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Arsenic (As) is a metalloid toxic to organisms including humans. Arsenic in rice represents a significant exposure pathway for the 
general population, particularly for those subsisting on rice. Arsenic transformation, namely reduction, oxidation and methylation, 
in soil-rice systems has fundamental impacts on its mobility and toxicity. In addition to soil chemical properties (pH, Eh, metallic 
oxides, organic matter), microorganisms play critical roles in As transformation and mobility in paddy soil, such as through ArsM 
(As(III) S-adenosylmethyltransferase) and interactions with iron oxides or organic matters. Arsenic species in paddy soil directly 
influence As speciation in rice grain because the methylated As species in rice are mainly derived from microbial methylation in 
paddy soil. This paper aims to provide an overview on the status of the knowledge and gaps on the chemical aspects of As transfor-
mation in soil-rice system in conjunction with microbial ecology and functional genes. In addition, potential pathways (manipulation 
of microorganisms in paddy soil and genetic engineering) to decrease total As and/or inorganic As in rice grain are proposed. 
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Inorganic arsenic is classified as a well-known non-thresh- 
old carcinogen [1]. The toxicity of arsenic (As) to humans 
has been well documented and reviewed [2,3]. Numerous 
studies have reported that the increase in soil As concentra-
tion can cause an enhancement of As accumulation in rice 
grain and in turn threaten human health through food chain 
[4–8]. Rice consumption contributes a large proportion of 
inorganic As via dietary intake for those who rely on rice as 
the staple food [9–11]. The consumption of rice can con-
tribute up to 60% of inorganic As ingestion through diet in 
China [11]. In addition, many people in the United States 
are also exposed to potentially harmful levels of As through 
rice consumption [12].  

The mobility and toxicity of As in soil environment de-
pend largely on its chemical species. In addition to abiotic 
factors (pH, Eh of soils, adsorption of metallic oxides and 
organic matter (OM), etc.), it has been suggested that micro-
organisms play a major role in modulating As speciation (re-
duction, oxidation and methylation) and its mobility [13,14]. 

The rates and directions of As biotransformation in soil-plant 
systems largely depend on the microbial communities, both 
functional diversity and the expression of functional genes 
under various environmental conditions. By using molecular 
tools, it is now possible to unravel the microbial processes in 
the soil that governs the fate and toxicity of As. 

Understanding the speciation and bioavailability of As in 
contaminated soils affected by microorganisms is also nec-
essary for reducing total As and/or inorganic As in rice 
grains. Herein, we review the microbial effects on the fate 
of As in paddy soil-rice systems in conjunction with soil 
chemical properties, discuss further research needs and 
propose some potential mitigation strategies of As accumu-
lation in rice grains through manipulating microbial activi-
ties and/or communities. 

1  Arsenic species in paddy soil 

Arsenic exists primarily as inorganic arsenate (As(V)) and 
arsenite (As(III)) in paddy soil [15]. Organic As such as 
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monomethylarsonic acid (MMA), dimethylarsinic acid 
(DMA) and trimethylarsine (TMA) which may have been 
derived from microbial and algal biomethylation could also 
be present in paddy soils as a minor component [14,16].  

The behavior and fate of As in soil environment depend 
largely on its speciation, different As species vary greatly in 
their toxicity to organisms. Inorganic As species As(V) and 
As(III) are generally considered to be more toxic than or-
ganic species for many organisms [4]. Arsenite is more mo-
bile and toxic than As(V) [17] because it is neutral under 
normal environmental conditions and therefore poor ad-
sorption on soil particles [18]. Trimethylarsine (TMA) is 
volatilizable and thought to be nontoxic [19,20].  

2  Abiotic factors influencing the speciation and 
mobility of arsenic  

The proportion of As(III) and As(V) in soils depends mostly 
on soil chemical conditions including the redox potential 
(Eh) and pH. Arsenic, with As(V) being the stable form in 
well-aerated soils shows a low solubility [21], because 
As(V) is strongly adsorbed on most mineral constituents 
such as iron or aluminum (hydr)oxides and aluminosilicates 
[22] (Figure 1). Under reducing conditions (paddy soil), 
oxygen is depleted since oxygen diffusion in water is four 
orders of magnitude lower than those in air [23–25]. Arse-
nate is reduced to As(III) readily, becoming the dominant 
form [26–28], and As becomes more mobile in soil solution 
due to the increased concentration of As(III). Ferric 

(hydr)oxide undergoes reductive dissolution under anaero-
bic conditions, this process also causes As release from soils 
or iron oxide minerals [29,30]. Redox reactions in soils are 
mainly controlled by microbial activities [31]. Microbial 
reduction processes in the soil is accompanied by changes 
in the pH: A pH increase in acid soils due to consumption of 
protons and a pH decrease in alkaline soils due to increasing 
pressure of CO2 (PCO2) can be observed after flooding [32]. 
Yu and Patrick [33] suggested that redox changes from 59 
to 177 mV are accompanied by pH changes of 1 unit de-
pending on soil properties. In addition, a rise in soil pH gen-
erally causes a release of anions such as As(V) from their 
adsorption sites. As pH increases, the number of positively 
charged sites on minerals decreases, which lowers the sorp-
tion capacity of negatively charged oxy-anions of As [34,35].  

The mobility of As in soils depends largely on the reten-
tion and release along the surfaces of iron, manganese, and 
aluminum oxides or hydroxides [22,36,37]. Iron oxide is 
believed to be the dominant factor controlling the bioavail-
ability and mobility of As in the soil [38]. In paddy soil un-
der flooding conditions, ferric iron is reduced to ferrous iron, 
and As sequestrated on iron oxide is then released to soil 
pore water [29,30]. This is in fact one of the key reasons 
why rice often contains much higher As than upland crops 
[7]. In addition, re-crystallization of ferrous iron to more 
stable phases could trap As again [39,40] (Figure 1). 

