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Abstract 
 

Presence of arsenic in paddy soils in Bangladesh has become a major concern, with 

Holocene soils reported to have higher levels of arsenic compared to Pleistocene. 

However, to date there is limited data on how geomorphology, land use and soil 

microbes drive bioavailability of arsenic in the paddy soil in Bangladesh. In the 

present study, 16S rRNA amplicon sequencing and metagenomics (Illumina), 

alongside chemical analysis in paddy and nonpaddy soils, from Holocene and 

Pleistocene regions, of Bangladesh to investigate microbial composition and 

functional diversity of arsenic metabolism genes and how this may be related to 

differences in arsenic dynamics within these soils. Compared to Pleistocene soils, the 

Holocene soils had higher concentrations of arsenic, other elements and pore water 

arsenic species, the latter dominated by iAs. Further to that, paddy soils were shown 

to be elevated in arsenic and soil solution arsenic species compared to nonpaddy 

soils. Based on 16S rRNA amplicon sequencing and metagenomics the dominant 

bacterial phyla common to all soils were Proteobacteria, Acidobacteria, 

Actinobacteria, Chloroflexi and Firmicutes but the overall diversity of bacteria was 

shown to be significantly higher in Holocene compared to Pleistocene soil. 

Metagenomics indicated that Geobacter, an anaerobic arsenic resistant organism, 

was most abundant in Holocene paddy soil. The functional genes related to arsenic 

reduction and resistance (arsC, araA/arsB, ACR3) were also shown to be most 

widely distributed in Holocene paddy soil. The anaerobic condition and higher level 

arsenic in the Holocene paddy soil may hence explain the increased abundance of 

Geobacter as well as of genes involved in arsenic reduction and resistance. The 

physiochemical properties of soil (pH and Eh) were the most dominant factors 

influencing arsenic speciation and microbial and functional gene abundance and 

diversity in paddy soil. The present study provides an insight into the microbial 

composition and functional gene diversity and their role in biogeochemical cycling 

of arsenic in paddy soil. 
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Chapter 1: Background 
 

 

1.1. Introduction 

Arsenic is a toxic element that is widely distributed in the natural environment, it 

ranks as the 20th most abundant element in the earth’s crust, with an average 

concentration of 3 mg/kg (Zhao, et al., 2010; Meharg and Zhao 2012). In recent 

years, it has become a major human health concern as the presence of inorganic 

arsenic (iAs), the dominant available species in the biosphere, is a carcinogen 

(IARC, 2012). More than 150 million of people around the world are at high risk for 

exposure to due to drinking water and food that is contaminated with arsenic 

(Ravenscroft et al., 2009). Bangladesh, India (West Bengal), China, Chile, Taiwan, 

Mexico and the United States of America reported to contain higher levels of iAs in 

groundwater (Ravenscroft et al., 2009) and paddy soil (Meharg and Rahman, 2003; 

Lu et al., 2009) from natural sources. The situation is worst in South and South-East 

Asia, especially in Bangladesh and West Bengal, India due to geologically elevated 

concentration of iAs in drinking water (Smedley and Kinniburgh, 2002), as well as in 

rice (European Food Safety Authority, 2009; Meharg et al., 2009; Banerjee et al., 

2013). Rice is highly problematic with respect to arsenic as it readily assimilates this 

element, in iAs form, into grain. This is due to two factors. First, rice is the only 

major crop cultivated under reduced soil conditions, and this anaerobism leads to the 

mobilization of arsenic from soil minerals that are stable under aerobic conditions 

(Takahashi et al., 2004; Xu et al., 2008). This is because the main oxidized form of 

arsenic in soils is arsenate (As(V)), and this readily forms insoluble salts with iron 

(III), and is sequestered in iron oxyhydroxide (FeOOH) minerals that form on soil 

particle surfaces (Takahashi et al., 2004). Under reducing conditions insoluble iron 

(III) is converted to soluble iron (II), and arsenate to more soluble arsenite (As(III) 

(Xu et al., 2008). Also, rice is a silicon accumulator (Ma and Yamaji, 2006), and 

arsenite is a silicic acid analogue, readily assimilated by roots through aquaporins 

(Ma et al., 2008; Zhao et al., 2010), leading to high arsenic accumulation by rice. 

