = 0.65, p = 0.01, n = 6] showed a 

significant correlation between increasing total grain arsenic concentration and mean plot sterility, 

Doongara and Sherpa did not show a strong correlation (p > 0.05) (Figure 5-3). When observing the 

correlation between the individual arsenic species and the mean plot sterility, Asi showed no 

correlation to sterility (p>0.05) for any variety of rice. DMA concentrations in the grain, however, 

showed strong correlation with mean plot sterility for Koshihikari [r2 = 0.98, p < 0.001, n = 6], Doongara 

[r2 = 0.59, p = 0.04, n = 6] and Topaz [r2 = 0.68, p = 0.01, n = 6], however, not for Sherpa (p>0.05).  
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When results from all soil samples analysed were pooled, there was no significant correlation observed 

between total arsenic concentrations in soils [r2 = 0.06, p = 0.20, n = 30], Asi concentrations in plants 

[r2 = 0.03, p = 0.38, n = 30] and plot sterility. There was a significant correlation between DMA 

concentrations in soils [r2 = 0.17, p = 0.02, n = 30] and plot sterility, showing an increase in plot sterility 

with increasing DMA concentrations in the soil (Figure 5-4).  

 

 

 

 

Figure 5-2: The distribution of average plot sterility (%) for the four different varieties of rice grown (Doongara, Koshihikari, 
Shepra and Topaz). The data is grouped by straw treatment. No straw incorporation (S-), green and straw incorporation (S+), 
orange. For each variety of rice and treatment n = 4 except for Doongara S+ n = 3 
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Figure 5-3: Relationship between total arsenic concentration in milled grains and the mean plot sterility for the four varieties 
of rice analysed. Shaded area represents standard error. Doongara and Topaz overlap. For each variety of rice n = 4 except 
Doongara n = 7 

Figure 5-4: DMA concentration in the soil (g/g) plotted against mean  plot sterility (%). Shaded area represents standard 
error, n = 32. 
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Straighthead Disease 
Different sections of Koshihikari plants were analysed for total arsenic concentration and arsenic 

speciation to investigate how arsenic influenced the occurrence of straighthead disease in rice plants. 

Due to the effects of straw on arsenic accumulation (Chapter 4), the plants were grouped by treatment, 

no straw incorporation (S-), and straw incorporation (S+), to determine the differences in arsenic 

accumulation between healthy and straighthead affected plants.  

Rice Leaves 

There was no difference in total arsenic concentration between healthy and straighthead affected 

plant leaves (p > 0.05) for rice plants grown with and without straw incorporation. Likewise, the 

concentration of Asi in the leaves of rice plants showed no significant difference between healthy and 

straighthead affected plants (p > 0.05) when grown with and without straw. This indicates that Asi 

accumulation into rice leaves has no effect on the occurrence of straighthead disease (Figure 5-5).  

The accumulation of DMA within rice leaves was elevated for plants with straighthead disease for both 

the straw incorporated [t(6.9) = 4.7, p = 0.0022], and no straw [t(9.7) = 2.3, p = 0.048] treatments. 

Within the straw incorporated treatment, the DMA concentrations in the leaves were higher in the 

straighthead affected plants (0.81 ± 0.23 g g-1) compared to healthy plants (0.32 ± 0.10 g g-1). The 

same was observed in the no straw incorporated treatment between straighthead affected (0.78 ± 

0.13 g g-1) and healthy (0.61 ± 0.13 g g-1) plants. Overall, regardless of straw treatment, higher DMA 

concentrations were observed in straighthead affected plants (0.8 ± 0.2 g g-1) compared to healthy 

plants (0.5 ± 0.2 g g-1) (Figure 5-6).  
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Figure 5-5: Distribution of inorganic arsenic concentrations (g/g) in rice leaves  for healthy (green) and straighthead  affected 
plants (orange). The data is grouped by straw treatment. No straw incorporation (S-), green and straw incorporation (S+). 
Each group of Healthy or Straighthead effected plants, n = 6 
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Rice Shoots  

The accumulation of arsenic within rice shoots is unlikely to affect the occurrence of straighthead 

disease. That said, there was a significant difference in Asi concentration between healthy and 

straighthead affected plants when straw was not applied to soils (Figure 5-7). When straw was not 

applied to soils, healthy plants accumulated more Asi (5.90 ± 0.94 g g-1) than straighthead affected 

plants (4.38 ± 0.60 g g-1, however, this effect was not observed when straw was incorporated into the 

soil (p>0.05). Overall the Asi concentrations in plants grown without incorporated straw were much 

higher than Asi concentrations in straw-amended plants (Figure 5-7).  

 

 

 

Figure 5-6 Distribution of DMA concentrations (g/g) in rice leaves for healthy (green) and straighthead affected plants 
(orange). The data is grouped by straw treatment. No straw incorporation (S-), green and straw incorporation (S+). Each 
group of Healthy or Straighthead effected plants, n = 6 
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Rice Husks 

Higher total arsenic concentrations were measured in plants with straighthead disease in both straw 

amended [t(6.38) = 4.22, p = 0.005] and non-amended [t(6.14) = 4.52, p = 0.004] treatments (Figure 

5-8). The increase in total arsenic concentrations in the husk between healthy and straighthead 

affected plants resulted from increased accumulation of both Asi (Figure 5-9) and DMA (Figure 5-10) 

in plants with straighthead.  

Straighthead affected plants accumulated significantly more Asi in the husk for both the straw 

amended [t(8.06) = 4.10, p = 0.003] and non-amended [t(3.03) = 5.51, p = 0.026] treatments. The husk 

of plants with straighthead disease for both the straw amended and non-amended treatments 

displayed a higher mean Asi concentration of 1.04 ± 0.11 g g-1 and 2.00 ± 0.88 g g-1, respectively 

compared to healthy plant husks with concentrations of 0.52 ± 0.16 g g-1 and 0.88 ± 0.60 g g-1. The 

concentration of Asi in the husks of straighthead affected plants when straw was amended was not 

Figure 5-7: Distribution of inorganic arsenic concentrations (g/g) in rice shoots for healthy (green) and straighthead affected 
plants (orange). The data is grouped by straw treatment. No straw incorporation (S-), green and straw incorporation (S+). 
Each group of Healthy or Straighthead effected plants, n = 6 
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significantly different from the concentration of Asi in the husk of the healthy plants when straw was 

not amended (Figure 5-9).  

The largest differences in arsenic accumulation between healthy and straighthead affected plants were 

observed in the concentration of DMA in the husks (Figure 5-10). Significantly higher DMA 

concentrations were measured in the husks of plants with straighthead disease in both straw amended 

[t(6.52) = 5.2, p = 0.002) and non-amended [t(5.43) = 4.42, p = 0.007] treatments. The DMA 

concentrations in the husks of straighthead affected plants for amended and non-amended treatments 

were 1.55 ± 0.15 g g-1 and 1.62 ± 0.59 g g-1, respectively and significantly higher than the healthy 

plants with concentrations of 0.69 ± 0.38 g g-1 and 0.59 ± 0.12 g g-1, respectively. The DMA 

concentrations in the husks of the plants with straighthead were similar between treatments (Figure 

5-10).  

Figure 5-8: The showing the distribution of total arsenic concentrations (g/g) in rice husks for healthy (green) and 
straighthead affected plants (orange). The data is grouped by straw treatment. No straw incorporation (S-), green and straw 
incorporation (S+). Each group of Healthy or Straighthead effected plants, n = 6 
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Figure 5-9: Distribution of inorganic arsenic concentrations (g/g) in rice husks for healthy (green) and straighthead affected 
plants (orange). The data is grouped by straw treatment. No straw incorporation (S-), green and straw incorporation (S+). 
Each group of Healthy or Straighthead effected plants, n = 6 

Figure 5-10: Distribution of DMA concentration (g/g) in rice husks for healthy (green) and straighthead affected plants 
(orange). The data is grouped by straw treatment. No straw incorporation (S-), green and straw incorporation (S+). Each 
group of Healthy or Straighthead effected plants, n = 6 
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5.4. Discussion 
The incorporation of straw into the soil increased the overall sterility in the plots; however, rice 

varieties, had significant differences in the degree of sterility observed (Figure 5-2). The sterility 

observed in this field trial as a result of straighthead disease (Figure 5-1). It has been extensively 

reported in the literature that different rice varieties exhibit different levels of resistance to 

straighthead (Yan et al., 2005). The rice varieties selected for this field trial were chosen due to their 

range in susceptibility to straighthead disease. Doongara and Topaz, both long-grain varieties, and 

Koshihikari, a short-grain variety, all are susceptible to straighthead disease, while Sherpa displays a 

level of resistance to the disease (Troldahl et al., 2019). This resistance was also observed in this field 

trial (Figure 5-2).  

There is a lack of understanding behind the cause of straighthead disease, and this has made it difficult 

to breed straighthead resistant varieties. Straighthead resistant rice cultivars are identified across all 

grain types (long, medium and short) with straighthead resistant traits being both phenotypically and 

genetically diverse (Agrama and Yan, 2010). To appropriately manage and control straighthead, a 

greater understanding of the causes of the disease are needed. 

First, it is crucial to understand how the bioavailability of arsenic in the soil influenced the occurrence 

or straighthead disease. This field trial was successful in observing changes in the bioavailability of 

DMA within the soil via the addition of straw (Figure 4-4). Plots that were amended with straw showed 

an increase in sterility and an increase in bioavailable DMA in the soil (Figure 5-4), while no correlation 

was observed between Asi or total arsenic and sterility. The correlation between sterility and an 

increase in bioavailable DMA may be skewed due to one data point, as this plot contained significantly 

higher DMA concentrations in the soil compared to the other plots. Theses finding however are 

consistent with the current literature, which details that the incorporation of high organic matter into 

rice paddies can enhance soil methylation of DMA and DMA concentration in soil porewater (Yan et 

al., 2005). Soils with elevated organic arsenic in the soil are commonly associated with straighthead 

disease, particularly in areas with historic use of MSMA herbicides (Gilmour and Wells, 1980). 

Straighthead has only been associated with Asi in soils containing concentrations in-excess of 60 mg 

kg-1 (Rahman et al., 2008), which is more than four times the concentration observed here (<13 mg kg-

1). Secondly, the study by Rahman et al. (2008) did not analyse for methylation of arsenic in the soils 

treated the sodium arsenate. It is likely for methylation to have occurred, and Asi may not play a role 

in inducing straighthead disease.  

Further evidence to support the notion that DMA induces straighthead disease is the relationship 

obtained between arsenic concentration in the grain and average plot sterility (Figure 5-3). In this 

study, a significant positive relationship (Figure 5-3) existed for arsenic concentrations in the grain and 



71 
 

sterility for the susceptible varieties (Doongara, Topaz and Koshihikari). In Chapter 4, it was highlighted 

that an increase in total arsenic concentration in the grain results from a change in arsenic speciation 

whereby DMA becomes increasing predominate (Figure 4-6). As a result, the correlation between total 

arsenic in the grain and sterility can largely be explained by increased DMA uptake and accumulation. 

The highest levels of sterility were also observed in straw incorporation plots (Figure 5-2) which 

contained the highest DMA to Asi ratio within gains (Figure 4-7) Since rice plants lack the mechanisms 

to methylate arsenic (Lomax et al., 2012), DMA concentrations in the grain are likely to be an indicator 

of bioavailable DMA in the soil.  

Due to the sporadic nature of straighthead disease (Agrama and Yan, 2009), studies comparing the 

arsenic concentration between healthy and straighthead affect plants are rare. It is essential to 

investigate the accumulation of different arsenic species across different rice tissues and compare 

healthy and straighthead plants to determine the role arsenic plays in inducing straighthead disease.  

Differences in Arsenic Accumulation Between Healthy and Straighthead Rice Plants 
In order to compare between healthy and straighthead affected plants, the study focused on the 

variety Koshihikari, due to its high susceptibility to straighthead disease and the wide concentration of 

arsenic observed in the grain (Appendix 6). Although straw addition increased the likelihood of sterility, 

straighthead disease occurred in both straw amended and non-amended plots (Figure 5-2). To 

determine the effects of arsenic accumulation on inducing straighthead disease, it was essential to 

deconstruct the effects caused in the different straw treatments.   

In the leaves and shoots of the rice plants, the addition of straw into the soil resulted in increased 

arsenic accumulation within the leaves and shoots. Small differences in arsenic accumulation were also 

observed between healthy and straighthead affected plants within the two different straw 

amendment treatments.  

In the shoots, Asi accumulation was higher in healthy plants were straw was not added; however, 

arsenic accumulation differed when straw was added to soils. The Asi concentrations measured in the 

shoots of non-amended straw plots for both healthy and straighthead affected plants are much higher 

than any Asi concentration measured in the straw amended plots (Figure 5-7). This trend was not 

observed in rice leaves (Figure 5-5).  

Within the biomass of the plant, the majority of arsenic is present as Asi with this species making up 

approximately 93 ± 4 % in the leaves and 90 ± 4% in the shoots. Rice plants, however, have Asi 

detoxification processes with the primary mechanism to sequester the Asi into vacuoles (Song et al., 

2014). While plants may contain higher concentrations of Asi than DMA, Asi may be tightly bound and 

sequestered, preventing further transport and reactions damaging the plant cells (Chen et al., 2015, 
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Hossain et al., 2018). This was observed in Chapter 3, where rice treated with Asi hydroponically 

sequestered the majority on Asi in the roots preventing further transport and metabolism within the 

plant. The same detoxification mechanism observed in the roots of the rice plant is present in the 

above-ground biomass of the plant (Chen et al., 2015) (outlined in Chapter 3). These mechanisms 

sequester Asi into the vacuoles. Some healthy plants contained higher Asi concentrations than plants 

with straighthead (Figure 5-5 and Figure 5-7), suggesting that the Asi within the plant is unavailable 

and does not pose a risk to the plant and that rice plants have a degree of tolerance to Asi (Moore et 

al., 2014). 

This ability of the rice plant to manage and control the distribution of Asi could be a critical factor in 

preventing Asi from inducing straighthead disease. Arsenic complexation and vacuole sequestration 

greatly limit the distribution of Asi throughout the plant. Both Song et al. (2014) and Chen et al. (2015) 

observed the ability of plants to form As-thiol complexes when exposed to Asi which resulted in 

greater, not deleterious Asi concentrations throughout the plant, however, this process has no effect 

on DMA concentrations. The ineffectiveness of these defence mechanisms against DMA is due 

primarily to the rice plant's lack of ability to form DMA-thiol complexes (Mishra et al., 2017, Raab et 

al., 2005). If rice is unable to control the distribution of DMA through the plant, changes in 

bioavailability of DMA for uptake may result in more significant DMA accumulation throughout the 

plant (Xu et al., 2008) and increased likelihood of stress to the plant. In this field trial plants with 

straighthead disease exhibited higher DMA concentrations in the leaves (Figure 5-6). 

In Chapter 3, we demonstrated that DMA could stress rice plants. Tang et al. (2016a) showed that 

Arabidopsis plants exposed to DMA produced more malondialdehyde (MDA), an indicator of oxidative 

stress in the shoots of the plant than those exposed to Asi. So, changes in DMA concentrations within 

the plants’ biomass could pose a more severe threat, as DMA may be available to react with plant cells 

or cause stress to the plant (Tang et al., 2016a). 

The husk of the rice plant was where the most significant difference in arsenic accumulation was 

observed, with both Asi (Figure 5-9) and DMA (Figure 5-10) concentrations increasing by 116% and 

147% respectively in straighthead affected plants compared to healthy plants. While both DMA and 

Asi concentrations are higher in the straighthead affected plants, it is more likely that DMA has a 

significant role in inducing straighthead. Firstly, as discussed above, rice can detoxify Asi, Lombi et al. 

(2009), whilst the presence of As-thiol complexes around the grain demonstrates that even at the site 

of the grain, the plant can control the transport of Asi.  