Organic matter (OM) additions can mobilize As in soils. 
The release of As was observed in soils after the application 
of organic matter [41,42]. Many functional groups such as 
COOH, phenol, catechol and OH on OM surface result in a  

 

 

Figure 1  Arsenic mobilization and transformation drove by microorganisms in flooded paddy soil. Arrows with solid and broken lines indicate dominant 
and minor processes, respectively. 
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strong affinity of OM with metal oxides, thus OM can 
compete with As for adsorption sites of metal oxides [43]. It 
was reported that dissolved organic carbon (DOC) played a 
dominant role in As solid-solution phase partitioning in 
paddy soil [44].  

Phosphorus (P) and silicon (Si) can also influence the 
mobility of As in soils and the uptake by rice. It has been 
reviewed that the presence of phosphate adversely affects 
As(V) immobilization in soils [26]. Phosphate is an analog 
to As(V) and is the major species of P present in soils [45]. 
Phosphorus applications caused a desorption of As retained 
in soil particles [46,47]. In addition to P, Si competes with 
As(III) for binding sites on iron oxide surfaces in soils to 
influence As solubility in pore water [48,49]. Furthermore, 
because As(III) is taken up by rice roots mainly through the 
Si uptake pathway, the increase in Si concentration in soil 
solution can significantly reduce As accumulation in rice 
straw, husk and grain and even decrease the percentage of 
inorganic As in rice grain [50,51]. The fact that the domi-
nant species taken up by rice roots in paddy soils is As(III) 
leads to a considerable effect of silicon in soil solution on 
As uptake.  

3  Arsenic speciation and mobility modulated 
by microorganisms in paddy soil 

3.1  Arsenic speciation modulated by micro-organisms 

The transformations of As species in soils including oxida-
tion, reduction, methylation and volatilization, are com-
monly driven by microorganisms [52–54], and these trans-
formations were summarized in Figure 1. Most living or-
ganisms have developed As resistance mechanisms or even 
make use of As for their ordinary physiology although As is 
very toxic [55]. Microbial oxidation of As(III) is believed to 
be a detoxification mechanism of microorganisms because 
As(V) is less toxic than As(III) [55,57]. On the other hand, 
As(III) can also be as an electron donor in the process of 
bacterial metabolism. Similar to As(III) oxidation, As(V) 
reduction includes two pathways. One is the dissimilatory 
reduction where As(V) is the terminal acceptor of electrons 
in bacterial anaerobic respiration. The other is the detoxifi-
cation mechanism of microorganisms including As(V) re-
duction and As(III) efflux out from cells [55]. A recent re-
port suggested that the constant and high (more than 80%) 
As(III) proportion of total As in solution phase of paddy soil 
was attributed to microbial activity [30]. 

In addition to oxidation and reduction, methylated As can 
be formed by various aerobic and anaerobic microorgan-
isms [56]. Arsenic methylation occurring in the soil greatly 
affects the toxicity and fate of As in paddy soils (Figure 1). 
Widespread ArsM homologues in prokaryotic and eukary-
otic microorganisms can catalyze this process, and many 
methylated intermediates and trimethylarsine as the end are 
produced in this process [53,57–59]. It has been reported 

that bacteria, anaerobic archaea and halophiles in soils or 
sludges can methylate As [60–63]. Arsenic biomethylation 
has been observed in numerous cyanobacteria and algae as 
well [14,57]. Furthermore, methylcobalamin-dependent non- 
enzymatic methylation of As has been reported for numer-
ous anaerobic prokaryotes [64]. In particular, autotrophic 
sulfate-reducing bacteria as well as methanoarchaea, which 
are abundant in paddy fields [65,66], were suggested to be 
responsible for this process [63]. Methylated species of 
As(III) and volatile arsenicals were detected when the cya-
nobacteria were treated with As(III) or As(V) [57]. Micro-
organisms play a crucial role in the biogeochemical cycle of 
As especially for cyanobacteria which are ubiquitous in 
aquatic environments, including paddy soil, wetland and 
ocean [67]. Tetrahymena pyriformis, a protozoan living in 
fresh water, and possibly in paddy soils as well, could also 
methylate and even volatilize As [58,68]. All these organ-
isms are ubiquitous in the freshwater systems like paddy 
soil. Arsenic methylation is proposed to play an important 
role in As cycling among terrestrial, aquatic and atmos-
pheric environments [69,70]. 

3.2  Interactions of microorganisms with organic matters 

The application of OM (as exogenous nutrition) stimulates 
the growth of various indigenous microorganisms, including 
As methylaters which facilitate As methylation and volati-
lization from soil, and the “volatilization ability” varied 
between the types of organic matters [13,20]. As mentioned 
above, the addition of organic matters will enhance the mo-
bilization of As thus increasing its bioavailability for meth-
ylaters, and favoring methylation processes. In addition, 
OM amendment changes the physicochemical properties 
(such as pH, Eh) of paddy soils, which can also affect com-
munities and activities of microorganisms, further influence 
As methylation and subsequent volatilization [13]. It was 
reported that pH changes can influence the microbial process 
to affect As methylation or volatilization: a decrease in soil 
pH enhanced microbial-mediated As volatilization [71]. On 
the other hand, dissolved organic matter (DOM) also works 
as a labile substrate for iron reducing bacteria and as an elec-
tron shuttle to enhance microbial iron reduction resulting in 
the release of As adsorbed on iron oxides [72,73]. 