Furthermore, arsenate is a phosphate analogue, and again is readily assimilated by 

rice roots (Shin et al., 2004; Gonz ́alez et al., 2005). Rice, globally, is the main 

exposure route of iAs to humans, where drinking water levels of arsenic are low 
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(Kile et al., 2007; Meharg et al., 2009). This is true in Western diets with low rice 

consumption rates (20 g/d), but is more so in South Asia where consumption rates 

are circa. an order of magnitude higher (Meharg et al., 2009). Bangladesh is amongst 

the highest rice per capita consumption globally, at 450 g/d. Thus, even when 

groundwater is elevated in Bangladesh drinking waters, rice is a major exposure 

route for this country (Ohno et al., 2007; Mondal and Polya, 2008). Furthermore, rice 

is widely irrigated with arsenic elevated groundwaters (Williams et al., 2006), and 

cooked in elevated arsenic concentration groundwaters (Sun et al., 2008; Mandal et 

al., 2019), leading to multiple contamination sources of arsenic entering into 

Bangladesh’s diet (Meharg and Zhao, 2012). 

This chapter aims to provide an overview of the status of arsenic contamination in 

the environment, especially in the paddy soil with special reference to Bangladesh 

based on different geomorphological locations and paddy management systems. 

Furthermore, it also discusses assessment of microbial diversity and microbial 

processes involved in arsenic dynamics as provide a potential route for remediation 

of arsenic toxicity via stimulation of microbial transformation processes in rice 

paddy soils. 

 
1.2.  Status of arsenic contamination in Bangladesh  

Arsenic contamination in soil-plant and water systems of Bangladesh has been called 

as the greatest mass poisoning in human history (Khan et al., 2003). About 77 

million people of Bangladesh are at risk of arsenic contamination through 

contaminated drinking water (Smedley and Kinniburgh, 2002), and rice (Meharg et 

al., 2009). The contamination of arsenic in groundwater of Bangladesh was first 

reported in 1993 in Nawabganj district by the Department of Public Health and 

Engineering (DPHE) of the Government of Bangladesh (Ravenscroft et al., 2005). 

Since then, the toxicity has been increasing at an alarming rate. WHO (1993) set the 

maximum permissible limit 50 µg/l in Bangladesh while the limit is much lower (10 

µg/l) in other parts of the world. A nationwide survey on arsenic contaminated 

groundwater using 3534 tube wells conducted by the Department of Public Health 

and Engineering in Bangladesh reported that more than 90% tube wells contain 

arsenic beyond the permissible limit set by the WHO (50 µg/l), and the maximum 
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concentration of arsenic in groundwater was recorded up to 3200 µg/l (BGS and 

DPHS, 2001).  

The arsenic contaminated groundwater in Bangladesh is also used for paddy rice 

cultivation as irrigation water (Williams et al., 2006). This results in elevated 

concentration of arsenic in irrigated paddy soils (Meharg and Rahman, 2003; Lu et 

al., 2009; Huq and Shoaib, 2013), and thus increase the accumulation of arsenic into 

rice grains (Abedin et al., 2002a; Meharg and Rahman, 2003; Williams et al., 2006). 

Rice is the efficient accumulator of arsenic and is the major exposure route for iAs in 

human body (Meharg et al., 2009). Thus, the increasing concentration of arsenic in 

rice grain is concerning in context of Bangladesh, as rice is the staple food in 

Bangladesh, where per capita rice consumption is ~450g (William et al., 2007).  