The presence of Lsi2 genes has been observed to further control the transport of Asi to the grain (Chen 

et al., 2015). The Lsi2 transporter has been shown to play a role in the transport of As(III) from roots 
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to shoots (Ma et al., 2008), however, has little effect on DMA transport (Li et al., 2009a). Our results 

support the idea that rice is capable of meditating the unloading of Asi arsenic into the grain to some 

extent, with Asi rarely exceeding 0.2g g-1 (Figure 4-6). Synchrotron studies investigating the 

localisation of different arsenic species in the grain have found that Asi is localised on the outer edges 

of the grain, while the distribution of DMA is throughout the grain (Zheng et al., 2013). 

The main difference in arsenic accumulation between healthy and straighthead plants is the 

accumulation of DMA in the leaves (Figure 5-6) and husk (Figure 5-10). This highlights that the rice 

plants respond differently to the different arsenic species.  Under the conditions of this field trial, Asi 

did not play a role in inducing straighthead disease, whereas DMA did. The characteristics and 

properties of DMA in rice paddies and within the rice plant need to be considered differentially than 

Asi species as the rice plant handles the two species of arsenic differently.  

DMA and Straighthead Disease 
Two critical characteristics of straighthead disease, the sporadic nature and early onset of sterility can 

be explained by the production, uptake and accumulation of DMA. Unlike other forms of sterility in 

rice, straighthead disease occurs at early grain fill (Belefant-Miller and Beaty, 2007). Early heading rice 

varieties have been seen to show greater resistance to straighthead disease (Yan et al., 2005). The 

early onset of sterility aligns with when DMA initially starts to accumulate in the grain. Zheng et al. 

(2011) found that DMA was transported and accumulated into the ovary before fertilisation, with the 

DMA being diluted during grain fill (Zheng et al., 2011).  

The transport of arsenic to the grain at the time of grain formation, and during grain in filling differs 

between arsenic species. DMA is transported more effectually around the plant than Asi (Carey et al., 

2011, Raab et al., 2007b). The transfer factor of DMA is much higher than Asi in plants. Therefore, if 

soil conditions are favourable for arsenic methylation (incorporation of straw), this could promote 

more above-ground transport of DMA (Raab et al., 2007b). Once taken up, DMA can be efficiently 

transported to the grain via direct transport and potentially via remobilisation. Carey et al. (2011) 

showed that during grain fill, DMA is efficiently translocated from the flag leaves to the grain. Plants 

that exhibited straighthead disease contained higher concentrations of DMA in the leaves than healthy 

plants (Figure 5-6). A mechanism for the remobilisation of DMA was not identified in the study by Carey 

et al. (2011).   

The notion of DMA being remobilised explains how DMA can become the dominant arsenic species in 

circuital sections of the plant, i.e., panicle and reproductive organs. Although DMA is taken up an order 

of magnitude slower than Asi, once within the plant DMA has high mobility whereas Asi becomes 

immobilised, this difference in uptake between Asi and DMA is reflected throughout the biomass of 
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the plant, where Asi concentrations are 10-fold higher in the leaves and shoots (Figure 5-11). Despite 

being taken up at only a fraction of the rate to Asi (Abedin et al., 2002b, Raab et al., 2007b), DMA 

concentrations can make up over 50% of total arsenic concentration in the husks (Figure 5-11) and can 

exceed over 90% in the grain (Figure 4-8).  

A mechanism for the mobilisation of DMA is supported by Tang et al. (2017), who identified a putative 

peptide transporter (OsPTR7) responsible for the transport of DMA. Peptide transporters (PTRs) have 

a diverse range of biological functions within rice plants. Ouyang et al. (2010) identified eight different 

PTRs (including OsPTR7), in rice and showed they were involved in a wide range of functions, including 

nitrogen mobilisation during grain fill. During the reproductive stage, the majority of the nitrogen 

within the panicle is already taken up and is remobilised from the leaves of the plants (Kumar et al., 

2019). DMA has also been shown to be transported from leaves to the grain (Carey et al., 2011). If 

DMA uses the same pathways nitrogen uses, this provides a mechanism for additional transport to the 

site of grain formation and grain fill.  

Figure 5-11: Inorganic arsenic (green) and DMA (orange) concentrations throughout rice plants and how it changes between 
healthy and straighthead affected plants. Error bars represent 1SD 
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Additionally, the relative abundance of OsPTR7 varies throughout the plants and at different growth 

stages with it being highly expressed in the leaf blades and spikelets and becoming increasingly 

abundant in the spikelet during grain fill (Tang et al., 2017). Between straighthead affected and healthy 

plants, there are higher DMA concentrations in the leaves (Figure 5-6) and husks (Figure 5-10) of 

straighthead affected plants. If more DMA was bioavailable, especially at the time of flowering and 

grain fill, there is a high chance that more DMA would be present in the leaves and husks of the plant; 

thus increasing the overall pool of available DMA for transport to the site of grain formation.  

If DMA is transported to the grain via two pathways, uptake and remobilisation, this could result in 

elevated DMA concentrations localised at in the panicle. Increasing DMA concentrations in Arabidopsis 

thaliana have been shown to induce oxidative stress (Tang et al., 2016a) and in Chapter 3, rice plants 

with elevated DMA concentrations exhibited signs of stress (Figure 3-9). The pathways used for DMA 

transport, Ouyang et al. (2010) showed that OsPTr7 changes its relative expression in response to a 

range of different external stresses, increasing by up to 3 or 4 fold under drought or cold stress 

respectively. 

DMA can induce stress in rice and has been reported to be more phytotoxic than Asi. The role DMA 

plays in inducing straighthead disease may come down to DMA, reaching a critical concentration at a 

key stage of grain formation to cause localised stress to the plant. Rice plants have no mechanisms to 

control DMA accumulation.  

Straighthead management 
The amount of DMA produced in the soil is not related to total soil arsenic concentration (Chen et al., 

2019) suggesting that there are a number of factors that enhance DMA production in the soil. This 

results in DMA concentrations being variable throughout the soil both spatially and temporally (Afroz 

et al., 2019), leading to potentially localised enhancement of DMA at rice root available for uptake.  

Understanding DMA dynamics in the soil is crucial to both manage straighthead disease and arsenic 

concentrations in the grain. In this field trial, utilising a common agronomic practice, straw 

incorporation, created favourable conditions to elevate DMA concentrations in the grain (Figure 4-6) 

and enhance the severity of straighthead disease (Figure 5-2). Straw incorporation will become 

increasingly popular around the globe as countries continue to promote stubble retention practices. 

There will become an increased need to deal with the large concentration of biomass produced by rice 

production.  

Draining rice paddies mid-season can influence the accumulation of DMA by rice plants. The reason 

that the mid-season drain is effective at controlling straighthead disease may be that it changes the 

bioavailability of DMA in the soil. Methylation of arsenic is enhanced under flooded conditions (Wang 
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et al., 2019), the incorporation of straw in this trial enhanced both DMA in the soil (Figure 4-4 and grain 

(Figure 4-6). Studies comparing different water management regimes found that intermediate flooding 

of rice fields during the growing season resulted in a reduction of arsM (Ma et al., 2014), thus indicating 

a reduction in bacterial diversity. Das et al. (2016) showed that the population of arsenic reducing 

bacteria reduced up to 32 orders of magnitude upon drying out the rice fields and drastically altered 

the bacterial diversity in the rhizosphere.  

The effects of draining rice paddies on Asi bioavailability is well established. The process of draining the 

fields changes the redox potential of the soil. As(III) is oxidised to As(V) and bound to iron (hydr)oxides 

reducing its mobility and bioavailability to the plant (Takahashi et al., 2004). The mechanisms for DMA 

are less studied, Frohne et al. (2011) showed the with decreasing soil redox potential DMA methylation 

increased. When the field is dried out, the methylation potential may decrease since there is less 

bioavailable Asi to be methylated. Under aerobic conditions, the methylation of arsenic would first 

require the reduction of As(V) to As(III). Secondly with a reduction of arsM abundance indicates a 

reduction in bacterial populations, therefore a decrease in the methylation potential of the soil.  

It was out of the scope of this field trial to investigate the effects of different water regimes to manage 

straighthead and control DMA bioavailability. Studies have shown it is an effective way to manage 

straighthead in the field (Carrijo et al., 2019, Hua et al., 2013, Xu et al., 2008); however, timing and the 

degree of field drying can lead to more considerable overall reductions in yield (Carrijo et al., 2017). 

Different approaches in draining the field have had promising effects on DMA concentrations in the 

grain (Hu et al., 2015), however, there may be a trade-off between reducing the severity of 

straighthead disease and overall yield loss. Understanding more about the formation of DMA in the 

soil could aid in developing more targeted agronomic practices to manage DMA uptake in rice plants.  

5.5. Conclusion 
This field trial highlighted that DMA could pose a risk to crop productivity and needs to be considered 

when evaluating management strategies. The study established that DMA plays a critical role in the 

onset of straighthead disease. Favourable conditions in the soil (straw incorporation) can promote the 

formation of DMA and make DMA available for the plant to uptake. This study showed that higher 

concentrations of DMA in the reproductive tissues (husk) of rice plants correlated to increased severity 

of straighthead disease.  

Rice plants take up DMA much slower than Asi; however, the rice plant cannot control the uptake and 

accumulation of DMA. Once DMA has been taken up by the plant, it is efficiently transported around 

the plant, and rice plants have no mechanisms to detoxify or sequester DMA, unlike Asi. Instead, DMA 

is transported via peptide transporters, which may allow DMA to be remobilised, transported and 
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accumulated at the site of grain formation and grain fill. DMA induced stress in the plant probably 

results in straighthead disease as well as high concentrations in the grain. Rice plants cannot control 

DMA accumulation, so the best approach is to develop agronomic management practices to control 

DMA bioavailability before it is incorporated.  
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6. Synthesis and Conclusions   
This thesis presents research designed to investigate the link between both arsenic concentration and 

arsenic species exposure and the occurrence of straighthead disease in rice plants. This study utilised 

both hydroponic and field-based experiments to observe the effects of arsenic exposure on rice plants 

under a range of different environmental conditions. The question asked was, does exposure to DMA 

induce straighthead disease in rice?  

This is the first time that DMA has been directly linked to the onset of straighthead disease in rice.  

Under the right conditions, exposure to high DMA concentrations can lead to an accumulation of DMA 

at the site of grain fill. This probably results in localised oxidative stress to the rice plant, thereby 

disrupting key metabolic pathways during grain formation and grain fill. Thus, the answer to the 

question raised is yes, DMA is capable of inducing straighthead disease in rice.  

In Figure 6-1, I summarise the biogeochemical cycling of DMA in rice paddies and plants, as well as the 

conditions that could lead to DMA induced straighthead in rice. The processes involved with DMA 

inducing straighthead can be summarised into four key steps: 

1. DMA formation in soils 

2. Uptake of DMA by the rice plant roots 

3. Transport and accumulation of DMA within the plant 

4. Induction of oxidative stress and straighthead disease within the plant 

DMA formation in soils 
In Chapter 4, I demonstrated that straw incorporation could enhance the formation and bioavailability 

of DMA in the soil. DMA concentrations and accumulation in the soil are governed by microbial activity 

(Jia et al., 2013). Straw incorporation into the soil can further reduce the redox potential of the soil 

(Yang et al., 2018) and provide a source of nutrients to increase microbial activity (Huang et al., 2012a).  

DMA uptake¸ transport and accumulation by the rice plant 
The hydroponic experiments presented in Chapter 3 demonstrated that DMA is taken up at a much 

slower rate than Asi. The accumulation of Asi increased with increasing exposure, however, the 

majority of Asi was accumulated in the roots with further transport to the shoots limited. The uptake 

of DMA increased linearly with increasing exposure but at much lower concentrations agreeing with 

previous work by Raab et al. (2007b). The increase in uptake with increasing exposure suggests that 

rice plants have no way to regulate the uptake of DMA.  Rice plants exposed to Asi showed a difference 

in the amount of arsenic accumulated between the roots and shoots. In contrast, plants exposed to 

DMA displayed no difference in accumulation between the roots or shoots, suggesting the transport 
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and accumulation of DMA is uncontrolled, highlighting that rice plants have no mechanisms to control 

the internal transport of DMA. 

Chapter 4 highlighted that increasing DMA concentrations in the soil, through the incorporation of 

straw, resulted in an overall increase in DMA concentrations in the grain. The increase in DMA 

concentrations within the grain were near-linear with increasing total arsenic concentrations, 

providing further evidence that the uptake and accumulation of DMA is unregulated. Our results 

suggest that the concentration of Asi in the grain plateaus at approximately 0.2 g g-1
.    

Induction of oxidative stress and straighthead disease within the plant 

In Chapter 3, it was demonstrated that DMA could induce stress in rice plants. Unlike AsI, to which 

increasing exposure resulted in increased stress, DMA induced stress was more irregular. This suggests 

heterogeneous localised accumulation of DMA in plants can induce stress.  Chapter 5 then compared 

the accumulation of DMA and Asi throughout healthy and straighthead plants. Higher DMA 

concentrations were found in the husk and leaves of straighthead affected plants compared to healthy 

plants. Plots with higher DMA bioavailability achieved through straw incorporation also resulted in 

increased severity of straighthead disease. It was evident that DMA accumulation was promoting the 

occurrence of straighthead disease, not Asi.   

 

6.1. Outcomes 
This project has outlined processes that could result in DMA induced straighthead disease occurring 

naturally in the field (Figure 6-1). I have revealed that DMA could pose a significant risk to rice 

productivity and thus, overall food security. This study has highlighted that DMA production and 

bioavailability within soils and its accumulation in the rice plants should be considered in combination 

with agricultural practices. The hydroponic experiments and field trials together have established that 

rice plants cannot regulate the accumulation of DMA. There are only two feasible options to manage 

DMA exposure in rice production, either through DMA management practice or through rice breeding 

to enhance straighthead resistance.  

Since rice plants cannot regulate DMA accumulation, management practices should limit the 

bioavailability of DMA before it becomes available to the rice plant for uptake. The practice of a mid-

season drain has already been implemented in commercial rice fields to manage straighthead. The 

mid-season drain results in the oxidation of soils, binding arsenic to iron and manganese oxyhydroxides 

as well as reducing the methylation potential of Asi. Meanwhile, rice breeding programs are already 

screening species for resistance to straighthead disease and have successfully bred a range of resistant 
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varieties (e.g., Sherpa). However, without understanding the causes of straighthead disease, it is 

challenging to breed resistant varieties selectively. 
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Figure 6-1: The left side outlines key characteristics of DMA in rice paddies and how DMA can result in straighthead disease. The right-hand 
side outlines the chapters that investigated these characteristics and the key findings.  
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6.2. Limitations and Future Work. 
This project laid the foundations to better understand the role DMA plays in inducing straighthead 

disease. This project has shown that DMA plays a crucial role in inducing straighthead disease. 

Furthermore, it has highlighted that rice lacks any ability to regulate the accumulation of DMA and 

there are still many unknowns associated with the formation and cycling of organic arsenic species 

within rice paddies. Two important questions have arisen from this research. Firstly, how does DMA 

induce stress in rice? Secondly, on a global scale, how do we manage the uptake and accumulation of 

DMA in rice? 

Improving our understanding of how DMA induces stress in rice could aid in the understanding of how 

DMA can induce straighthead disease, leading to the identification of traits in rice that could be 

selected when breeding straighthead resistant varieties. This project collected whole plant samples for 

both resistant (Sherpa) and susceptible (Koshihikari) rice varieties. Detailed chemical analysis of total 

arsenic and arsenic speciation was not conducted on Sherpa within the PhD project, due to time 

limitations. Therefore, the next phase for this project would be to analyse the different sections of 

Sherpa and compare the distribution of arsenic species throughout the plant for differences. The 

hydroponic experiments could also be repeated with Sherpa to determine if it is susceptible to DMA 

induced stress, as observed in Doongarra (Chapter 3). The hydroponic experiments could also be 

combined with dosing the nutrient solution with elements known to affect the uptake or transport of 

DMA to determine if they can alleviate the effect of DMA. This could include dosing the nutrient 

solution with silicon, as it is known that DMA utilises silicon transporters for uptake (Li et al., 2009a), 

or nitrogen, as DMA transport within rice plants has been shown to used peptide transporters 

responsible for the remobilisation and transport of nitrogen (Tsay et al., 2007).   