3.3  Interactions of microorganisms with iron oxides  

(1) In bulk soil.  Microbial activities and diversities play 
critical roles in As mobilization through influencing iron 
oxidation and reduction [29] (Figure 1). Paddy soils have a 
unique characteristic of periodical alternations between an-
oxic and oxic conditions, providing ferric iron-reducing 
bacteria with abundant electron acceptors and decomposi-
tion of organic matter for growth [74]. So it can be assumed 
that dissimilatory iron-reducing bacteria are abundant in 
paddy soils. Dissimilatory iron-reducing consortia in As- 
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contaminated paddy soils are phylogenetically diverse [75]. 
Decreasing activities or abundance of iron-reducing bacteria 
may cause less ferrous iron and more ferric oxides existing 
in soils and thus immobilization of As. 

In addition, nitrate-dependent ferrous iron oxidizing mi-
croorganisms which can oxidize ferrous iron under flooding 
conditions were also found in paddy soils [76]. Nitrate-  
dependent ferrous oxidation may lead to more As co-pre- 
cipitation with, or adsorption to ferric minerals in the soil to 
reduce As bioavailability and thus uptake by rice plants [77] 
(Figure 1). This is an essential pathway to manipulate As in 
soil-rice systems through regulating anaerobic iron oxidiz-
ing bacteria. However, it is still at the beginning in capital-
izing this option, as little is known about the microbial 
community responsible for iron oxidation and also its diver-
sity and population dynamics in relation to environmental 
conditions.  

(2) In rhizosphere soil.  Different from the bulk soil, 
wetland plant such as rice release oxygen and oxidants from 
the root into the rhizosphere, ferrous iron is then oxidized to 
ferric iron and deposits on root surface forming iron plaque 
[78]. Iron plaque is an important biogeochemical compo-
nent in soil-rice systems affecting the uptake of As by rice 
plant [79,80] (Figure 1). Because it has a high capacity to 
sequestrate As due to high specific surface area of iron 
(oxyhydr)oxides and co-precipitation of As with ferric iron 
[81]. Synchrotron-based analysis of root iron plaque re-
vealed that As in iron plaque was sequestered mainly with 
amorphous and crystalline iron (oxyhydr)oxides, and that 
As(V) was the predominant species [81]. The amount of 
iron plaque is significantly affected by the aerenchyma tis-
sue and radial oxygen loss (ROL) by root [82]. It was indi-
cated that iron plaque increased and As concentration in rice 
grains decreased significantly with increasing ROL [82,83]. 
Developed aerenchyma tissue in root could significantly 
restrain As in root and then reduce As accumulation in rice 
shoot [83]. It has also been shown that iron plaque on rice 
root has higher affinity to As(V) than to As(III), and iron 
plaque may even enhance As(III) uptake by rice [84,79]. 
Overall, iron plaque may act as a ‘buffer’ for As(V) in the 
rhizosphere.  

Arsenate has much higher affinity for iron oxide as 
compared to As(III), therefore As(V) is much less mobile 
than As(III) in the soil, implying that the oxidation of As(III) 
is likely to reduce As uptake by rice [79,81]. As mentioned 
above, dominant As on iron plaque is As(V), indicating the 
occurrence of As(III) oxidation in the rhizosphere, but the 
microbial-mediated As(III) oxidation in soil is largely un-
known. Bacterial As(III) oxidase genes are phylogenetically 
diverse and ecologically widespread [85]. Microbial oxida-
tion of As(III) to As(V) occur under both aerobic and an-
aerobic soil conditions, which significantly enhance the 
immobilization of As in the soils, due to the fact that As(V) 
can more easily co-precipitate with ferric iron or be ad-
sorbed by ferrihydrite [86]. In the rhizosphere soil, it re-

mains unclear whether the activity of As(III) oxidizing bac-
teria (expression of aroA-like gene [85]) is elevated by the 
root exudates or the oxygen released from the rice roots to 
result in more As(V) binding on iron minerals in soil and 
iron plaque on rice roots, thus to reduce the bioavailability 
of As to rice roots. 

Moreover, abundant iron reducing bacteria also exist in 
rice rhizosphere, these reducing bacteria improved the re-
duction rates of ferric iron in the rhizosphere [87], and then 
accelerate the release of As retained in iron plaque to soil 
solution. Ferric reducing bacteria account for about 12% of 
total bacteria cells in the rhizosphere comparing with only 
<1% in the bulk soil [88].  

Ferric iron reduction is a widespread trait of members of 
the archaea as well [89–91]. Slobodkin et al. [89] isolated 
thermophilic anaerobic archaea from petroleum reservoirs, 
which was capable of dissimilatory ferric iron reduction. 
Hori et al. [92] demonstrated the involvement of archaea in 
ferric iron reduction in rice paddy soil by 13C-acetate prob-
ing. Abundance of archaea with ferric iron reduction was 
low and ferric iron reduction by archaea would not be an 
important process.  

Arbuscular mycorrhizal fungi (AMF) can form symbiosis 
with rice roots [93], and can enhance As tolerance and de-
crease the ratio of grain/straw As concentration of rice 
plants [94]. Mycorrhizal inoculation could reduce the up-
take of As(V), As(III) and MMA by rice plants. It was like-
ly that mycorrhizal roots released some signaling molecules 
to down-regulate the expression of Si transporter Lsi1 (Os-
NIP2;1 aquaporin) or combine with Lsi1 as a substrate [95], 
but requires further investigations. 

Oxidizing/reducing bacteria in rice rhizosphere and their 
interactions with iron plaque corporately influence As spe-
ciation and mobility and thus rice uptake. Symbiotic AMF 
also affects As uptake by rice. Manipulation of related mi-
crobial communities or activities is an optional pathway 
which influences As mobility in rice rhizosphere. 

4  Dissolution of iron plaque and arsenic release 

Once rice is harvested, rice root may be subjected to anaer-
obic decomposition, and As sequestrated by iron plaque 
maybe released and become As hot spot for the subsequent 
crops (rice or other crop plants). In addition, root turnover 
during the entire growth period of rice plant can be fast, and 
dead root can also be hot spot of As release. It is therefore 
very important for the dissolution of iron plaque to the re-
lease of As from iron plaque into soils. The dynamics of As 
mobilization after rice harvest has been evaluated recently 
by microcosm experiments and the results suggested that As 
sequestrated in the iron plaque can be quickly released into 
soil solution as a result of iron reductive dissolution under 
flooded conditions [96]. Iron plaque dissolution is the main 
cause of As release and bacterial activity play crucial roles 
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in this process [29]. The quick and prominent increase in As 
concentration in soil solution after rice harvest may season-
ally affect surface and groundwater systems, which will 
raise environmental risks, and thus warrant further investi-
gation. 

5  Benefits of microbial arsenic methylation and 
volatilization 

It is clear now that methylated As species in rice plant 
(mostly in the grain) is originated from soil, where micro-
organisms are responsible for the production of methylated 
species [97,98]. DMA levels detected in the solution 
amended by MMA or As(III) with the growth of rice seed-
lings decreased dramatically after the addition of antibacte-
rial agent chloramphenicol [97]. No methylated As could be 
detected in plants (rice, tomato and red clover) cultured in a 
sterile hydroponic solution fed with inorganic As [98]. Thus, 
higher plants appears to lack the capacity of methylating 
As(III). However, methylated As can be taken up by rice 
roots and has a high translocation efficiency to grains at-
tributed to its poor -SH (sulfhydryl) coordination [99]. The 
translocation efficiency of DMA to the rice grain is over an 
order of magnitude greater than inorganic species in As-fed 
excised panicles. It is because that DMA is more mobile 
than As(III) in both the phloem and the xylem [100]. Or-
ganic As (DMA and MMA) was mainly distributed in re-
productive tissues rather than vegetative tissues. Much 
higher translocation efficiency of DMA in rice plant was 
also found than that of inorganic As. There are different 
pathways on the unloading of inorganic As and DMA in 
rice grain [101]. Inorganic As species are primarily (90%) 
translocated via the phloem, whereas DMA is translocated 
via both phloem (55%) and xylem (45%). Leaf-fed As(III) 
was not translocated to the filling rice grain but sequestered 
into leaf cell vacuoles compared with the readily mobility of 
DMA and MMA [102]. 

The increase in As methylation and volatilization directly 
enhance the proportion of methyl As in soils or reduce total 
As amount of the soil respectively. The enhancement of 
methylated As percentage in paddy soils could subsequently 
increase the methyl As proportion in rice grain to minish the 
food toxicity to rice consumers. Thus, it is of practical sig-
nificance to promote As methylation and/or volatilization 
through manipulating the activity of methylaters. 

6  The manipulation of arsenic methylation and 
volatilization 

It has been suggested that As biovolatilization from paddy 
soils contributes 0.9% to 2.6% of global As emissions. 
About 419–1252 t/year As are emitted into the atmosphere 
from paddy soils, which are 15- to 45-times higher than 

from sea spray (26.5 t/year), 3- to 10-times higher than from 
forest fires (125 t/year), even up to 240 mg ha−1 year−1 
arsines were released from paddy soils with only 11.3 
mg/kg As [20,103,104]. 

Because OM addition can significantly increase As 
methylation and volatilization from the paddy soil through 
changing abundances or activities of the bacteria capable of 
oxidization, reduction, and methylation of As [13]. It is a 
potential way that increasing organic As (decreasing inor-
ganic As) in rice grain through increasing methylated As or 
As volatilization in paddy soil. The organic matter from 
various sources exhibited large difference in inducing As 
volatilization and the mechanisms require further investiga-
tion. 

Although higher plant is believed to be unable to methyl-
ate As by itself and no gene encoding ArsM has as yet been 
identified in the genome of any higher plants, genes capable 
of As methylation widely exist in many microorganisms 
[14]. Recently, Meng et al. [105] expressed an arsM gene 
from the soil bacterium Rhodopseudomonas palustris in 
Japonica rice and then monomethylarsenate (MAs(V)) and 
dimethylarsenate (DMAs(V)) were detected successfully in 
the roots and shoots of the transgenic rice, and the trans-
genic rice could give off 10-fold greater volatile arsenicals 
than the wild type. It will be possible for engineering plants 
genetically to volatilize As or transform more inorganic As 
to less toxic methyl As in rice grain.  

Genetic engineering is a potential strategy for both phy-
toremediation (phytovolatilization) and reduction of As in 
rice grain. To maximize As volatilization or As removal 
from soil or minimize As accumulation in rice grain, more 
genes involved in As metabolism (reduction, methylation, 
efflux, etc.) need to be further identified and manipulated. 
Zhu and Rosen [106] have proposed substantial pathways 
for genetic engineering that can be manipulated for phy-
toremediation.  

7  Perspectives and conclusions 

It is now clear that As transformation is largely driven by 
microorganisms in soils in addition to chemical properties 
of the soil, the rate and direction of As transformation de-
pend on the abundance and structures of microbial commu-
nities and the expression of functional genes (responsible 
for reduction or oxidation of arsenic, iron and nitrogen, and 
also arsenic methylation). Despite the recent advances, it is 
still early to link the microbial community to actual bioge-
ochemical processes in soil-rice systems, and further infor-
mation on novel functional genes, and their expression pat-
tern is needed before we can build up predictive models to 
forecast the fate and health risks of As in this system. In this 
regard, functional metagenomics tools will play a role.  