Both the hydroponic and field trials took a biogeochemical cycling approach to understand 

straighthead disease. The uptake and distribution of Asi and DMA are very different. The hydroponic 

experiments should be repeated, and analyses conducted for indicators of stress in plants, such as 

malondialdehyde expression, to try and observe stress throughout the plant. Analysing stress in plants 

should also be applied in the field. There were significant differences in DMA accumulation between 

healthy and straighthead affected plants, primarily in the husks and leaves. It is still, however, unclear 

why. Future work should focus on these regions and look for indicators of stress and disruption of 

critical metabolic pathways. Although not discussed in this project, while analysing for total arsenic, 

other elements and nutrients were analysed. Interpreting this data should provide essential 

information to understand if DMA competes with essential nutrients, like nitrogen or silicon.  

While it is evident that DMA can stress rice plants, genetic studies could assist in understanding the 

mechanisms of how DMA causes stress to rice. Future studies should analyse relative changes in gene 
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expression of rice plants exposed to DMA. Initial studies could focus on a range of different peptide 

transporters, especially those identified for the transport of DMA (Tang et al., 2017). Peptide 

transporters exhibit a wide range of functions, including remobilising nitrogen (Tsay et al., 2007) and 

grain fill (Fang et al., 2017). My study proposed that DMA may be capable of being remobilised, 

resulting in elevated DMA concentrations at the site of grain fill that can result in inducing stress in the 

plant. Analysing how these genes respond when exposed to DMA could assist in understanding the 

mechanisms involved for DMA induced stress in rice and potentially the initiation of straighthead 

disease.   

This project did not analyse the rhizospheres of the rice plants. If future studies were to investigate 

differences between resistant and susceptible varieties, it would be beneficial to look at rice varieties 

that exhibit different levels of radial oxygen loss (ROL) from the roots. Studies have focused on Asi 

accumulation and ROL (Wu et al., 2012), but have not looked into how ROL can affect DMA 

accumulation around the roots of rice plants. Increased oxygen within the rhizosphere could result in 

increased oxidation of arsenic and an increase in iron plaque formation around the roots, reducing its 

bioavailability. My study involved the collection of root samples and extraction of the iron plaque; 

however, due to time constraints, these samples were archived for future analysis. 

Increased oxygen within the rhizosphere could also affect microbial communities and enhance 

microbial activity. Comparing the microbial communities, and their ability to form DMA, in the 

rhizosphere between straighthead resistant and susceptible varieties of rice may provide insight into 

why some varieties are more susceptible than others. 

Globally, DMA is not considered in agronomic management practices, even though DMA accumulation 

in rice plants could pose a real threat to rice production. This project demonstrated that DMA can 

affect the plant’s health and induce straighthead, and also revealed that the accumulation of DMA into 

the grain is unregulated. Conversely, regulations already exist to limit the concentration of Asi in rice 

to 0.2 g g-1 (and 0.1 g g-1 for infant consumption) (Alimentarius, 2015). In this project, the rice plant 

exhibited a certain degree of control over Asi accumulation within the rice grain and concentrations of 

Asi in the grain rarely exceeded 0.2 g g-1. If regulations were to be updated to limit DMA 

concentrations in the grain, this could have significant negative consequences for rice production 

around the world.  The lack of understanding of how to control DMA accumulation in the grain could 

result in many rice producers failing to meet guidelines.   

Ultimately, future work should focus on better understanding the cycling of all arsenic species in rice 

paddies and rice plants with an emphasis on DMA. On a large scale, management practices should be 

developed to control the formation of DMA within the soil before it becomes available to the plant.  
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A key limitation of this project was a limited understanding of the controls of DMA formation and 

bioavailability in soils. Microorganisms play a significant role in controlling the formation and 

bioavailability of DMA. Hence, future work should focus on microbial communities, particularly in the 

rhizosphere of the plants and how different agronomic practices affect the microbial community. 

Management practices like the mid-season drain have shown promise to reduce DMA concentrations 

in the grain (Hu et al., 2015); however, draining the field can result in an overall reduction in grain yield 

if it is not managed correctly (Carrijo et al., 2017). An understanding of how different management 

practices affect microbial communities within the soil and around the rhizosphere would, therefore, 

greatly aid in controlling DMA accumulation within both the rice plant and grain.  

Future work should focus on how analysing the microbial community in the rhizosphere responds to 

different agronomic practices and how it changes throughout the different growth stages of the plant.  

This could allow for more targeted management practice.  

 

 



 

84 
 

References 
 

ABBAS, G., MURTAZA, B., BIBI, I., SHAHID, M., NIAZI, N. K., KHAN, M. I., AMJAD, M. & 
HUSSAIN, M. 2018. Arsenic uptake, toxicity, detoxification, and speciation in 
plants: physiological, biochemical, and molecular aspects. International Journal 
of Environmental Research and Public Health, 15, 59. 

ABEDIN, M. J., CRESSER, M. S., MEHARG, A. A., FELDMANN, J. & COTTER-HOWELLS, J. 
2002a. Arsenic Accumulation and Metabolism in Rice (Oryza sativa L.). 
Environmental Science & Technology, 36, 962-968. 

ABEDIN, M. J., FELDMANN, J. & MEHARG, A. A. 2002b. Uptake kinetics of arsenic 
species in rice plants. Plant Physiology, 128, 1120-1128. 

AFROZ, H., SU, S., CAREY, M., MEHARG, A. A. & MEHARG, C. 2019. Inhibition of 
Microbial Methylation via arsM in the Rhizosphere: Arsenic Speciation in the 
Soil to Plant Continuum. Environmental Science & Technology. 

AGRAMA, H. A. & YAN, W. 2010. Genetic diversity and relatedness of rice cultivars 
resistant to straighthead disorder. Plant Breeding, 129, 304-312. 

AGRAMA, H. A. & YAN, W. G. 2009. Association mapping of straighthead disorder 
induced by arsenic in Oryza sativa. Plant Breeding, 128, 551-558. 

AHMED, Z. U., PANAULLAH, G. M., GAUCH, H., MCCOUCH, S. R., TYAGI, W., KABIR, M. 
S. & DUXBURY, J. M. 2011. Genotype and environment effects on rice (Oryza 
sativa L.) grain arsenic concentration in Bangladesh. Plant and Soil, 338, 367-
382. 

ALIMENTARIUS, C. 2015. General standard for contaminants and toxins in food and 
feed Codex STAN 193-1995. 

AWASTHI, S., CHAUHAN, R., SRIVASTAVA, S. & TRIPATHI, R. D. 2017. The Journey of 
Arsenic from Soil to Grain in Rice. Frontiers in Plant Science, 8. 

BATISTA, B. L., SOUZA, J. M. O., DE SOUZA, S. S. & BARBOSA, F. 2011. Speciation of 
arsenic in rice and estimation of daily intake of different arsenic species by 
Brazilians through rice consumption. Journal of Hazardous Materials, 191, 342-
348. 

BECH, J., POSCHENRIEDER, C., LLUGANY, M., BARCELÓ, J., TUME, P., TOBIAS, F. J., 
BARRANZUELA, J. L. & VÁSQUEZ, E. R. 1997. Arsenic and heavy metal 
contamination of soil and vegetation around a copper mine in Northern Peru. 
Science of The Total Environment, 203, 83-91. 

BELEFANT-MILLER, H. 2012. Specific panicle responses resulting from MSMA-induced 
straighthead sterility in rice. Plant Growth Regulation, 66, 255-264. 

BELEFANT-MILLER, H. & BEATY, T. 2007. Distribution of arsenic and other minerals in 
rice plants affected by natural straighthead. Agronomy Journal, 99, 1675-1681. 

BENTLEY, R. & CHASTEEN, T. G. 2002. Microbial methylation of metalloids: arsenic, 
antimony, and bismuth. Microbiology and Molecular Biology Reviews, 66, 250-
271. 

BHATTACHARYA, P., CHATTERJEE, D. & JACKS, G. 1997. Occurrence of arsenic-
contaminatedGroundwater in alluvial aquifers from Delta plains, eastern India: 



85 
 

options for safe drinking water supply. International Journal of Water Resources 
Development, 13, 79-92. 

BHATTACHARYA, P., SAMAL, A. C., MAJUMDAR, J. & SANTRA, S. C. 2010. Accumulation 
of arsenic and its distribution in rice plant (Oryza sativa L.) in Gangetic West 
Bengal, India. Paddy and Water Environment, 8, 63-70. 

BITOUN, R. 2018. Securing the Future of Rice: Corteva Agriscience, Agriculture Division 
of DowDuPont, and IRRI Ink Partnership to Develop Advanced Rice 
Technologies and Programs. IRRI [Online]. 

BRAMMER, H. & RAVENSCROFT, P. 2009. Arsenic in groundwater: a threat to 
sustainable agriculture in South and South-east Asia. Environment International, 
35, 647-654. 

BRAVIN, M. N., TRAVASSAC, F., LE FLOCH, M., HINSINGER, P. & GARNIER, J. M. 2008. 
Oxygen input controls the spatial and temporal dynamics of arsenic at the 
surface of a flooded paddy soil and in the rhizosphere of lowland rice (Oryza 
sativa L.): a microcosm study. Plant Soil, 312, 207. 

CARBONELL-BARRACHINA, A., JUGSUJINDA, A., BURLO, F., DELAUNE, R. & PATRICK JR, 
W. 2000. Arsenic chemistry in municipal sewage sludge as affected by redox 
potential and pH. Water Research, 34, 216-224. 

CARBONELL, A., AARABI, M., DELAUNE, R., GAMBRELL, R. & PATRICK JR, W. 1998. 
Arsenic in wetland vegetation: availability, phytotoxicity, uptake and effects on 
plant growth and nutrition. Science of the Total Environment, 217, 189-199. 

CAREY, A.-M., SCHECKEL, K. G., LOMBI, E., NEWVILLE, M., CHOI, Y., NORTON, G. J., 
CHARNOCK, J. M., FELDMANN, J., PRICE, A. H. & MEHARG, A. A. 2010. Grain 
unloading of arsenic species in rice. Plant Physiology, 152, 309-319. 

CAREY, A. M., NORTON, G. J., DEACON, C., SCHECKEL, K. G., LOMBI, E., PUNSHON, T., 
GUERINOT, M. L., LANZIROTTI, A., NEWVILLE, M. & CHOI, Y. 2011. Phloem 
transport of arsenic species from flag leaf to grain during grain filling. New 
Phytologist, 192, 87-98. 

CARRIJO, D. R., LI, C., PARIKH, S. J. & LINQUIST, B. A. 2019. Irrigation management for 
arsenic mitigation in rice grain: Timing and severity of a single soil drying. 
Science of The Total Environment, 649, 300-307. 

CARRIJO, D. R., LUNDY, M. E. & LINQUIST, B. A. 2017. Rice yields and water use under 
alternate wetting and drying irrigation: A meta-analysis. Field Crops Research, 
203, 173-180. 

CHALLENGER, F. 1945. Biological methylation. Chemical Reviews, 36, 315-361. 
CHAO, D.-Y., CHEN, Y., CHEN, J., SHI, S., CHEN, Z., WANG, C., DANKU, J. M., ZHAO, F.-J. 

& SALT, D. E. 2014. Genome-wide association mapping identifies a new 
arsenate reductase enzyme critical for limiting arsenic accumulation in plants. 
PLoS Biology, 12, e1002009. 

CHEN, C., LI, L., HUANG, K., ZHANG, J., XIE, W.-Y., LU, Y., DONG, X. & ZHAO, F.-J. 2019. 
Sulfate-reducing bacteria and methanogens are involved in arsenic methylation 
and demethylation in paddy soils. The ISME Journal. 



86 
 

CHEN, H., TANG, Z., WANG, P. & ZHAO, F.-J. 2018. Geographical variations of cadmium 
and arsenic concentrations and arsenic speciation in Chinese rice. 
Environmental Pollution, 238, 482-490. 

CHEN, W., CHI, Y., TAYLOR, N. L., LAMBERS, H. & FINNEGAN, P. M. 2010. Disruption of 
ptLPD1 or ptLPD2, genes that encode isoforms of the plastidial lipoamide 
dehydrogenase, confers arsenate hypersensitivity in Arabidopsis. Plant 
Physiology, 153, 1385-1397. 

CHEN, X. P., ZHU, Y. G., HONG, M. N., KAPPLER, A. & XU, Y. X. 2008. Effects of different 
forms of nitrogen fertilizers on arsenic uptake by rice plants. Environmental 
Toxicology and Chemistry: An International Journal, 27, 881-887. 

CHEN, Y., MOORE, K. L., MILLER, A. J., MCGRATH, S. P., MA, J. F. & ZHAO, F.-J. 2015. 
The role of nodes in arsenic storage and distribution in rice. Journal of 
Experimental Botany, 66, 3717-3724. 

CHEN, Y., SUN, S.-K., TANG, Z., LIU, G., MOORE, K. L., MAATHUIS, F. J., MILLER, A. J., 
MCGRATH, S. P. & ZHAO, F.-J. 2017. The Nodulin 26-like intrinsic membrane 
protein OsNIP3; 2 is involved in arsenite uptake by lateral roots in rice. Journal 
of Experimental Botany, 68, 3007-3016. 

CHEN, Z., ZHU, Y. G., LIU, W. J. & MEHARG, A. A. 2005. Direct evidence showing the 
effect of root surface iron plaque on arsenite and arsenate uptake into rice 
(Oryza sativa) roots. New Phytologist, 165, 91-97. 

CHOWDHURY, R. 2017. Using adsorption and sulphide precipitation as the principal 
removal mechanisms of arsenic from a constructed wetland – a critical review. 
Chemistry and Ecology, 33, 560-571. 

DAS, S., CHOU, M.-L., JEAN, J.-S., LIU, C.-C. & YANG, H.-J. 2016. Water management 
impacts on arsenic behavior and rhizosphere bacterial communities and 
activities in a rice agro-ecosystem. Science of The Total Environment, 542, 642-
652. 

DAT, J., VANDENABEELE, S., VRANOVA, E., VAN MONTAGU, M., INZÉ, D. & VAN 
BREUSEGEM, F. 2000. Dual action of the active oxygen species during plant 
stress responses. Cellular and Molecular Life Sciences CMLS, 57, 779-795. 

DILDAY, R., SLATON, N., GIBBONS, J., MOLDENHAUER, K. & YAN, W. 2000. Straighthead 
of rice as influenced by arsenic and nitrogen. Research Series-Arkansas 
Agricultural Experiment Station, 201-214. 

DITTMAR, J., VOEGELIN, A., ROBERTS, L. C., HUG, S. J., SAHA, G. C., ALI, M. A., 
BADRUZZAMAN, A. B. M. & KRETZSCHMAR, R. 2007. Spatial Distribution and 
Temporal Variability of Arsenic in Irrigated Rice Fields in Bangladesh. 2. Paddy 
Soil. Environmental Science & Technology, 41, 5967-5972. 

DIXIT, G., SINGH, A. P., KUMAR, A., SINGH, P. K., KUMAR, S., DWIVEDI, S., TRIVEDI, P. K., 
PANDEY, V., NORTON, G. J., DHANKHER, O. P. & TRIPATHI, R. D. 2015. Sulfur 
mediated reduction of arsenic toxicity involves efficient thiol metabolism and 
the antioxidant defense system in rice. Journal of Hazardous Materials, 298, 
241-251. 



87 
 

DIXIT, S. & HERING, J. G. 2003. Comparison of Arsenic(V) and Arsenic(III) Sorption onto 
Iron Oxide Minerals:  Implications for Arsenic Mobility. Environmental Science & 
Technology, 37, 4182-4189. 

DOBERMANN, A. & FAIRHURST, T. 2000. Rice: Nutrient disorders and nutrient 
management. International Rice Research Institute, Manila, Philippines. IRRI, -. 

DRAHOTA, P. & FILIPPI, M. 2009. Secondary arsenic minerals in the environment: A 
review. Environment International, 35, 1243-1255. 