Although higher plants can reduce As(V) to As(III), as 
far as we know they cannot methylate As(III), therefore 
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microorganisms in paddy soil, particularly in the rhizo-
sphere, play a critical role in As transformation. Some func-
tional genes can be used to characterize the relationship 
between environmental conditions, microbial community 
and As fate. Soil amendments with organic matters can 
modulate As transformation, which is mediated by soil mi-
croorganisms. The functional genes related to As methyla-
tion could also be expressed in higher plants (such as rice) 
and volatilize As through plants. Genetic engineering may 
offer the possibility of reducing the accumulation of As in 
rice grain. Nonetheless, our knowledge on the related func-
tional genes is very limited, and requires further studies, 
particularly using functional metagenomics tools.  

This work was supported by the National Natural Science Foundation of 
China (40973058, 21077100). 

1 National Research Council. Arsenic in Drinking Water–2001 Update. 
Washington DC: National Academy Press, 2001 

2 Duker A A, Carranza E J M, Hale M. Arsenic geochemistry and 
health. Environ Int, 2005, 31: 631–641 

3 Kim K W, Bang S, Zhu Y, et al. Arsenic geochemistry, transport 
mechanism in the soil-plant system, human and animal health issues. 
Environ Int, 2009, 35: 453–454 

4 Meharg A A, Hartley-Whitaker J. Arsenic uptake and metabolism in 
arsenic resistant and nonresistant plant species. New Phytol, 2002, 
154: 29–43 

5 Williams P N, Islam M R, Adomako E E, et al. Increase in rice grain 
arsenic for regions of Bangladesh irrigating paddies with elevated 
arsenic in groundwaters. Environ Sci Technol, 2006, 40: 4903–4908 

6 Zhu Y G, Sun G X, Lei M, et al. High percentage inorganic arsenic 
content of mining impacted and non-impacted Chinese rice. Environ 
Sci Technol, 2008, 42: 5008–5013 

7 Zhu Y G, Williams P N, Meharg A A. Exposure to inorganic arsenic 
from rice: A global health issue? Environ Pollut, 2008, 154: 
169–171 

8 Zhao F J, Ma J F, Meharg A A, et al. Arsenic uptake and metabolism 
in plants. New Phytol, 2009, 181: 777–794 

9 Mondal D, Polya D A. Rice is a major exposure route for arsenic in 
Chakdaha block, Nadia district, West Bengal, India: A probabilistic 
risk assessment. Appl Geochem, 2008, 23: 2987–2998 

10 Meharg A A, Williams P N, Adomako E, et al. Geographical varia-
tion in total and inorganic arsenic content of polished (white) rice. 
Environ Sci Technol, 2009, 43: 1612–1617 

11 Li G, Sun G X, Williams P N, et al. Inorganic arsenic in Chinese 
food and its cancer risk. Environ Int, 2011, 37: 1219–1225 

12 Gilbert-Diamond D, Cottingham K L, Gruber J F, et al. Rice con-
sumption contributes to arsenic exposure in US women. Proc Natl 
Acad Sci USA, 2011, 108: 20656–20660 

13 Huang H, Jia Y, Sun G X, et al. Arsenic speciation and volatilization 
from flooded paddy soils amended with different organic matters. 
Environ Sci Technol, 2012, 46: 2163–2168 

14 Ye J, Rensing C, Rosen B P, et al. Arsenic biomethylation by 
photosynthetic organisms. Trends Plant Sci, 2012, 17: 155–162 

15 Bentley R, Chasteen T G. Microbial methylation of metalloids: Ar-
senic, antimony, and bismuth. Microbiol Mol Biol Rev, 2002, 66: 
250– 271 

16 Takamatsu T, Aoki H, Yoshida T. Determination of arsenate, arse-
nite, monomethylarsonate, and dimethylarsinate in soil polluted with 
arsenic. Soil Sci, 1982, 133: 239–246 

17 Van Herreweghe S, Swennena R, Vandecasteele C, et al. Solid phase 
speciation of arsenic by sequential extraction in standard reference 
materials and industrially contaminated soil samples. Environ Pollut, 

2003, 122: 323–342 
18 Lakshmipathiraj P, Narasimhan B R V, Prabhakar S, et al. Adsorp-

tion of arsenate on synthetic goethite from aqueous solutions. J 
Hazard Mater, 2006, 136: 281–287 

19 Cullen W R. The toxicity of trimethylarsine: An urban myth. J En-
viron Monit, 2005, 7: 11–15 

20 Mestrot A, Uroic M K, Plantevin T, et al. Quantitative and qualita-
tive trapping of arsines deployed to assess loss of volatile arsenic 
from paddy soil. Environ Sci Technol, 2009, 43: 8270–8275 

21 Beesley L, Moreno-Jiménez E, Clemente R, et al. Mobility of arse-
nic, cadmium and zinc in a multi-element contaminated soil profile 
assessed by in-situ soil pore water sampling, column leaching and 
sequential extraction. Environ Pollut, 2010, 158: 155–160 

22 Goldberg S. Competitive adsorption of arsenate and arsenite on ox-
ides and clay minerals. Soil Sci Soc Amer J, 2002, 66: 413–421 

23 Boivin P, Favre F, Hammecker C, et al. Processes driving soil solu-
tion chemistry in a flooded rice-cropped vertisol: Analysis of long- 
time monitoring data. Geoderma, 2002, 110: 87–107 

24 Gao S, Tanji K K, Scardaci S C, et al. Comparison of redox indica-
tors in a paddy soil during rice-growing season. Soil Sci Soc Amer  
J, 2002, 66: 805–817 

25 Tanji K K, Gao S, Scardaci S C, et al. Characterization redox status 
of paddy soils with incorporated rice straw. Geoderma, 2003, 114: 
333–353 