DUAN, G.-L., HU, Y., SCHNEIDER, S., MCDERMOTT, J., CHEN, J., SAUER, N., ROSEN, B. P., 
DAUS, B., LIU, Z. & ZHU, Y.-G. 2015. Inositol transporters AtINT2 and AtINT4 
regulate arsenic accumulation in Arabidopsis seeds. Nature Plants, 2, 15202. 

DUNN, B., BATTEN, G., DUNN, T., SUBASINGHE, R. & WILLIAMS, R. 2006. Nitrogen 
fertiliser alleviates the disorder straighthead in Australian rice. Animal 
Production Science, 46, 1077-1083. 

DUNN, B., DUNN, T. & ORCHARD, B. 2016. Nitrogen rate and timing effects on growth 
and yield of drill-sown rice. Crop and Pasture Science, 67, 1149-1157. 

DUNN, B. W. & DUNN, T. S. 2012. Influence of Soil Type on Severity of Straighthead in 
Rice. Communications in Soil Science and Plant Analysis, 43, 1705-1719. 

DYKES, G. E., CHARI, N. R. & SEYFFERTH, A. L. 2020. Si-induced DMA desorption is not 
the driver for enhanced DMA availability after Si addition to flooded soils. 
Science of The Total Environment, 739, 139906. 

EKANAYAKE, I. J., DATTA, S. K. D. & STEPONKUS, P. L. 1989. Spikelet Sterility and 
Flowering Response of Rice to Water Stress at Anthesis. Annals of Botany, 63, 
257-264. 

ELLWOOD, M. J. & MAHER, W. A. 2003. Measurement of arsenic species in marine 
sediments by high-performance liquid chromatography–inductively coupled 
plasma mass spectrometry. Analytica Chimica Acta, 477, 279-291. 

FANG, Z., BAI, G., HUANG, W., WANG, Z., WANG, X. & ZHANG, M. 2017. The Rice 
Peptide Transporter OsNPF7.3 Is Induced by Organic Nitrogen, and Contributes 
to Nitrogen Allocation and Grain Yield. Frontiers in Plant Science, 8. 

FANG, Z., XIA, K., YANG, X., GROTEMEYER, M. S., MEIER, S., RENTSCH, D., XU, X. & 
ZHANG, M. 2013. Altered expression of the PTR/NRT 1 homologue Os PTR 9 
affects nitrogen utilization efficiency, growth and grain yield in rice. Plant 
Biotechnology Journal, 11, 446-458. 

FINNEGAN, P. & CHEN, W. 2012. Arsenic Toxicity: The Effects on Plant Metabolism. 
Frontiers in Physiology, 3. 

FLECK, A. T., MATTUSCH, J. & SCHENK, M. K. 2013. Silicon decreases the arsenic level 
in rice grain by limiting arsenite transport. Journal of Plant Nutrition and Soil 
Science, 176, 785-794. 

FOSTER, S., MAHER, W., KRIKOWA, F. & APTE, S. 2007. A microwave-assisted 
sequential extraction of water and dilute acid soluble arsenic species from 
marine plant and animal tissues. Talanta, 71, 537-549. 

FOYER, C. H. & NOCTOR, G. 2009. Redox regulation in photosynthetic organisms: 
signaling, acclimation, and practical implications. Antioxidants & Redox 
Signaling, 11, 861-905. 



88 
 

FROHNE, T., RINKLEBE, J., DIAZ-BONE, R. A. & DU LAING, G. 2011. Controlled variation 
of redox conditions in a floodplain soil: impact on metal mobilization and 
biomethylation of arsenic and antimony. Geoderma, 160, 414-424. 

FU, Y., CHEN, M., BI, X., HE, Y., REN, L., XIANG, W., QIAO, S., YAN, S., LI, Z. & MA, Z. 
2011. Occurrence of arsenic in brown rice and its relationship to soil properties 
from Hainan Island, China. Environmental Pollution, 159, 1757-1762. 

GAO, S. & BURAU, R. G. 1997. Environmental Factors Affecting Rates of Arsine 
Evolution from and Mineralization of Arsenicals in Soil. Journal of Environmental 
Quality, 26, 753-763. 

GARBINSKI, L. D., ROSEN, B. P. & CHEN, J. 2019. Pathways of arsenic uptake and efflux. 
Environment International, 126, 585-597. 

GILMOUR, J. & WELLS, B. 1980. Residual effects of MSMA on sterility in rice cultivars. 
Agronomy Journal, 72, 1066-1067. 

GOOGLE. n.d. Google maps Yanco Agricultural Institute [Online]. Google Maps.  
[Accessed 2019]. 

GREEN, M. S. & ETHERINGTON, J. R. 1977. Oxidation of Ferrous Iron by Rice (Oryza 
sativa L.) Roots: a Mechanism for Waterlogging Tolerance? Journal of 
Experimental Botany, 28, 678-690. 

GUPTA, R., LADHA, J., SINGH, J., SINGH, G. & PATHAK, H. 2007. Yield and phosphorus 
transformations in a rice–wheat system with crop residue and phosphorus 
management. Soil Science Society of America Journal, 71, 1500-1507. 

HAN, D., XIONG, S., TU, S., LIU, J. & CHEN, C. 2015. Interactive effects of selenium and 
arsenic on growth, antioxidant system, arsenic and selenium species of 
Nicotiana tabacum L. Environmental and Experimental Botany, 117, 12-19. 

HARTLEY-WHITAKER, J., AINSWORTH, G., VOOIJS, R., TEN BOOKUM, W., SCHAT, H. & 
MEHARG, A. A. 2001. Phytochelatins are involved in differential arsenate 
tolerance inholcus lanatus. Plant Physiology, 126, 299-306. 

HARTLEY-WHITAKER, J., AINSWORTH, G. & MEHARG, A. A. 2001. Copper-and arsenate-
induced oxidative stress in Holcus lanatus L. clones with differential sensitivity. 
Plant, Cell & Environment, 24, 713-722. 

HORTON, D. K., FRANS, R. E. & COTHREN, T. 1983. MSMA-Induced Straighthead in Rice 
(Oryza sativa) and Effect upon Metabolism and Yield. Weed Science, 31, 648-
651. 

HOSSAIN, M. B., JAHIRUDDIN, M., PANAULLAH, G. M., LOEPPERT, R. H., ISLAM, M. R. & 
DUXBURY, J. M. 2008. Spatial variability of arsenic concentration in soils and 
plants, and its relationship with iron, manganese and phosphorus. 
Environmental Pollution, 156, 739-744. 

HOSSAIN, M. M., KHATUN, M. A., HAQUE, M. N., BARI, M. A., ALAM, M. F., MANDAL, A. 
& KABIR, A. H. 2018. Silicon alleviates arsenic-induced toxicity in wheat through 
vacuolar sequestration and ROS scavenging. International Journal of 
Phytoremediation, 20, 796-804. 

HU, P., OUYANG, Y., WU, L., SHEN, L., LUO, Y. & CHRISTIE, P. 2015. Effects of water 
management on arsenic and cadmium speciation and accumulation in an 
upland rice cultivar. Journal of Environmental Sciences, 27, 225-231. 



89 
 

HUA, B., YAN, W., WANG, J., DENG, B. & YANG, J. 2011. Arsenic accumulation in rice 
grains: effects of cultivars and water management practices. Environmental 
Engineering Science, 28, 591-596. 

HUA, B., YAN, W. & YANG, J. 2013. Response of rice genotype to straighthead disease 
as influenced by arsenic level and water management practices in soil. Science 
of The Total Environment, 442, 432-436. 

HUANG, H., JIA, Y., SUN, G.-X. & ZHU, Y.-G. 2012a. Arsenic speciation and volatilization 
from flooded paddy soils amended with different organic matters. 
Environmental Science & Technology, 46, 2163-2168. 

HUANG, J. H., FECHER, P., ILGEN, G., HU, K. N. & YANG, J. 2012b. Speciation of arsenite 
and arsenate in rice grain – Verification of nitric acid based extraction method 
and mass sample survey. Food Chemistry, 130, 453-459. 

ISLAM, M., JAHIRUDDIN, M. & ISLAM, S. 2004. Assessment of arsenic in the water-soil-
plant systems in Gangetic floodplains of Bangladesh. Asian J. Plant Sci, 3, 489-
493. 

JACOBSON, L. 1951. Maintenance of iron supply in nutrient solutions by a single 
addition of ferric potassium ethylenediamine tetra-acetate. Plant Physiology, 
26, 411. 

JHA, A. B. & DUBEY, R. S. 2004. Carbohydrate metabolism in growing rice seedlings 
under arsenic toxicity. Journal of Plant Physiology, 161, 867-872. 

JIA, Y., HUANG, H., CHEN, Z. & ZHU, Y. G. 2014. Arsenic uptake by rice is influenced by 
microbe-mediated arsenic redox changes in the rhizosphere. Environ. Sci. 
Technol., 48, 1001. 

JIA, Y., HUANG, H., ZHONG, M., WANG, F.-H., ZHANG, L.-M. & ZHU, Y.-G. 2013. 
Microbial Arsenic Methylation in Soil and Rice Rhizosphere. Environmental 
Science & Technology, 47, 3141-3148. 

JIANG, G., LU, X., GONG, Z., CULLEN, W. R. & CHRIS LE, X. 2003. Chapter 4 - Trivalent 
arsenic species: Analysis, stability, and interaction with a protein. In: CHAPPELL, 
W. R., ABERNATHY, C. O., CALDERON, R. L. & THOMAS, D. J. (eds.) Arsenic 
Exposure and Health Effects V. Amsterdam: Elsevier Science B.V. 

KAMIYA, T., ISLAM, R., DUAN, G., URAGUCHI, S. & FUJIWARA, T. 2013. Phosphate 
deficiency signaling pathway is a target of arsenate and phosphate transporter 
OsPT1 is involved in As accumulation in shoots of rice. Soil Science and Plant 
Nutrition, 59, 580-590. 

KATSUHARA, M., SASANO, S., HORIE, T., MATSUMOTO, T., RHEE, J. & SHIBASAKA, M. 
2014. Functional and molecular characteristics of rice and barley NIP 
aquaporins transporting water, hydrogen peroxide and arsenite. Plant 
Biotechnology, 14.0421 a. 

KERL, C. F., SCHINDELE, R. A., BRÜGGENWIRTH, L., COLINA BLANCO, A. E., RAFFERTY, 
C., CLEMENS, S. & PLANER-FRIEDRICH, B. 2019. Methylated Thioarsenates and 
Monothioarsenate Differ in Uptake, Transformation, and Contribution to Total 
Arsenic Translocation in Rice Plants. Environmental Science & Technology, 53, 
5787-5796. 



90 
 

KHAN, M. A., STROUD, J. L., ZHU, Y.-G., MCGRATH, S. P. & ZHAO, F.-J. 2010. Arsenic 
Bioavailability to Rice Is Elevated in Bangladeshi Paddy Soils. Environmental 
Science & Technology, 44, 8515-8521. 

KHAN, S., CAO, Q., ZHENG, Y. M., HUANG, Y. Z. & ZHU, Y. G. 2008. Health risks of heavy 
metals in contaminated soils and food crops irrigated with wastewater in 
Beijing, China. Environmental Pollution, 152, 686-692. 

KIM, D.-W., RAKWAL, R., AGRAWAL, G. K., JUNG, Y.-H., SHIBATO, J., JWA, N.-S., 
IWAHASHI, Y., IWAHASHI, H., KIM, D. H., SHIM, I.-S. & USUI, K. 2005. A 
hydroponic rice seedling culture model system for investigating proteome of 
salt stress in rice leaf. Electrophoresis, 26, 4521-4539. 

KRISHNAN, S. & DAYANANDAN, P. 2003. Structural and histochemical studies on grain-
filling in the caryopsis of rice (Oryza sativa L.). Journal of Biosciences, 28, 455-
469. 

KUMAR, R., PRAKASH, N. R. & PADHAN, B. K. 2019. An inside into the nitrogen use 
efficiency and its importance in crop production. Journal of Pharmacognosy and 
Phytochemistry, 8, 2652-2657. 

KUMARATHILAKA, P., SENEWEERA, S., MEHARG, A. & BUNDSCHUH, J. 2018a. Arsenic 
accumulation in rice (Oryza sativa L.) is influenced by environment and genetic 
factors. Science of The Total Environment, 642, 485-496. 

KUMARATHILAKA, P., SENEWEERA, S., MEHARG, A. & BUNDSCHUH, J. 2018b. Arsenic 
speciation dynamics in paddy rice soil-water environment: sources, physico-
chemical, and biological factors - A review. Water Research, 140, 403-414. 

LEE, C.-H., HSIEH, Y.-C., LIN, T.-H. & LEE, D.-Y. 2013. Iron plaque formation and its 
effect on arsenic uptake by different genotypes of paddy rice. Plant and Soil, 
363, 231-241. 

LÉRAN, S., VARALA, K., BOYER, J.-C., CHIURAZZI, M., CRAWFORD, N., DANIEL-VEDELE, 
F., DAVID, L., DICKSTEIN, R., FERNANDEZ, E. & FORDE, B. 2014. A unified 
nomenclature of NITRATE TRANSPORTER 1/PEPTIDE TRANSPORTER family 
members in plants. Trends in Plant Science, 19, 5-9. 

LI, G., ZHENG, M., TANG, J., SHIM, H. & CAI, C. 2018a. Effect of Silicon on Arsenic 
Concentration and Speciation in Different Rice Tissues. Pedosphere, 28, 511-
520. 

LI, H., DAI, M., DAI, S. & DONG, X. 2018b. Current status and environment impact of 
direct straw return in China’s cropland – A review. Ecotoxicology and 
Environmental Safety, 159, 293-300. 

LI, H., YE, Z. H., WEI, Z. J. & WONG, M. H. 2011. Root porosity and radial oxygen loss 
related to arsenic tolerance and uptake in wetland plants. Environmental 
Pollution, 159, 30-37. 

LI, R.-Y., AGO, Y., LIU, W.-J., MITANI, N., FELDMANN, J., MCGRATH, S. P., MA, J. F. & 
ZHAO, F.-J. 2009a. The rice aquaporin Lsi1 mediates uptake of methylated 
arsenic species. Plant Physiology, 150, 2071-2080. 

LI, R., STROUD, J., MA, J., MCGRATH, S. & ZHAO, F. 2009b. Mitigation of arsenic 
accumulation in rice with water management and silicon fertilization. 
Environmental Science & Technology, 43, 3778-3783. 



91 
 

LIMMER, M. A., MANN, J., AMARAL, D. C., VARGAS, R. & SEYFFERTH, A. L. 2018a. 
Silicon-rich amendments in rice paddies: Effects on arsenic uptake and 
biogeochemistry. Science of the Total Environment, 624, 1360-1368. 

LIMMER, M. A., WISE, P., DYKES, G. E. & SEYFFERTH, A. L. 2018b. Silicon decreases 
dimethylarsinic acid concentration in rice grain and mitigates straighthead 
disorder. Environmental Science & Technology, 52, 4809-4816. 

LIN, C. C. & KAO, C. H. 2000. Effect of NaCl stress on H2O2 metabolism in rice leaves. 
Plant Growth Regulation, 30, 151-155. 

LIU, C.-P., LUO, C.-L., GAO, Y., LI, F.-B., LIN, L.-W., WU, C.-A. & LI, X.-D. 2010a. Arsenic 
contamination and potential health risk implications at an abandoned tungsten 
mine, southern China. Environmental Pollution, 158, 820-826. 

LIU, C., YU, H.-Y., LIU, C., LI, F., XU, X. & WANG, Q. 2015. Arsenic availability in rice from 
a mining area: Is amorphous iron oxide-bound arsenic a source or sink? 
Environmental Pollution, 199, 95-101. 

LIU, W.-J., MCGRATH, S. P. & ZHAO, F.-J. 2014. Silicon has opposite effects on the 
accumulation of inorganic and methylated arsenic species in rice. Plant and Soil, 
376, 423-431. 

LIU, W.-J., WOOD, B. A., RAAB, A., MCGRATH, S. P., ZHAO, F.-J. & FELDMANN, J. 2010b. 
Complexation of arsenite with phytochelatins reduces arsenite efflux and 
translocation from roots to shoots in Arabidopsis. Plant Physiology, 152, 2211-
2221. 