26 Sadiq M. Arsenic chemistry in soils: An overview of thermodynamic 
predictions and field observations. Water Air Soil Pollut, 1997, 93: 
117–136 

27 Takahashi Y, Minamikawa R, Hattori K H, et al. Arsenic behavior in 
paddy fields during the cycle of flooded and non-flooded periods. 
Environ Sci Technol, 2004, 38: 1038–1044 

28 Arao T, Kawasaki A, Baba K, et al. Effects of water management on 
cadmium and arsenic accumulation and dimethylarsinic acid con-
centrations in Japanese rice. Environ Sci Technol, 2009, 43: 
9361–9367 

29 Huang H, Zhu Y G, Chen Z, et al. Arsenic mobilization and specia-
tion during iron plaque decomposition in a paddy soil. J Soils Sedi-
ments, 2012, 12: 402–410 

30 Yamaguchi N, Nakamura T, Dong D, et al. Arsenic release from 
flooded paddy soils is influenced by speciation, Eh, pH, and iron 
dissolution. Chemosphere, 2011, 83: 925–932 

31 Munch J C, Hillebrand T, Ottow J C G. Transformations in the 
Feo/Fed ratio of pedogenic iron oxides affected by iron-reducing 
bacteria. Can J Soil Sci, 1978, 58: 475–486 

32 Sahrawat K L. Fertility and organic matter in submerged rice soils. 
Curr Sci, 2005, 88: 735–739 

33 Yu K, Patrick W H. Redox range with minimum nitrous oxide and 
methane production in a rice soil under different pH. Soil Sci Soc 
Amer J, 2003, 67: 1952–1958 

34 Klitzke S, Lang F. Mobilization of soluble and dispersible lead, ar-
senic, and antimony in a polluted, organic-rich soil – effects of pH 
increase and counterion valency. J Environ Qual, 2009, 38: 933–939 

35 Wilson S C, Lockwood P V, Ashley P M, et al. The chemistry and 
behaviour of antimony in the soil environment with comparisons to 
arsenic: A critical review. Environ Pollut, 2010, 158: 1169–1181 

36 Livesey N T, Huang P M. Adsorption of arsenate by soils and its re-
lation to selected properties and anions. Soil Sci, 1981, 131: 88–94 

37 Brouwere K D, Smolders E, Merckx R. Soil properties affecting 
solid-liquid distribution of As(V) in soils. Eur J Soil Sci, 2004, 55: 
165–173 

38 Smedley P L, Kinniburgh D G. A review of the source, behaviour 
and distribution of arsenic in natural waters. Appl Geochem, 2002, 
17: 517–568 

39 Pedersen H D, Postma D, Jakobsen R. Release of arsenic associated 
with the reduction and transformation of iron oxides. Geochim 
Cosmochim Acta, 2006, 70: 4116–4129 

40 Burton E D, Johnston S G, Watling K, et al. Arsenic effects and be-
havior in association with the Fe(II)-catalyzed transformation of 
schwertmannite. Environ Sci Technol, 2010, 44: 2016–2021 

41 Clemente R, Dickinson N M, Lepp N W. Mobility of metals and 



192 Zheng R L, et al.   Chin Sci Bull   January (2013) Vol.58 No.2 

metalloids in a multi-element contaminated soil 20 years after cessa-
tion of the pollution source activity. Environ Pollut, 2008, 155: 
254–261 

42 Beesley L, Dickinson N. Carbon and trace element mobility in an 
urban soil amended with green waste compost. J Soils Sediments, 
2010, 10: 215–222 

43 Weng L, Van Riemsdijk W H, Hiemstra T. Effects of fulvic acids on 
arsenate adsorption to goethite: Experiments and modelling. Environ 
Sci Technol, 2009, 43: 7198–7204 

44 Williams P N, Zhang H, Davison W, et al. Organic matter-solid 
phase interactions are critical for predicting arsenic release and plant 
uptake in Bangladesh paddy soils. Environ Sci Technol, 2011, 45: 
6080–6087 

45 Marschner H. Mineral Nutrition of Higher Plants. 2nd ed. London: 
Academic Press, 1995 

46 Fitz W J, Wenzel W W. Arsenic transformations in the 
soil-rhizophere-plant system: Fundamentals and potential applica-
tion to phytoremediation. J Biotechnol, 2002, 99: 259–278 

47 Cao X, Ma L Q, Shiralipour A. Effects of compost and phosphate 
amendments on arsenic mobility in soils and arsenic uptake by the 
hyperaccumulator Pteris vittata L. Environ Pollut, 2003, 126: 
157–167 

48 Jain A, Loeppert R H. Effect of competing ions on the adsorption of 
arsenate and arsenite by ferrihydrite. J Environ Qual, 2000, 29: 
1422–1430 

49 Bang S, Meng X. A review of arsenic interactions with anions and 
iron hydroxides. Environ Eng Res, 2004, 9: 184–192 

50 Ma J F, Yamaji N, Mitani N, et al. Transporters of arsenite in rice 
and their role in arsenic accumulation in rice grain. Proc Natl Acad 
Sci USA, 2008, 105: 9931–9935 

51 Li R Y, Stroud J L, Ma J F, et al. Mitigation of arsenic accumulation 
in rice with water management and silicon fertilization. Environ Sci 
Technol, 2009, 43: 3778–3783 

52 Oremland R S, Stolz J F. The ecology of arsenic. Science, 2003, 300: 
939–944 

53 Qin J, Rosen B P, Zhang Y, et al. Arsenic detoxification and evolu-
tion of trimethylarsine gas by a microbial arsenite S-adenosylme- 
thionine methyltransferase. Proc Natl Acad Sci USA, 2006, 103: 
2075–2080 

54 Bachate S P, Khapare R M, Kodam K M. Oxidation of arsenite by 
two β-proteobacteria isolated from soil. Appl Microbiol Biotechnol, 
2012, 93: 2135–2145 

55 Páez-Espino D, Tamames J, de Lorenzo V, et al. Microbial respons-
es to environmental arsenic. Biometals, 2009, 22: 117–130 

56 Kuehnelt D, Goessler W. Organoarsenic compounds in the terrestrial 
environment. In: Craig P J, ed. Organometallic Compounds in the 
Environment. Heidelberg: Wiley Publishers, 2003. 223–275 

57 Yin X X, Chen J, Qin J, et al. Biotransformation and volatilization of 
arsenic by three photosynthetic cyanobacteria. Plant Physiol, 2011, 
156: 1631–1638 

58 Yin X X, Zhang Y Y, Yang J, et al. Rapid biotransformation of ar-
senic by a model protozoan Tetrahymena thermophila. Environ 
Pollut, 2011, 159: 837–840 

59 Yin X X, Wang L H, Bai R, et al. Accumulation and transformation 
of arsenic in the blue-green alga Synechocysis sp. PCC6803. Water 
Air Soil Pollut, 2012, 223: 1183–1190 

60 Shariatpanahi M, Anderson A C, Abdelghani A A, et al. Biotrans-
formation of the pesticide sodium arsenate. J Environ Sci Health B, 
1981, 16: 35–47 

61 Michalke K, Wickenheiser E B, Mehring M, et al. Production of 
volatile derivatives of metal(loid)s by microflora involved in anaer-
obic digestion of sewage sludge. Appl Environ Microbiol, 2000, 66: 
2791–2796 

62 Wang G, Kennedy S P, Fasiludeen S, et al. Arsenic resistance in 
Halobacterium sp. strain NRC-1 examined by using an improved 
gene knockout system. J Bacteriol, 2004, 186: 3187–3194 

63 Thomas F, Diaz-Bone R A, Wuerfel O, et al. Connection between 
multimetal(loid) methylation in methanoarchaea and central 
intermediates of methanogenesis. Appl Environ Microbiol, 2011, 77: 

8669–8675 
64 McBride B C, Wolfe R S. Biosynthesis of dimethylarsine by meth-

anobacterium. Biochemistry, 1971, 10: 4312–4317 
65 Liu X Z, Zhang L M, Prosser J I, et al. Abundance and community 

structure of sulfate reducing prokaryotes in a paddy soil of southern 
China under different fertilization regimes. Soil Biol Biochem, 2009, 
41: 687–694 

66 Erkel C, Kube M, Reinhardt R, et al. Genome of rice cluster I    
archaea—The key methane producers in the rice rhizosphere. Sci-
ence, 2006, 313: 370–372 

67 Ladha J K, Reddy P M. Nitrogen fixation in rice systems: State of 
knowledge and future prospects. Plant Soil, 2003, 252: 151–167 

68 Zhang Y Y, Yang J, Yin X X, et al. Arsenate toxicity and stress re-
sponses in the freshwater ciliate Tetrahymena pyriformis. Eur J Pro-
tistol, 2012, 48: 227–236 

69 Bhattacharjee H, Rosen B P. Arsenic metabolism in prokaryotic and 
eukaryotic microbes. In: Nies D H, Silver S, eds. Molecular Micro-
biology of Heavy Metals. Heidelberg: Springer-Verlag Publishers, 
2007. 371–406 

70 Rensing C, Rosen B. Heavy Metals Cycles (arsenic, mercury, sele-
nium, others). Encyclopedia of Microbiology. UK: Elsevier Press, 
2009 

71 Huysmans K D, Frankenberger W T. Evolution of trimethylarsine by 
a Penicillium sp. isolated from agricultural evaporation pond water. 
Sci Total Environ, 1991, 105: 13–28 

72 Mladenov N, Zheng Y, Miller M P, et al. Dissolved organic matter 
sources and consequences for iron and arsenic mobilization in 
Bangladesh aquifers. Environ Sci Technol, 2010, 44: 123–128 

73 Li H J, Peng J J, Karrie A W, et al. Phylogenetic diversity of 
Fe(III)-reducing microorganisms in rice paddy soil: Enrichment 
cultures with different short-chain fatty acids as electron donors. J 
Soils Sediments, 2011, 11: 1234–1242 

74 Kögel-Knabner I, Amelung W, Cao Z, et al. Biogeochemistry of 
paddy soils. Geoderma, 2010, 157: 1–14 

75 Wang X J, Yang J, Chen X P, et al. Phylogenetic diversity of dis-
similatory ferric iron reducers in paddy soil of Hunan, South China. 
J Soils Sediments, 2009, 9: 568–577 

76 Wang Z S, Chen X P, Wang X J, et al. The effect of anaerobic redox 
cycling of iron on arsenic mobility in paddy (in Chinese). Asian J 
Ecotoxicol, 2010, 5: 862–867 

77 Chen X P, Zhu Y G, Hong M N, et al. Effects of different forms of 
nitrogen fertilizers on arsenic uptake by rice plants. Environ Toxicol 
Chem, 2008, 27: 881–887 

78 Chen C C, Dixon J B, Turner F T. Iron coatings on rice roots: mor-
phology and models of development. Soil Sci Soc Amer J, 1980, 44: 
1113–1119 

79 Chen Z, Zhu Y G, Liu W J, et al. Direct evidence showing the effect 
of root surface iron plaque on arsenite and arsenate uptake into rice 
(Oryza sativa) roots. New Phytol, 2005, 165: 91–97 

80 Liu W J, Zhu Y G, Smith F A, et al. Do phosphorus nutrition and 
iron plaque alter arsenate (As) uptake by rice seedlings in hydro-
ponic culture? New Phytol, 2004, 162: 481–488 