LIU, W., ZHU, Y., HU, Y., WILLIAMS, P., GAULT, A., MEHARG, A., CHARNOCK, J. & 
SMITH, F. 2006. Arsenic sequestration in iron plaque, its accumulation and 
speciation in mature rice plants (Oryza sativa L.). Environmental Science & 
Technology, 40, 5730-5736. 

LIU, W. J., ZHU, Y. G., SMITH, F. A. & SMITH, S. E. 2004. Do iron plaque and genotypes 
affect arsenate uptake and translocation by rice seedlings (Oryza sativa L.) 
grown in solution culture? J. Exp. Bot., 55, 1707. 

LOMAX, C., LIU, W. J., WU, L., XUE, K., XIONG, J., ZHOU, J., MCGRATH, S. P., MEHARG, 
A. A., MILLER, A. J. & ZHAO, F. J. 2012. Methylated arsenic species in plants 
originate from soil microorganisms. New Phytologist, 193, 665-672. 

LOMBI, E., SCHECKEL, K., PALLON, J., CAREY, A., ZHU, Y.-G. & MEHARG, A. A. 2009. 
Speciation and distribution of arsenic and localization of nutrients in rice grains. 
New Phytologist, 184, 193-201. 

MA, J. F., TAMAI, K., YAMAJI, N., MITANI, N., KONISHI, S., KATSUHARA, M., ISHIGURO, 
M., MURATA, Y. & YANO, M. 2006. A silicon transporter in rice. Nature, 440, 
688-691. 

MA, J. F., YAMAJI, N., MITANI, N., TAMAI, K., KONISHI, S., FUJIWARA, T., KATSUHARA, 
M. & YANO, M. 2007. An efflux transporter of silicon in rice. Nature, 448, 209-
212. 

MA, J. F., YAMAJI, N., MITANI, N., XU, X.-Y., SU, Y.-H., MCGRATH, S. P. & ZHAO, F.-J. 
2008. Transporters of arsenite in rice and their role in arsenic accumulation in 
rice grain. Proceedings of the National Academy of Sciences, 105, 9931-9935. 



92 
 

MA, R., SHEN, J., WU, J., TANG, Z., SHEN, Q. & ZHAO, F.-J. 2014. Impact of agronomic 
practices on arsenic accumulation and speciation in rice grain. Environmental 
Pollution, 194, 217-223. 

MAHER, W., DUNCAN, E., MARTIN, H., SNELL, P., KRIKOWA, F., JAGTAP, R., FOSTER, S., 
EZAZ, T. & ELLWOOD, M. J. 2018. Arsenic concentrations and speciation in 
Australian and imported rice and commercial rice products. Environmental 
Chemistry, 15, 387-402. 

MAHER, W., FOSTER, S., KRIKOWA, F., DONNER, E. & LOMBI, E. 2013. Measurement of 
inorganic arsenic species in rice after nitric acid extraction by HPLC-ICPMS: 
verification using XANES. Environmental Science & Technology, 47, 5821-5827. 

MARIN, A. R., MASSCHELEYN, P. H. & PATRICK, W. H., JR. 1993. Soil redox-pH stability 
of arsenic species and its influence on arsenic uptake by rice. Plant and Soil, 
152, 245-253. 

MASSCHELEYN, P. H., DELAUNE, R. D. & PATRICK JR, W. H. 1991. Effect of redox 
potential and pH on arsenic speciation and solubility in a contaminated soil. 
Environmental Science & Technology, 25, 1414-1419. 

MATEOS-NARANJO, E., ANDRADES-MORENO, L. & REDONDO-GÓMEZ, S. 2012. 
Tolerance to and accumulation of arsenic in the cordgrass Spartina densiflora 
Brongn. Bioresource Technology, 104, 187-194. 

MEHARG, A. 1994. Integrated tolerance mechanisms: constitutive and adaptive plant 
responses to elevated metal concentrations in the environment. Plant, Cell & 
Environment, 17, 989-993. 

MEHARG, A. A. & HARTLEY-WHITAKER, J. 2002. Arsenic uptake and metabolism in 
arsenic resistant and nonresistant plant species. New Phytologist, 154, 29-43. 

MEHARG, A. A., WILLIAMS, P. N., ADOMAKO, E., LAWGALI, Y. Y., DEACON, C., VILLADA, 
A., CAMBELL, R. C., SUN, G., ZHU, Y.-G. & FELDMANN, J. 2009. Geographical 
variation in total and inorganic arsenic content of polished (white) rice. 
Environmental Science & Technology, 43, 1612-1617. 

MEHARG, A. A. & ZHAO, F. J. 2012. Arsenic & Rice, Springer Netherlands. 
MESTROT, A., FELDMANN, J., KRUPP, E. M., HOSSAIN, M. S., ROMAN-ROSS, G. & 

MEHARG, A. A. 2011. Field fluxes and speciation of arsines emanating from 
soils. Environmental Science & Technology, 45, 1798-1804. 

MHAMDI, A. & VAN BREUSEGEM, F. 2018. Reactive oxygen species in plant 
development. Development, 145, dev164376. 

MISHRA, S., MATTUSCH, J. & WENNRICH, R. 2017. Accumulation and transformation of 
inorganic and organic arsenic in rice and role of thiol-complexation to restrict 
their translocation to shoot. Scientific Reports, 7, 40522. 

MLANGENI, A. T., PEREZ, M., RAAB, A., KRUPP, E. M., NORTON, G. J. & FELDMANN, J. 
2020. Simultaneous stimulation of arsenic methylation and inhibition of 
cadmium bioaccumulation in rice grain using zero valent iron and alternate 
wetting and drying water management. Science of The Total Environment, 711, 
134696. 

MOORE, K. L., CHEN, Y., VAN DE MEENE, A. M., HUGHES, L., LIU, W., GERAKI, T., 
MOSSELMANS, F., MCGRATH, S. P., GROVENOR, C. & ZHAO, F. J. 2014. 



93 
 

Combined NanoSIMS and synchrotron X-ray fluorescence reveal distinct cellular 
and subcellular distribution patterns of trace elements in rice tissues. New 
Phytologist, 201, 104-115. 

MOORE, K. L., SCHRÖDER, M., WU, Z., MARTIN, B. G., HAWES, C. R., MCGRATH, S. P., 
HAWKESFORD, M. J., MA, J. F., ZHAO, F.-J. & GROVENOR, C. R. 2011. High-
resolution secondary ion mass spectrometry reveals the contrasting subcellular 
distribution of arsenic and silicon in rice roots. Plant Physiology, 156, 913-924. 

NARANMANDURA, H., IBATA, K. & SUZUKI, K. T. 2007. Toxicity of 
dimethylmonothioarsinic acid toward human epidermoid carcinoma A431 cells. 
Chemical Research in Toxicology, 20, 1120-1125. 

NORRA, S., BERNER, Z. A., AGARWALA, P., WAGNER, F., CHANDRASEKHARAM, D. & 
STÜBEN, D. 2005. Impact of irrigation with As rich groundwater on soil and 
crops: A geochemical case study in West Bengal Delta Plain, India. Applied 
Geochemistry, 20, 1890-1906. 

NORTON, G. J., ADOMAKO, E. E., DEACON, C., CAREY, A. M., PRICE, A. H. & MEHARG, A. 
A. 2013. Effect of organic matter amendment, arsenic amendment and water 
management regime on rice grain arsenic species. Environ. Pollut., 177, 38. 

NORTON, G. J., ISLAM, M. R., DEACON, C. M., ZHAO, F.-J., STROUD, J. L., MCGRATH, S. 
P., ISLAM, S., JAHIRUDDIN, M., FELDMANN, J. & PRICE, A. H. 2009. Identification 
of low inorganic and total grain arsenic rice cultivars from Bangladesh. 
Environmental Science & Technology, 43, 6070-6075. 

NORTON, G. J., ISLAM, M. R., DUAN, G., LEI, M., ZHU, Y., DEACON, C. M., MORAN, A. C., 
ISLAM, S., ZHAO, F.-J. & STROUD, J. L. 2010. Arsenic shoot-grain relationships in 
field grown rice cultivars. Environmental Science & Technology, 44, 1471-1477. 

OTTE, M., ROZEMA, J., KOSTER, L., HAARSMA, M. & BROEKMAN, R. 1989. Iron plaque 
on roots of Aster tripolium L.: interaction with zinc uptake. New Phytologist, 
111, 309-317. 

OUYANG, J., CAI, Z., XIA, K., WANG, Y., DUAN, J. & ZHANG, M. 2010. Identification and 
analysis of eight peptide transporter homologs in rice. Plant Science, 179, 374-
382. 

PANAULLAH, G. M., ALAM, T., HOSSAIN, M. B., LOEPPERT, R. H., LAUREN, J. G., 
MEISNER, C. A., AHMED, Z. U. & DUXBURY, J. M. 2009. Arsenic toxicity to rice 
(Oryza sativa L.) in Bangladesh. Plant and Soil, 317, 31-39. 

PASZKOWSKI, U., KROKEN, S., ROUX, C. & BRIGGS, S. P. 2002. Rice phosphate 
transporters include an evolutionarily divergent gene specifically activated in 
arbuscular mycorrhizal symbiosis. Proceedings of the National Academy of 
Sciences, 99, 13324-13329. 

PESSARAKLI, M. & TAN, K. H. 2010. Handbook of Plant and Crop Stress, Baton Rouge, 
UNITED STATES, CRC Press LLC. 

PETRICK, J. S., AYALA-FIERRO, F., CULLEN, W. R., CARTER, D. E. & APOSHIAN, H. V. 
2000. Monomethylarsonous acid (MMAIII) is more toxic than arsenite in Chang 
human hepatocytes. Toxicology and Applied Pharmacology, 163, 203-207. 



94 
 

PUNIA, M., NAUTIYAL, V. P. & KANT, Y. 2008. Identifying biomass burned patches of 
agriculture residue using satellite remote sensing data. Current Science, 1185-
1190. 

QIN, J., LEHR, C. R., YUAN, C., LE, X. C., MCDERMOTT, T. R. & ROSEN, B. P. 2009. 
Biotransformation of arsenic by a Yellowstone thermoacidophilic eukaryotic 
alga. Proceedings of the National Academy of Sciences, 106, 5213. 

QIN, J., ROSEN, B. P., ZHANG, Y., WANG, G., FRANKE, S. & RENSING, C. 2006. Arsenic 
detoxification and evolution of trimethylarsine gas by a microbial arsenite S-
adenosylmethionine methyltransferase. Proceedings of the National Academy 
of Sciences of the United States of America, 103, 2075-2080. 

RAAB, A., FERREIRA, K., MEHARG, A. A. & FELDMANN, J. 2007a. Can arsenic–
phytochelatin complex formation be used as an indicator for toxicity in 
Helianthus annuus? Journal of Experimental Botany, 58, 1333-1338. 

RAAB, A., SCHAT, H., MEHARG, A. A. & FELDMANN, J. 2005. Uptake, translocation and 
transformation of arsenate and arsenite in sunflower (Helianthus annuus): 
formation of arsenic-phytochelatin complexes during exposure to high arsenic 
concentrations. New Phytol, 168, 551-8. 

RAAB, A., WILLIAMS, P. N., MEHARG, A. & FELDMANN, J. 2007b. Uptake and 
translocation of inorganic and methylated arsenic species by plants. 
Environmental Chemistry, 4, 197-203. 

RAHEEM, A., SAJID, M., IQBAL, M. S., ASLAM, H., BILAL, M. & RAFIQ, F. 2019. Microbial 
inhabitants of agricultural land have potential to promote plant growth but they 
are liable to traditional practice of wheat (T. aestivum L) straw burning. 
Biocatalysis and Agricultural Biotechnology, 18, 101060. 

RAHMAN, M. A., HASEGAWA, H., RAHMAN, M. M., MIAH, M. A. M. & TASMIN, A. 2008. 
Straighthead disease of rice (Oryza sativa L.) induced by arsenic toxicity. 
Environmental and Experimental Botany, 62, 54-59. 

RAHMAN, M. A., KADOHASHI, K., MAKI, T. & HASEGAWA, H. 2011. Transport of DMAA 
and MMAA into rice (Oryza sativa L.) roots. Environmental and Experimental 
Botany, 72, 41-46. 

RAHMAN, M. A., RAHMAN, M. M., REICHMAN, S. M., LIM, R. P. & NAIDU, R. 2014. 
Arsenic speciation in Australian-grown and imported rice on sale in Australia: 
implications for human health risk. Journal of Agricultural and Food Chemistry, 
62, 6016-6024. 

RASAMIVELONA, A., GRAVOIS, K. A. & DILDAY, R. H. 1995. Heritability and Genotype × 
Environment Interactions for Straighthead in Rice. Crop Science, 35, 1365-1368. 

REID, M. C., MAILLARD, J., BAGNOUD, A., FALQUET, L., LE VO, P. & BERNIER-LATMANI, 
R. 2017. Arsenic Methylation Dynamics in a Rice Paddy Soil Anaerobic 
Enrichment Culture. Environmental Science & Technology, 51, 10546-10554. 

REQUEJO, R. & TENA, M. 2005. Proteome analysis of maize roots reveals that oxidative 
stress is a main contributing factor to plant arsenic toxicity. Phytochemistry, 66, 
1519-1528. 



95 
 

RIEDELL, W. E. 2010. Mineral-nutrient synergism and dilution responses to nitrogen 
fertilizer in field-grown maize. Journal of Plant Nutrition and Soil Science, 173, 
869-874. 

SAID-PULLICINO, D., CUCU, M. A., SODANO, M., BIRK, J. J., GLASER, B. & CELI, L. 2014. 
Nitrogen immobilization in paddy soils as affected by redox conditions and rice 
straw incorporation. Geoderma, 228-229, 44-53. 

SANGLARD, L. M., MARTINS, S. C., DETMANN, K. C., SILVA, P. E., LAVINSKY, A. O., SILVA, 
M. M., DETMANN, E., ARAÚJO, W. L. & DAMATTA, F. M. 2014. Silicon nutrition 
alleviates the negative impacts of arsenic on the photosynthetic apparatus of 
rice leaves: an analysis of the key limitations of photosynthesis. Physiologia 
Plantarum, 152, 355-366. 

SCHMÖGER, M. E., OVEN, M. & GRILL, E. 2000. Detoxification of arsenic by 
phytochelatins in plants. Plant Physiology, 122, 793-802. 

SENEVIRATNE, M., RAJAKARUNA, N., RIZWAN, M., MADAWALA, H. M. S. P., OK, Y. S. & 
VITHANAGE, M. 2019. Heavy metal-induced oxidative stress on seed 
germination and seedling development: a critical review. Environmental 
Geochemistry and Health, 41, 1813-1831. 

SEYFFERTH, A. L., MORRIS, A. H., GILL, R., KEARNS, K. A., MANN, J. N., PAUKETT, M. & 
LESKANIC, C. 2016. Soil incorporation of silica-rich rice husk decreases inorganic 
arsenic in rice grain. Journal of Agricultural and Food Chemistry, 64, 3760-3766. 

SHAH, K., KUMAR, R. G., VERMA, S. & DUBEY, R. S. 2001. Effect of cadmium on lipid 
peroxidation, superoxide anion generation and activities of antioxidant 
enzymes in growing rice seedlings. Plant Science, 161, 1135-1144. 

SHAIBUR, M. R., KITAJIMA, N., SUGAWARA, R., KONDO, T., HUQ, S. M. I. & KAWAI, S. 
2006. Physiological and mineralogical properties of arsenic-induced chlorosis in 
rice seedlings grown hydroponically. Soil Science and Plant Nutrition, 52, 691-
700. 

SHIMIZU, M., ARAI, Y. & SPARKS, D. L. 2011. Multiscale assessment of methylarsenic 
reactivity in soil. 2. Distribution and speciation in soil. Environmental Science 
and Technology, 45, 4300-4306. 

SHRI, M., KUMAR, S., CHAKRABARTY, D., TRIVEDI, P. K., MALLICK, S., MISRA, P., 
SHUKLA, D., MISHRA, S., SRIVASTAVA, S., TRIPATHI, R. D. & TULI, R. 2009. Effect 
of arsenic on growth, oxidative stress, and antioxidant system in rice seedlings. 
Ecotoxicology and Environmental Safety, 72, 1102-1110. 