81 Liu W J, Zhu Y G, Hu Y, et al. Arsenic sequestration in iron plaque, 
its accumulation and speciation in mature rice plants (Oryza sativa 
L). Environ Sci Technol, 2006, 40: 5730–5736 

82 Yang J, Hu Y, Wang X J, et al. Differences of iron plaque formation 
and As accumulation between two rice cultivars with different 
aerenchyma tissue (in Chinese). Asian J Ecotoxicol, 2009, 4: 
711–717 

83 Wu C, Ye Z, Shu W, et al. Arsenic accumulation and speciation in 
rice are affected by root aeration and variation of genotypes. J Exp 
Bot, 2011, 62: 2889–2898 

84 Liu W J, Zhu Y G, Smith F A. Effects of iron and manganese 
plaques on arsenic uptake by rice seedlings (Oryza sativa L.) grown 
in solution culture supplied with arsenate and arsenite. Plant Soil, 
2005, 277: 127–138 

85 Inskeep W P, Macur R E, Hamamura N, et al. Detection, diversity 
and expression of aerobic bacterial arsenite oxidase genes. Environ 
Microbiol, 2007, 9: 934–943 



 Zheng R L, et al.   Chin Sci Bull   January (2013) Vol.58 No.2 193 

86 Bhattacharya P, Welch A H, Stollenwerk K G, et al. Arsenic in the 
environment: Biology and chemistry. Sci Total Environ, 2007, 379: 
109–120 

87 Weiss J V, Emerson D, Megonigal J P. Geochemical control of mi-
crobial Fe(III) reduction potential in wetlands: Comparison of the 
rhizosphere to non-rhizosphere soil. Fems Microbiol Ecol, 2004, 48: 
89–100 

88 Weiss J V, Emerson D, Backer S M, et al. Enumeration of Fe 
(II)-oxidizing and Fe (III)-reducing bacteria in the root zone of wet-
land plants: Implications for a rhizosphere iron cycle. Biogeochem-
istry, 2003, 64: 77–96 

89 Slobodkin A I, Jeanthon C, L’Haridon S, et al. Dissimilatory reduc-
tion of Fe(III) by thermophilic bacteria and archaea in deep subsur-
face petroleum reservoirs of western siberia. Curr Microbiol, 1999, 
39: 99–102 

90 Lovley D R, Holmes D E, Nevin K P. Dissimilatory Fe(III) and 
Mn(IV) reduction. Advan Microb Physiol, 2004, 49: 219–286 

91 Weber K A, Achenbach L A, Coates J D. Microorganisms pumping 
iron: Anaerobic microbial iron oxidation and reduction. Nat Rev 
Microbiol, 2006, 4: 752–764 

92 Hori T, Müller A, Igarashi Y, et al. Identification of iron-reducing 
microorganisms in anoxic rice paddy soil by 13C-acetate probing. 
ISME J, 2010, 4: 267–278 

93 Hajiboland R, Aliasgharzad N, Barzeghar R. Phosphorus mobiliza-
tion and uptake in mycorrhizal rice (Oryza sativa L.) plants under 
flooded and non-flooded conditions. Acta Agr Slov, 2009, 93: 
153–161 

94 Li H, Ye Z H, Chan W F, et al. Can arbuscular mycorrhizal fungi 
improve grain yield, As uptake and tolerance of rice grown under 
aerobic conditions? Environ Pollut, 2011, 159: 2537–2545 

95 Li H, Wu C, Ye Z H, et al. Uptake kinetics of different arsenic 
species in lowland and upland rice colonized with Glomus 

intraradices. J Hazard Mater, 2011, 194: 414–421 
96 Wang X J, Chen X P, Yang J, et al. Effect of microbial mediated 

iron plaque reduction on arsenic mobility in paddy soil. J Environ 
Sci-China, 2009, 21: 1562–1568 

97 Arao T, Kawasaki A, Baba K, et al. Effects of arsenic compound 
amendment on arsenic speciation in rice grain. Environ Sci Technol, 
2011, 45: 1291–1297 

98 Lomax C, Liu W J, Wu L, et al. Methylated arsenic species in plants 
originate from soil microorganisms. New Phytol, 2011, 193: 
665–672 

99 Raab A, Williams P N, Meharg A, et al. Uptake and translocation of 
inorganic and methylated arsenic species by plants. Environ Chem, 
2007, 4: 197–203 

100 Carey A M, Scheckel K G, Lombi E, et al. Grain unloading of arse-
nic species in rice (Oryza sativa L.). Plant Physiol, 2010, 152: 
309–319 

101 Zheng M Z, Cai C, Hu Y, et al. Spatial distribution of arsenic and 
temporal variation of its concentration in rice. New Phytol, 2011, 
189: 200–209 

102 Carey A M, Norton G J, Deacon C, et al. Phloem transport of arsenic 
species from flag leaf to grain during grain filling. New Phytol, 
2011, 192: 87–98 

103 Mestrot A, Feldmann J, Krupp E M, et al. Field fluxes and specia-
tion of arsines emanating from soils. Environ Sci Technol, 2011, 45: 
1798–1804 

104 Mestrot A, Merle J K, Broglia A, et al. Atmospheric stability of ar-
sine and methylarsines. Environ Sci Technol, 2011, 45: 4010–4015 

105 Meng X Y, Qin J, Wang L H, et al. Arsenic biotransformation and 
volatilization in transgenic rice. New Phytol, 2011, 191: 49–56 

106 Zhu Y G, Rosen B P. Perspectives for genetic engineering for the 
phytoremediation of arsenic contaminated environments: From im-
agination to reality? Curr Opin Biotechnol, 2009, 20: 220–224 

 
Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction 

in any medium, provided the original author(s) and source are credited. 

 
 