SIGNES-PASTOR, A., BURLÓ, F., MITRA, K. & CARBONELL-BARRACHINA, A. A. 2007. 
Arsenic biogeochemistry as affected by phosphorus fertilizer addition, redox 
potential and pH in a west Bengal (India) soil. Geoderma, 137, 504-510. 

SINGH, N., MA, L. Q., SRIVASTAVA, M. & RATHINASABAPATHI, B. 2006. Metabolic 
adaptations to arsenic-induced oxidative stress in Pteris vittata L and Pteris 
ensiformis L. Plant Science, 170, 274-282. 

SMEDLEY, P. & KINNIBURGH, D. 2002. A review of the source, behaviour and 
distribution of arsenic in natural waters. Applied Geochemistry, 17, 517-568. 

SOMENAHALLY, A. C., HOLLISTER, E. B., YAN, W., GENTRY, T. J. & LOEPPERT, R. H. 2011. 
Water Management Impacts on Arsenic Speciation and Iron-Reducing Bacteria 



96 
 

in Contrasting Rice-Rhizosphere Compartments. Environmental Science & 
Technology, 45, 8328-8335. 

SONG, W.-Y., PARK, J., MENDOZA-CÓZATL, D. G., SUTER-GROTEMEYER, M., SHIM, D., 
HÖRTENSTEINER, S., GEISLER, M., WEDER, B., REA, P. A. & RENTSCH, D. 2010. 
Arsenic tolerance in Arabidopsis is mediated by two ABCC-type phytochelatin 
transporters. Proceedings of the National Academy of Sciences, 107, 21187-
21192. 

SONG, W.-Y., YAMAKI, T., YAMAJI, N., KO, D., JUNG, K.-H., FUJII-KASHINO, M., AN, G., 
MARTINOIA, E., LEE, Y. & MA, J. F. 2014. A rice ABC transporter, OsABCC1, 
reduces arsenic accumulation in the grain. Proceedings of the National 
Academy of Sciences, 111, 15699-15704. 

SRIVASTAVA, S., PATHARE, V. S., SOUNDERAJAN, S. & SUPRASANNA, P. 2019. Nitrogen 
supply influences arsenic accumulation and stress responses of rice (Oryza 
sativa L.) seedlings. Journal of Hazardous Materials, 367, 599-606. 

STOEVA, N., BEROVA, M. & ZLATEV, Z. 2005. Effect of arsenic on some physiological 
parameters in bean plants. Biologia Plantarum, 49, 293-296. 

STYBLO, M., DEL RAZO, L. M., VEGA, L., GERMOLEC, D. R., LECLUYSE, E. L., HAMILTON, 
G. A., REED, W., WANG, C., CULLEN, W. R. & THOMAS, D. J. 2000. Comparative 
toxicity of trivalent and pentavalent inorganic and methylated arsenicals in rat 
and human cells. Archives of Toxicology, 74, 289-299. 

SUN, J., PENG, H., CHEN, J., WANG, X., WEI, M., LI, W., YANG, L., ZHANG, Q., WANG, W. 
& MELLOUKI, A. 2016. An estimation of CO2 emission via agricultural crop 
residue open field burning in China from 1996 to 2013. Journal of Cleaner 
Production, 112, 2625-2631. 

SURIYAGODA, L. D. B., DITTERT, K. & LAMBERS, H. 2018. Arsenic in Rice Soils and 
Potential Agronomic Mitigation Strategies to Reduce Arsenic Bioavailability: A 
Review. Pedosphere, 28, 363-382. 

SYU, C.-H., HUANG, C.-C., JIANG, P.-Y., LEE, C.-H. & LEE, D.-Y. 2015. Arsenic 
accumulation and speciation in rice grains influenced by arsenic phytotoxicity 
and rice genotypes grown in arsenic-elevated paddy soils. Journal of Hazardous 
Materials, 286, 179-186. 

SYU, C.-H., JIANG, P.-Y., HUANG, H.-H., CHEN, W.-T., LIN, T.-H. & LEE, D.-Y. 2013. 
Arsenic sequestration in iron plaque and its effect on As uptake by rice plants 
grown in paddy soils with high contents of As, iron oxides, and organic matter. 
Soil Science and Plant Nutrition, 59, 463-471. 

TAKAHASHI, Y., MINAMIKAWA, R., HATTORI, K. H., KURISHIMA, K., KIHOU, N. & YUITA, 
K. 2004. Arsenic behavior in paddy fields during the cycle of flooded and non-
flooded periods. Environmental Science & Technology, 38, 1038-1044. 

TAKEOKA, Y., TSUTSUI, Y. & MATSUO, K. 1990. Morphogenetic alterations of spikelets 
on a straighthead panicle in rice. Japanese Journal of Crop Science, 59, 785-791. 

TANG, Z., CHEN, Y., CHEN, F., JI, Y. & ZHAO, F.-J. 2017. OsPTR7 (OsNPF8. 1), a putative 
peptide transporter in rice, is involved in dimethylarsenate accumulation in rice 
grain. Plant and Cell Physiology, 58, 904-913. 



97 
 

TANG, Z., KANG, Y., WANG, P. & ZHAO, F.-J. 2016a. Phytotoxicity and detoxification 
mechanism differ among inorganic and methylated arsenic species in 
Arabidopsis thaliana. Plant and Soil, 401, 243-257. 

TANG, Z., LV, Y., CHEN, F., ZHANG, W., ROSEN, B. P. & ZHAO, F.-J. 2016b. Arsenic 
Methylation in Arabidopsis thaliana Expressing an Algal Arsenite 
Methyltransferase Gene Increases Arsenic Phytotoxicity. Journal of Agricultural 
and Food Chemistry, 64, 2674-2681. 

TANG, Z., WANG, Y., GAO, A., JI, Y., YANG, B., WANG, P., TANG, Z. & ZHAO, F.-J. 2020. 
Dimethylarsinic acid is the causal agent inducing rice straighthead disease. 
Journal of Experimental Botany, 71, 5631-5644. 

TANJI, K. K., GAO, S., SCARDACI, S. C. & CHOW, A. T. 2003. Characterizing redox status 
of paddy soils with incorporated rice straw. Geoderma, 114, 333-353. 

TENNI, D., MARTIN, M., BARBERIS, E., BEONE, G. M., MINIOTTI, E., SODANO, M., 
ZANZO, E., FONTANELLA, M. C. & ROMANI, M. 2017. Total As and As speciation 
in Italian rice as related to producing areas and paddy soils properties. Journal 
of Agricultural and Food Chemistry, 65, 3443-3452. 

TLUSTOŠ, P., SZÁKOVÁ, J., PAVLÍKOVÁ, D. & BALÍK, J. 2006. The response of tomato 
(Lycopersicon esculentum) to different concentrations of inorganic and organic 
compounds of arsenic. Biologia, 61, 91-96. 

TRIPATHI, P., MISHRA, A., DWIVEDI, S., CHAKRABARTY, D., TRIVEDI, P. K., SINGH, R. P. & 
TRIPATHI, R. D. 2012. Differential response of oxidative stress and thiol 
metabolism in contrasting rice genotypes for arsenic tolerance. Ecotoxicology 
and Environmental Safety, 79, 189-198. 

TROLDAHL, D., SNELL, P. & DUNN, B. 2019. Rice variety guide 2019–20. New South 
Wales Department of Primary Industries. 

TSAY, Y.-F., CHIU, C.-C., TSAI, C.-B., HO, C.-H. & HSU, P.-K. 2007. Nitrate transporters 
and peptide transporters. FEBS Letters, 581, 2290-2300. 

TU, S. & MA, L. Q. 2003. Interactive effects of pH, arsenic and phosphorus on uptake of 
As and P and growth of the arsenic hyperaccumulator Pteris vittata L. under 
hydroponic conditions. Environmental and Experimental Botany, 50, 243-251. 

VAHTER, M. & CONCHA, G. 2001. Role of metabolism in arsenic toxicity. Pharmacology 
& Toxicology: MiniReview, 89, 1-5. 

VÁZQUEZ REINA, S., ESTEBAN, E. & GOLDSBROUGH, P. 2005. Arsenate-induced 
phytochelatins in white lupin: influence of phosphate status. Physiologia 
Plantarum, 124, 41-49. 

WAN, Y., HUANG, Q., CAMARA, A. Y., WANG, Q. & LI, H. 2019. Water management 
impacts on the solubility of Cd, Pb, As, and Cr and their uptake by rice in two 
contaminated paddy soils. Chemosphere, 228, 360-369. 

WANG, M., TANG, Z., CHEN, X.-P., WANG, X., ZHOU, W.-X., TANG, Z., ZHANG, J. & 
ZHAO, F.-J. 2019. Water management impacts the soil microbial communities 
and total arsenic and methylated arsenicals in rice grains. Environmental 
Pollution, 247, 736-744. 



98 
 

WANG, N., XUE, X.-M., JUHASZ, A. L., CHANG, Z.-Z. & LI, H.-B. 2017. Biochar increases 
arsenic release from an anaerobic paddy soil due to enhanced microbial 
reduction of iron and arsenic. Environmental Pollution, 220, 514-522. 

WANG, P.-P., BAO, P. & SUN, G.-X. 2015. Identification and catalytic residues of the 
arsenite methyltransferase from a sulfate-reducing bacterium, Clostridium sp. 
BXM. FEMS Microbiology Letters, 362, 1-8. 

WANG, P., ZHANG, W., MAO, C., XU, G. & ZHAO, F.-J. 2016. The role of OsPT8 in 
arsenate uptake and varietal difference in arsenate tolerance in rice. Journal of 
Experimental Botany, 67, 6051-6059. 

WELCH, A. H., WESTJOHN, D., HELSEL, D. R. & WANTY, R. B. 2000. Arsenic in ground 
water of the United States: occurrence and geochemistry. Groundwater, 38, 
589-604. 

WHITE, R., CAI, G., CHEN, D., FAN, X., PACHOLSKI, A., ZHU, Z. & DING, H. 2002. Gaseous 
nitrogen losses from urea applied to maize on a calcareous fluvo-aquic soil in 
the North China Plain. Soil Research, 40, 737-748. 

WILLIAMS, P. 2005. Investigating links between minerals in rice grain and straighthead. 
WILLIAMS, P., PRICE, A., RAAB, A., HOSSAIN, S., FELDMANN, J. & MEHARG, A. A. 2005. 

Variation in arsenic speciation and concentration in paddy rice related to 
dietary exposure. Environmental science & technology, 39, 5531-5540. 

WILLIAMS, P. N., ZHANG, H., DAVISON, W., MEHARG, A. A., HOSSAIN, M., NORTON, G. 
J., BRAMMER, H. & ISLAM, M. R. 2011. Organic Matter-Solid Phase Interactions 
Are Critical for Predicting Arsenic Release and Plant Uptake in Bangladesh 
Paddy Soils. Environ. Sci. Technol., 45, 6080. 

WILSON, C., SLATON, N., FRIZZELL, D., BOOTHE, D., NTAMATUNGIRO, S. & NORMAN, R. 
2001. Tolerance of new rice cultivars to straighthead. Research Series-Arkansas 
Agricultural Experiment Station, 428-436. 

WU, C., YE, Z., LI, H., WU, S., DENG, D., ZHU, Y. & WONG, M. 2012. Do radial oxygen 
loss and external aeration affect iron plaque formation and arsenic 
accumulation and speciation in rice? Journal of Experimental Botany, 63, 2961-
2970. 

WU, C., ZOU, Q., XUE, S.-G., PAN, W.-S., HUANG, L., HARTLEY, W., MO, J.-Y. & WONG, 
M.-H. 2016. The effect of silicon on iron plaque formation and arsenic 
accumulation in rice genotypes with different radial oxygen loss (ROL). 
Environmental Pollution, 212, 27-33. 

XIE, B., ZHENG, X., ZHOU, Z., GU, J., ZHU, B., CHEN, X., SHI, Y., WANG, Y., ZHAO, Z., LIU, 
C., YAO, Z. & ZHU, J. 2010. Effects of nitrogen fertilizer on CH4 emission from 
rice fields: multi-site field observations. Plant and Soil, 326, 393-401. 

XU, J., SHI, S., WANG, L., TANG, Z., LV, T., ZHU, X., DING, X., WANG, Y., ZHAO, F. J. & 
WU, Z. 2017. OsHAC4 is critical for arsenate tolerance and regulates arsenic 
accumulation in rice. New Phytologist, 215, 1090-1101. 

XU, X., MCGRATH, S., MEHARG, A. & ZHAO, F. 2008. Growing rice aerobically markedly 
decreases arsenic accumulation. Environmental Science & Technology, 42, 
5574-5579. 



99 
 

XU, X. Y., MCGRATH, S. P. & ZHAO, F. J. 2007. Rapid reduction of arsenate in the 
medium mediated by plant roots. New Phytologist, 176, 590-599. 

YADVA, S. & KUMAR, V. 2019. Feeding the world while caring for the planet. IRRI Rice 
Today. 

YAMAGUCHI, N., NAKAMURA, T., DONG, D., TAKAHASHI, Y., AMACHI, S. & MAKINO, T. 
2011. Arsenic release from flooded paddy soils is influenced by speciation, Eh, 
pH, and iron dissolution. Chemosphere, 83, 925-932. 

YAMAJI, N. & MA, J. F. 2014. The node, a hub for mineral nutrient distribution in 
graminaceous plants. Trends in Plant Science, 19, 556-563. 

YAN, W., DILDAY, R. H., TAI, T. H., GIBBONS, J. W., MCNEW, R. W. & RUTGER, J. N. 
2005. Differential response of rice germplasm to straighthead induced by 
arsenic. Crop Science, 45, 1223-1228. 

YANG, Y.-P., ZHANG, H.-M., YUAN, H.-Y., DUAN, G.-L., JIN, D.-C., ZHAO, F.-J. & ZHU, Y.-
G. 2018. Microbe mediated arsenic release from iron minerals and arsenic 
methylation in rhizosphere controls arsenic fate in soil-rice system after straw 
incorporation. Environmental Pollution, 236, 598-608. 

YE, W.-L., WOOD, B. A., STROUD, J. L., ANDRALOJC, P. J., RAAB, A., MCGRATH, S. P., 
FELDMANN, J. & ZHAO, F.-J. 2010. Arsenic speciation in phloem and xylem 
exudates of castor bean. Plant Physiology, 154, 1505-1513. 

YOSHIDA, S., FORNO, D. A. & COCK, J. H. 1971. Laboratory manual for physiological 
studies of rice. Laboratory Manual for Physiological Studies of Rice. 

YOSHINAGA, M., CAI, Y. & ROSEN, B. P. 2011. Demethylation of methylarsonic acid by 
a microbial community. Environmental Microbiology, 13, 1205-1215. 

ZAVALA, Y. J. & DUXBURY, J. M. 2008. Arsenic in rice: I. Estimating normal levels of 
total arsenic in rice grain. Environmental Science & Technology, 42, 3856-3860. 

ZAVALA, Y. J., GERADS, R., GÜRLEYÜK, H. & DUXBURY, J. M. 2008. Arsenic in Rice: II. 
Arsenic Speciation in USA Grain and Implications for Human Health. 
Environmental Science & Technology, 42, 3861-3866. 

ZHANG, G.-P., YAO, H.-G., WU, W. & XU, M. 2006. Genotypic and environmental 
variation in cadmium, chromium, arsenic, nickel, and lead concentrations in rice 
grains. Journal of Zhejiang University Science B, 7, 565-571. 

ZHANG, J., ZHOU, W., LIU, B., HE, J., SHEN, Q. & ZHAO, F.-J. 2015. Anaerobic arsenite 
oxidation by an autotrophic arsenite-oxidizing bacterium from an arsenic-
contaminated paddy soil. Environmental Science & Technology, 49, 5956-5964. 

ZHANG, P., CHEN, X., WEI, T., YANG, Z., JIA, Z., YANG, B., HAN, Q. & REN, X. 2016. 
Effects of straw incorporation on the soil nutrient contents, enzyme activities, 
and crop yield in a semiarid region of China. Soil and Tillage Research, 160, 65-
72. 

ZHAO, F.-J., HARRIS, E., YAN, J., MA, J., WU, L., LIU, W., MCGRATH, S. P., ZHOU, J. & 
ZHU, Y.-G. 2013a. Arsenic Methylation in Soils and Its Relationship with 
Microbial arsM Abundance and Diversity, and As Speciation in Rice. 
Environmental Science & Technology, 47, 7147-7154. 



100 
 

ZHAO, F.-J., MCGRATH, S. P. & MEHARG, A. A. 2010a. Arsenic as a Food Chain 
Contaminant: Mechanisms of Plant Uptake and Metabolism and Mitigation 
Strategies. Annual Review of Plant Biology, 61, 535-559. 

ZHAO, F.-J., MOORE, K. L., LOMBI, E. & ZHU, Y.-G. 2014. Imaging element distribution 
and speciation in plant cells. Trends in Plant Science, 19, 183-192. 

ZHAO, F.-J., STROUD, J. L., KHAN, M. A. & MCGRATH, S. P. 2012. Arsenic translocation 
in rice investigated using radioactive 73As tracer. Plant and Soil, 350, 413-420. 

ZHAO, F.-J. & WANG, P. 2019. Arsenic and cadmium accumulation in rice and 
mitigation strategies. Plant and Soil. 

ZHAO, F.-J., ZHU, Y.-G. & MEHARG, A. A. 2013b. Methylated arsenic species in rice: 
geographical variation, origin, and uptake mechanisms. Environmental Science 
& Technology, 47, 3957-3966. 

ZHAO, F., MA, J., MEHARG, A. & MCGRATH, S. 2009. Arsenic uptake and metabolism in 
plants. New Phytologist, 181, 777-794. 

ZHAO, F. J., AGO, Y., MITANI, N., LI, R. Y., SU, Y. H., YAMAJI, N., MCGRATH, S. P. & MA, 
J. F. 2010b. The role of the rice aquaporin Lsi1 in arsenite efflux from roots. 
New Phytologist, 186, 392-399. 

ZHAO, X., HUANG, J., YU, H., WANG, L. & XIE, W. 2010c. Genomic survey, 
characterization and expression profile analysis of the peptide transporter 
family in rice (Oryza sativa L.). BMC Plant Biology, 10, 92. 

ZHENG, M.-Z., LI, G., SUN, G.-X., SHIM, H. & CAI, C. 2013. Differential toxicity and 
accumulation of inorganic and methylated arsenic in rice. Plant and Soil, 365, 
227-238. 

ZHENG, M. Z., CAI, C., HU, Y., SUN, G. X., WILLIAMS, P. N., CUI, H. J., LI, G., ZHAO, F. J. & 
ZHU, Y. G. 2011. Spatial distribution of arsenic and temporal variation of its 
concentration in rice. New Phytologist, 189, 200-209. 

ZHENG, R.-L., CAI, C., LIANG, J.-H., HUANG, Q., CHEN, Z., HUANG, Y.-Z., ARP, H. P. H. & 
SUN, G.-X. 2012. The effects of biochars from rice residue on the formation of 
iron plaque and the accumulation of Cd, Zn, Pb, As in rice (Oryza sativa L.) 
seedlings. Chemosphere, 89, 856-862. 

ZHU, Y. G., SUN, G. X., LEI, M., TENG, M., LIU, Y. X., CHEN, N. C., WANG, L. H., CAREY, A. 
M., DEACON, C., RAAB, A., MEHARG, A. A. & WILLIAMS, P. N. 2008. High 
Percentage Inorganic Arsenic Content of Mining Impacted and Nonimpacted 
Chinese Rice. Environmental Science & Technology, 42, 5008-5013. 

ZHU, Z. & CHEN, D. 2002. Nitrogen fertilizer use in China–Contributions to food 
production, impacts on the environment and best management strategies. 
Nutrient Cycling in Agroecosystems, 63, 117-127. 

 

 



101 
 

Appendix 
 

 

 

 

 

    

Appendix 2: The layout of the different arsenic treatments in Experiment 2 (left) and legend for the different treatments 
(right). Each coloured cell represents 5 Doongara plants. Experiment 2 plants exposed to a range of DMA treatments with a 
set of plants exposed to very high Asi concentrations as reference between trials. Dosage concentrations corresponding to 

each treatment is as follows: control; 0.0mol L-1 As, Low; 0.8mol L-1 As, Med 1.6 mol L-1 As, High; 3.5mol L-1 As, Vhigh; 

6.7mol L-1 As. 

 

Appendix 1: The layout of the different arsenic treatments in Experiment 1 (left) and legend for the different treatments 
(right). Each coloured cell represents 5 Doongara plants.  Experiment 1 plants exposed to a range of As(III) treatments with a 
group of plants exposed to very high DMA concentrations as the reference between trials. Dosage concentrations 

corresponding to each treatment is as follows: control; 0.0 mol L-1 As, Low; 0.8 mol L-1 As, Med 1.6 mol L-1 As, High; 3.5 

mol L-1 As, Vhigh; 6.7 mol L-1 As. 



102 
 

Appendix 3: Supporting data for hydroponic experiment 1. The table includes measured arsenic concentrations and 
corresponding plant weight and height. The weight and height are not included for the roots, as samples were pooled due to 
low sample mass. Reference ID depicts the location of the plant in hydroponic setup (appendix 2). Experiment1 plants exposed 
to a range of As(III) treatments. A set of plants exposed to very high DMA, concentrations as a reference between trials. 

Dosage concentrations corresponding to each treatment is as follows: Control; 0.0mol L-1 As, Low; 0.8mol L-1 As, Medium 

1.6mol L-1 As, High; 3.5mol L-1 As, Vhigh; 6.7mol L-1 As. 

Reference ID Treatment Segment 
Arsenic 

concentration  

(g g-1) 

Length 
(mm) 

Weight 
(g) 

3A:1S Control Shoots 0.04 285 0.92 

3A:2S Control Shoots 0.04 316 1.30 

3A:3S Control Shoots 0.10 347 1.46 

9A:1S Control Shoots -0.03 203 0.27 

9A:2S Control Shoots 0.04 228 0.44 

9A:3S Control Shoots 0.02 229 0.44 

2B:1S Control Shoots 0.12 137 0.07 

2B:2S Control Shoots 0.16 150 0.13 

2B:3S Control Shoots 0.18 174 0.17 

6A:1S Low Shoots 4.63 158 0.20 

6A:2S Low Shoots 8.60 152 0.16 

6A:3S Low Shoots 12.34 218 0.32 

4B:1S Low Shoots 13.52 289 1.08 

4B:2S Low Shoots 13.98 285 1.01 

4B:3S Low Shoots 13.21 274 0.98 

9B:1S Low Shoots 11.52 258 0.56 

9B:2S Low Shoots 8.77 241 0.58 

9B:3S Low Shoots 14.62 246 0.56 

8A:1S Medium Shoots 19.17 31 0.05 

8A:2S Medium Shoots 13.83 109 0.10 

8A:3S Medium Shoots 8.51 139 0.15 

3B:1S Medium Shoots 27.53 261 0.57 

3B:2S Medium Shoots 31.66 238 0.51 

3B:3S Medium Shoots 38.23 259 0.47 

7B:1S Medium Shoots 9.02 60 0.03 

7B:2S Medium Shoots 10.45 158 0.21 

7B:3S Medium Shoots 9.06 142 0.17 

1A:1S High Shoots 51.35 51 0.03 

1A:2S High Shoots 20.10 44 0.02 

1A:3S High Shoots 7.62 107 0.08 

7A:1S High Shoots 13.16 75 0.04 

7A:2S High Shoots 21.05 76 0.06 
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7A:3S High Shoots 7.76 40 0.02 

6B:1S High Shoots 20.61 65 0.03 

6B:2S High Shoots 15.99 31 0.06 

6B:3S High Shoots 34.03 58 0.09 

2A:1S Vhigh As(III) Shoots 33.40 116 0.08 

2A:2S Vhigh As(III) Shoots 50.11 108 0.07 

2A:3S Vhigh As(III) Shoots 22.32 91 0.05 

1B:1S Vhigh As(III) Shoots 43.55 136 0.12 

1B:2S Vhigh As(III) Shoots 56.24 38 0.04 

1B:3S Vhigh As(III) Shoots 71.14 116 0.09 

5B:1S Vhigh As(III) Shoots 43.24 101 0.08 

5B:2S Vhigh As(III) Shoots 48.84 95 0.06 

5B:3S Vhigh As(III) Shoots 37.26 50 0.09 

4A:1S Vhigh DMA Shoots 8.95 128 0.14 

4A:3S Vhigh DMA Shoots 10.84 99 0.06 

5A:1S Vhigh DMA Shoots 4.18 204 0.40 

5A:2S Vhigh DMA Shoots 6.12 125 0.12 

5A:3S Vhigh DMA Shoots 3.74 252 0.50 

8B:1S Vhigh DMA Shoots 18.33 84 0.06 

8B:2S Vhigh DMA Shoots 25.68 60 0.05 

8B:3S Vhigh DMA Shoots 23.25 74 0.05 

3A Control Roots 0.23 N/A N/A 

2B Control Roots 0.85 N/A N/A 

9A Control Roots 0.25 N/A N/A 

6A Low Roots 200.90 N/A N/A 

4B Low Roots 164.04 N/A N/A 

9B Low Roots 88.99 N/A N/A 

8A Medium Roots 241.14 N/A N/A 

3B Medium Roots 314.48 N/A N/A 

7B Medium Roots 128.09 N/A N/A 

1A High Roots 216.99 N/A N/A 

6B High Roots 475.13 N/A N/A 

7A High Roots 453.77 N/A N/A 

2A Vhigh As(III) Roots 556.66 N/A N/A 

1B Vhigh As(III) Roots 908.68 N/A N/A 

5B Vhigh As(III) Roots 824.36 N/A N/A 

4A Vhigh DMA Roots 15.75 N/A N/A 

5A Vhigh DMA Roots 18.67 N/A N/A 

8B Vhigh DMA Roots 19.62 N/A N/A 
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Appendix 4: Supporting data for hydroponic experiment 2. Experiment 2 plants exposed to a range of DMA treatments. A 
group of plants exposed to very high Asi concentrations as a reference between trials. Reference ID depicts the location of the 
plant in hydroponic setup (appendix 3). Dosage concentrations corresponding to each treatment are as follows: control; 

0.0mol L-1 As, Low; 0.8mol L-1 As, Med 1.6 mol L-1 As, High; 3.5mol L-1 As, Vhigh; 6.7mol L-1 As. *Sample missed in 
analysis. 

Reference Id Treatment Segment 
Arsenic 

Concentration 

(g g-1) 

Length 
(mm) 

Weight 
(g) 

1A:1 Control Shoots 0.00 255 0.42 

1A:2 Control Shoots 0.16 316 0.84 

1A:3 Control Shoots 0.00 314 0.93 

4B:1 Control Shoots 0.00 380 1.60 

4B:2 Control Shoots 0.04 416 1.50 

4B:3 Control Shoots 0.00 387 0.87 

5A:1 Control Shoots 0.00 334 0.54 

5A:2 Control Shoots 0.00 379 1.28 

5A:3 Control Shoots 0.00 391 1.24 

5B:1 Low Shoots 1.34 428 1.14 

5B:2 Low Shoots 2.15 294 0.43 

5B:3 Low Shoots 1.54 226 0.13 

1B:1 Low Shoots 4.40 300 0.38 

1B:2 Low Shoots 6.96 301 0.56 

1B:3 Low Shoots 5.82 324 0.73 

2A:2 Low Shoots 3.60 101 0.06 

2A:3 Low Shoots 1.59 208 0.27 

9B:1 Medium Shoots 4.72 470 1.11 

9B:2 Medium Shoots 3.20 463 1.08 

9B:3 Medium Shoots 4.12 370 0.68 

7A:1 Medium Shoots 4.19 392 0.89 

7A:2 Medium Shoots 3.16 387 1.04 

7A:3 Medium Shoots 2.95 430 1.89 

6B:1 Medium Shoots 2.84 474 2.85 

6B:2 Medium Shoots 3.47 395 1.71 

6B:3 Medium Shoots 11.76 221 0.12 

4A:1 High Shoots 7.32 364 1.18 

4A:2 High Shoots 6.68 384 1.19 

4A:3 High Shoots 8.30 390 1.14 

2B:1 High Shoots 5.81 430 1.94 

2B:2 High Shoots 51.87 144 0.08 

2B:3 High Shoots 14.38 270 0.40 

9A:1 High Shoots 7.46 314 0.59 
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9A:2 High Shoots 5.27 351 0.45 

9A:3 High Shoots 10.07 200 0.25 

7B:1 Vhigh DMA Shoots 12.38 385 1.23 

7B:2 Vhigh DMA Shoots 44.30 164 0.02 

7B:3 Vhigh DMA Shoots 15.28 201 0.23 

3A:1 Vhigh DMA Shoots 14.42 405 1.34 

3A:2 Vhigh DMA Shoots 47.65 225 0.04 

3A:3 Vhigh DMA Shoots 29.69 398 1.81 

8B:1 Vhigh DMA Shoots 66.77 122 0.04 

8B:2 Vhigh DMA Shoots 10.68 310 0.53 

8B:3 Vhigh DMA Shoots 8.31 438 1.78 

8A:1 Vhigh As(III) Shoots 47.95 246 0.21 

8A:3 Vhigh As(III) Shoots 54.20 225 0.33 

6A:1 Vhigh As(III) Shoots 44.14 345 0.55 

6A:2 Vhigh As(III) Shoots 63.97 305 0.44 

6A:3 Vhigh As(III) Shoots 59.92 432 1.06 

3B:1 Vhigh As(III) Shoots 42.94 310 0.60 

3B:2 Vhigh As(III) Shoots 43.06 340 0.88 

3B:3 Vhigh As(III) Shoots 43.39 318 0.87 

1A:1 Control Roots 0.41 152 0.25 

1A:2 Control Roots 0.00 175 0.55 

1A:3 Control Roots 0.00 196 0.45 

4B:1 Control Roots 0.00 191 0.67 

4B:2 Control Roots 0.00 213 0.89 

4B:3 Control Roots 0.00 154 0.48 

5A:1 Control Roots 0.38 13.2 0.28 

5A:2 Control Roots 0.00 201 0.76 

5A:3 Control Roots 0.00 199 0.62 

5B:1 Low Roots 25.77 251 0.54 

5B:2 Low Roots 2.43 166 0.27 

5B:3 Low Roots 3.59 100 0.11 

1B:1 Low Roots 7.82 141 0.21 

1B:2 Low Roots 15.23 166 0.33 

1B:3 Low Roots 16.03 191 0.30 

2A:2 Low Roots 4.22 49 0.05 

2A:3 Low Roots 8.22 112 0.20 

9B:1 Medium Roots 15.72 148 0.63 

9B:2 Medium Roots 6.96 182 0.58 

9B:3 Medium Roots 14.39 161 0.40 
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7A:1 Medium Roots 11.17 183 0.57 

7A:2 Medium Roots 15.92 204 0.69 

7A:3 Medium Roots 10.17 215 1.04 

6B:1 Medium Roots 10.83 240 1.83 

6B:2 Medium Roots 11.74 242 1.01 

6B:3 Medium Roots 14.28 74 0.15 

4A:1 High Roots 21.58 196 0.62 

4A:2 High Roots 20.73 165 0.65 

4A:3 High Roots 23.24 136 0.65 

2B:1 High Roots 14.32 202 0.96 

2B:2 High Roots 46.21 110 0.05 

2B:3 High Roots N/A* 94 0.30 

9A:1 High Roots 21.25 152 0.37 

9A:2 High Roots 13.01 85 0.19 

9A:3 High Roots 23.52 132 0.12 

7B:1 Vhigh DMA Roots 114.95 86 0.73 

7B:2 Vhigh DMA Roots 156.59 72 0.19 

7B:3 Vhigh DMA Roots 134.75 110 0.20 

3A:1 Vhigh DMA Roots 30.01 110 0.81 

3A:2 Vhigh DMA Roots 16.75 105 0.10 

3A:3 Vhigh DMA Roots 20.45 132 0.97 

8B:1 Vhigh DMA Roots 17.23 100 0.10 

8B:2 Vhigh DMA Roots 16.08 70 0.29 

8B:3 Vhigh DMA Roots 22.61 76 0.77 

8A:1 Vhigh As(III) Roots 997.76 115 0.42 

8A:3 Vhigh As(III) Roots 1087.37 132 0.43 

6A:1 Vhigh As(III) Roots 556.84 156 0.57 

6A:2 Vhigh As(III) Roots 544.74 152 0.42 

6A:3 Vhigh As(III) Roots 900.10 211 1.18 

3B:1 Vhigh As(III) Roots 964.89 161 0.69 

3B:2 Vhigh As(III) Roots 823.77 156 0.55 

3B:3 Vhigh As(III) Roots 887.81 201 1.09 
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Appendix 5 Site map for field trial reported in Chapters 4 & 5. The map is orientated for the North to be at the top of the page. 
Each plot is 2.2 m wide and 10 m long. This project only sampled from two of the four quadrants, Site 1, shaded blue and site 
2, shaded green. Plots are separated by incorporation of straw (S+) and no straw incorporation (S-) and the addition of nitrogen 
(N+) or no nitrogen addition (N-) to the plot at rice PI in the form of urea. 
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Appendix 6: Inorganic arsenic, DMA and MA concentrations in milled rice grains, the data is grouped by straw amendments, 
straw incorporation (S+) and no straw (S-). Error is one standard deviation. 

Variety Straw 
Inorganic As 

(g g-1) 

DMA 

(g g-1) 

MA 

(g g-1) 

Doongara S- 0.12 ± 0.03 0.55 ± 0.28 0.00 ± 0.00 

Koshihikari S- 0.16 ± 0.01 0.55 ± 0.07 0.00 ± 0.00 

Sherpa S- 0.14 ± 0.02 0.61 ± 0.16 0.02 ± 0.04 

Topaz S- 0.11 ± 0.04 0.57 ± 0.26 0.01 ± 0.02 

Doongara S+ 0.09 ± 0.01 1.14 ± 0.39 0.01 ± 0.02 

Koshihikari S+ 0.12 ± 0.01 1.00 ± 0.52 0.03 ± 0.03 

Sherpa S+ 0.09 ± 0.01 0.96 ± 0.41 0.02 ± 0.02 

Topaz S+ 0.09 ± 0.03 0.97 ± 0.12 0.01 ± 0.02 

 

Appendix 7: Arsenic concentration for the different arsenic species in the soil of Koshihikari plots. The data is grouped straw 
amendments, straw incorporation (S+) and no straw (S-). Error is one standard deviation. 

Treatment 
Total As 

(g g-1) 

Inorganic As 

(g g-1) 

DMA 

(g g-1) 

MMA 

(g g-1) 

Unextracted 

(g g-1) 

S+ 9 ± 1 1.8 ± 0.5 0.1 ± 0.1 < 0.0 7 ± 2 

S- 8 ± 2 1.6 ± 0.6 0.1 ± 0.0 < 0.0 7 ± 1 

 

 

 

Appendix 8: Arsenic concentration in rice husk of Koshihikari plants. Samples are grouped by nitrogen addition (N+) and no 
nitrogen addition (N-), total number of plants analysed, n=24. No significant difference observered between nitrogen 
treatments.    
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Appendix 9: Inorganic, DMA and MA arsenic concentration in the soil and supporting data for the plots that soil samples were 
collected and analysed. X : Y coordinates give plot location in the field (Appendix 5). Straw indicates the incorporation of straw 
(S+) or no straw incorporation (S-) into the soil and nitrogen indicates the addition of nitrogen (N+) or no nitrogen addition (N-
) to the plot at rice PI in the form of urea. Plot sterility is the percent of sterile plants at harvest. 

X:Y 
Coord 

Variety Straw Nitrogen 
Plot 

Sterility (%) 

Total As 

(g g-1) 

Inorganic 

(g g-1)  

DMA 

(g g-1) 

MA 

(g g-1) 

12:2 Doongara S+ N+ 96 9.12 1.35 0.18 0.06 

12:2 Doongara S+ N+ 96 8.29 1.30 0.13 0.01 

8:1 Doongara S+ N- 85 9.79 1.71 0.13 0.00 

8:1 Doongara S+ N- 85 13.03 1.77 0.18 0.00 

11:4 Doongara S- N+ 32 8.82 3.05 0.14 0.00 

11:4 Doongara S- N+ 32 7.83 2.12 0.12 0.01 

8:4 Doongara S- N- 47 8.14 1.64 0.09 0.00 

8:4 Doongara S- N- 47 7.80 1.47 0.05 0.00 

10:5 Doongara S+ N+ 89 7.90 1.44 0.10 0.00 

10:5 Doongara S+ N+ 89 8.90 1.62 0.12 0.00 

9:5 Doongara S+ N- 91 6.56 1.38 0.12 0.01 

9:5 Doongara S+ N- 91 13.17 3.86 0.45 0.02 

9:8 Doongara S- N+ 50 6.86 0.97 0.05 0.00 

9:8 Doongara S- N+ 50 6.89 0.89 0.04 0.00 

14:8 Doongara S- N- 26 6.66 1.69 0.11 0.00 

14:8 Doongara S- N- 26 5.74 0.71 0.06 0.00 

11:2 Koshihikari S+ N+ 44 8.77 2.32 0.21 0.01 

11:2 Koshihikari S+ N+ 44 7.83 2.31 0.27 0.02 

13:1 Koshihikari S+ N- 73 8.38 2.41 0.21 0.00 

13:1 Koshihikari S+ N- 73 8.51 1.36 0.08 0.00 

12:3 Koshihikari S- N+ 20 11.66 2.45 0.13 0.00 

12:3 Koshihikari S- N+ 20 9.26 2.17 0.14 0.00 

11:3 Koshihikari S- N- 19 8.49 1.89 0.10 0.00 

11:3 Koshihikari S- N- 19 7.11 1.73 0.10 0.00 

11:6 Koshihikari S+ N+ 24 10.42 1.63 0.05 0.00 

11:6 Koshihikari S+ N+ 24 11.75 1.31 0.07 0.00 

14:5 Koshihikari S+ N- 20 8.15 1.35 0.11 0.00 

14:5 Koshihikari S+ N- 20 9.82 1.45 0.11 0.00 

10:7 Koshihikari S- N+ 22 8.46 1.24 0.05 0.00 

10:7 Koshihikari S- N+ 22 6.80 1.12 0.10 0.00 

12:7 Koshihikari S- N- 9 7.02 0.97 0.06 0.00 

12:7 Koshihikari S- N- 9 6.97 0.93 0.08 0.00 
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Appendix 10: Supporting data for arsenic concentrations of different arsenic species in milled grains for each plot and rice 
variety analysed with corresponding plot sterility. Data shows associated treatments for each plot; Straw indicates the 
incorporation of straw (S+) or no straw incorporation (S-) into the soil and nitrogen indicates the addition of nitrogen (N+) or 
no nitrogen addition (N-) to the plot at rice PI in the form of urea. 

Variety Straw Nitrogen 
Inorganic 

(g g-1) 
DMA 

(g g-1) 
MA 

(g g-1) 
Total As 
(g g-1) 

Sterility 
(%) 

Koshihikari S- N- 0.18 0.56 0.00 0.73 19 

Koshihikari S- N- 0.14 0.46 0.00 0.60 9 

Sherpa S- N- 0.16 0.85 0.07 1.08 20 

Sherpa S- N- 0.17 0.50 0.00 0.67 22 

Doongara S- N- 0.08 0.91 0.00 0.99 47 

Doongara S- N- 0.16 0.22 0.00 0.38 26 

Topaz S- N- 0.16 0.50 0.00 0.66 40 

Topaz S- N- 0.09 0.41 0.00 0.50 42 

Doongara S- N+ 0.10 0.58 0.00 0.68 50 

Doongara S- N+ 0.12 0.49 0.00 0.61 32 

Koshihikari S- N+ 0.15 0.63 0.00 0.78 22 

Koshihikari S- N+ 0.15 0.56 0.00 0.72 20 

Sherpa S- N+ 0.12 0.55 0.00 0.67 17 

Sherpa S- N+ 0.13 0.56 0.00 0.69 13 

Topaz S- N+ 0.10 0.95 0.04 1.09 65 

Topaz S- N+ 0.08 0.40 0.01 0.48 35 

Doongara S+ N- 0.10 1.51 0.03 1.64 91 

Koshihikari S+ N- 0.13 1.67 0.06 1.85 73 

Koshihikari S+ N- 0.11 0.48 0.05 0.64 20 

Sherpa S+ N- 0.11 1.09 0.05 1.25 23 

Sherpa S+ N- 0.10 0.48 0.02 0.60 18 

Topaz S+ N- 0.09 0.80 0.03 0.92 73 

Topaz S+ N- 0.07 1.06 0.00 1.13 59 

Doongara S+ N+ 0.07 1.19 0.00 1.27 89 

Doongara S+ N+ 0.09 0.73 0.00 0.81 96 

Koshihikari S+ N+ 0.13 1.14 0.01 1.27 44 

Koshihikari S+ N+ 0.12 0.72 0.00 0.83 24 

Sherpa S+ N+ 0.08 1.44 0.02 1.55 21 

Sherpa S+ N+ 0.09 0.82 0.00 0.91 27 

Topaz S+ N+ 0.13 1.04 0.00 1.17 72 

Topaz S+ N+ 0.07 0.98 0.00 1.04 89 
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Appendix 11: Supporting data for arsenic concentrations in the husks of Koshihikari plants. The table presents total, inorganic, 
DMA and MA concentrations with corresponding plant health and agronomic treatment. Straw indicates the incorporation of 
straw (S+) or no straw incorporation (S-) into the soil and nitrogen indicates the addition of nitrogen (N+) or no nitrogen 
addition (N-) to the plot at rice PI in the form of urea. 

Plant Health Straw Nitrogen 
Total 

(g g-1) 
Inorganic 

(g g-1) 
DMA 

(g g-1) 
MA 

(g g-1) 

Healthy S+ N+ 1.82 0.38 0.49 0.02 

Healthy S+ N+ 1.96 0.39 0.61 0.00 

Healthy S+ N+ 1.98 0.48 0.60 0.01 

Straighthead S+ N+ 3.54 1.01 1.76 0.10 

Straighthead S+ N+ 3.64 0.99 1.48 0.11 

Straighthead S+ N+ 2.76 0.75 1.44 0.07 

Healthy S+ N- 2.89 0.80 1.45 0.06 

Healthy S+ N- 2.46 0.58 0.53 0.01 

Healthy S+ N- 1.93 0.51 0.47 0.00 

Straighthead S+ N- 5.26 1.26 1.47 0.10 

Straighthead S+ N- 4.41 0.80 1.43 0.11 

Straighthead S+ N- 5.68 1.44 1.71 0.08 

Healthy S- N+ 3.10 0.86 0.48 0.00 

Healthy S- N+ 3.42 0.85 0.69 0.00 

Healthy S- N+ 3.38 0.78 0.67 0.00 

Straighthead S- N+ 4.93 1.58 1.26 0.04 

Straighthead S- N+ 4.62 1.05 1.40 0.07 

Straighthead S- N+ 4.54 1.51 1.13 0.05 

Healthy S- N- 3.55 1.28 0.68 0.00 

Healthy S- N- 2.49 0.77 0.40 0.00 

Healthy S- N- 2.44 0.76 0.61 0.00 

Straighthead S- N- 8.05 2.35 1.88 0.08 

Straighthead S- N- 6.03 3.56 1.36 0.05 

Straighthead S- N- 6.97 1.94 2.69 0.11 
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Appendix 12: Supporting data for arsenic concentrations in the leaves of Koshihikari plants. The table presents total, inorganic, 
DMA and MA concentrations with corresponding plant health and agronomic treatment. Straw indicates the incorporation of 
straw (S+) or no straw incorporation (S-) into the soil and nitrogen indicates the addition of nitrogen (N+) or no nitrogen 
addition (N-) to the plot at rice PI in the form of urea. 

Plant Health Straw Nitrogen 
Total 

(g g-1) 
Inorganic 

(g g-1) 
DMA 

(g g-1) 
MA 

(g g-1) 

Healthy S+ N+ 5.66 5.31 0.31 0.04 

Healthy S+ N+ 4.98 4.61 0.32 0.06 

Healthy S+ N+ 7.13 6.86 0.27 0.00 

Straighthead S+ N+ 6.27 5.68 0.54 0.05 

Straighthead S+ N+ 7.08 5.91 1.07 0.10 

Straighthead S+ N+ 5.98 5.39 0.53 0.06 

Healthy S+ N- 7.08 6.52 0.50 0.06 

Healthy S+ N- 8.90 8.54 0.34 0.03 

Healthy S+ N- 5.77 5.56 0.19 0.01 

Straighthead S+ N- 6.18 5.30 0.81 0.08 

Straighthead S+ N- 6.09 5.16 0.88 0.05 

Straighthead S+ N- 8.33 7.29 1.01 0.03 

Healthy S- N+ 19.19 18.58 0.56 0.06 

Healthy S- N+ 21.00 20.10 0.82 0.07 

Healthy S- N+ 19.78 19.16 0.56 0.05 

Straighthead S- N+ 17.43 16.43 0.91 0.09 

Straighthead S- N+ 14.37 13.55 0.78 0.04 

Straighthead S- N+ 12.61 11.89 0.63 0.09 

Healthy S- N- 15.25 14.52 0.69 0.04 

Healthy S- N- 14.54 13.84 0.63 0.06 

Healthy S- N- 12.83 12.43 0.38 0.02 

Straighthead S- N- 13.57 12.77 0.73 0.08 

Straighthead S- N- 10.69 9.95 0.71 0.04 

Straighthead S- N- 13.71 12.70 0.96 0.04 
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Appendix 13: Supporting data for arsenic concentrations in the shoots of Koshihikari plants. The table presents total, inorganic, 
DMA and MA concentrations with corresponding plant health and agronomic treatment. Straw indicates the incorporation of 
straw (S+) or no straw incorporation (S-) into the soil and nitrogen indicates the addition of nitrogen (N+) or no nitrogen 
addition (N-) to the plot at rice PI in the form of urea. 

Plant Health Straw Nitrogen 
Total 

(g g-1) 
Inorganic 

(g g-1) 
DMA 

(g g-1) 
MA 

(g g-1) 

Healthy S+ N+ 2.31 2.06 0.24 0.00 

Healthy S+ N+ 2.12 1.87 0.25 0.00 

Healthy S+ N+ 2.72 2.44 0.28 0.00 

Straighthead S+ N+ 2.26 1.87 0.39 0.00 

Straighthead S+ N+ 2.37 2.00 0.35 0.03 

Healthy S+ N- 3.80 3.33 0.41 0.06 

Healthy S+ N- 3.45 3.15 0.26 0.04 

Healthy S+ N- 2.56 2.36 0.20 0.00 

Straighthead S+ N- 2.74 2.31 0.42 0.01 

Straighthead S+ N- 2.76 2.29 0.44 0.03 

Straighthead S+ N- 2.99 2.61 0.37 0.02 

Healthy S- N+ 8.14 7.72 0.42 0.00 

Healthy S- N+ 6.31 5.86 0.45 0.00 

Healthy S- N+ 5.61 5.24 0.37 0.00 

Straighthead S- N+ 5.76 5.25 0.50 0.02 

Straighthead S- N+ 5.11 4.62 0.46 0.03 

Straighthead S- N+ 5.09 4.64 0.43 0.01 

Healthy S- N- 5.76 5.43 0.33 0.00 

Healthy S- N- 6.29 5.96 0.28 0.06 

Healthy S- N- 5.84 5.23 0.52 0.09 

Straighthead S- N- 3.84 3.48 0.32 0.04 

Straighthead S- N- 4.57 4.10 0.45 0.02 

Straighthead S- N- 4.60 4.18 0.36 0.06 
 

 