 
1.3. Adverse effects of arsenic on human health 

Arsenic enters into human body through contaminated drinking water (Smedley and 

Kinniburgh, 2002) and food, especially rice and rice-based products (Meharg et al., 

2009; Banerjee et al. 2013; European Food Safety Authority, 2009), and causes 

serious health effects. Long term exposure to iAs from contaminated drinking water 

and rice possess carcinogenic effects on human health as iAs is known as class1 

carcinogen (IARC, 2004). Arsenicosis, is the most common term used to explain the 

extent of arsenic toxicity on human health (McCarthy et al., 2011). As a carcinogen, 

iAs causes cancer to the skin, lung, bladder and Kidney (NRC, 2001; WHO, 2004; 

Naujokas et al., 2013). The most common symptoms observed among the arsenicosis 

patients is the skin lesions, pigmentations and hard patches on the palms and soles of 

the feet (hyperkeratosis) (Khan et al., 2003). Recent studies also observed a positive 

correlation observed between arsenic exposure and cancers of the kidney, liver, and 

prostrate (IARC, 2012). Besides these problems, long-term exposure to iAs also 

causes cardiovascular diseases, respiratory diseases, neurological effects such as 

peripheral neuropathy, neurobehavioral alterations, diabetes, adverse effects in 

pregnancy, anemia and affects mental health (IARC, 2004; Milton et al., 2005; 

ATSDR, 2007).  
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1.4.  Sources of arsenic in paddy soil  

Arsenic enters the paddy soil environment both from natural and anthropogenic 

sources (Hughes, 2002; Bissen and Frimmel, 2003; Akter et al., 2005). Natural 

sources include weathering of rocks, volcanic activity from the hot springs (Smedley 

and Kinniburgh, 2002). There are more than 200 minerals known to contain arsenic 

as a major constituent, and it is mainly associated with sulphur (S), forming minerals 

like arsenopyrite (FeAsS), realgar (AS4S4) and orpiment (As2S3) (Nriagu, J. O., 

1994; Smedley and Kinniburgh, 2002). The weathering of these minerals under 

strongly reducing environment leads to naturally elevated levels of arsenic in 

groundwaters, surface waters and soils. Natural elevation of arsenic in environmental 

materials depends on its prevailing geological and hydrological conditions like 

organic rocks, Holocene alluvial sediments, volcanic activities, strongly reducing 

aquifers with low sulphate concentration (WHO, 2004). The elevated concentration 

of arsenic in Holocene paddy soil and groundwater of Bengal Basin (Bangladesh and 

west Bengal India) is the best example of natural elevation (BGS, 2001). Studies 

found that the Holocene paddy soils of Bangladesh contains five folds or higher total 

arsenic concentration than the Pleistocene terraces of that region (Lu et al., 2009, 

William et al., 2011; Chowdhury et al., 2017). This is because Holocene soils are 

derived from the fresh erosion of sedimentary rocks through weathering process, 

while the Pleistocene soils are more weathered (William et al., 2011). It is these 

Holocene sediments that also give rise to elevated arsenic in aquifer waters used for 

human consumption (Smedley and Kinniburgh, 2002).  

However, soil arsenic concentration can also be influenced by anthropogenic or 

human activity including: irrigation of paddy soils with arsenic contaminated 

groundwater (Duxbury et al., 2003, Meharg and Rahman, 2003, Williams et al., 

2006; Pal et al., 2009), mining activity (Liao et al., 2005; Zhu et al., 2008; Williams 

et al., 2009), and use of arsenic containing pesticides (Williams et al., 2007). The 

high baseline level of iAs in paddy soils of Bangladesh is due to natural elevation as 

well as paddy management practices with arsenic contaminated groundwater (Lu et 

al., 2009). 
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1.5. Forms of arsenic in paddy soil 

Arsenic exists in different inorganic and organic forms in the paddy soil. The iAs 

species, arsenate (As(V)) and arsenite (As(III)), dominate in paddy soil (Bentley & 

Chasteen, 2002). Other than iAs species, organic arsenic species monomethylarsonic 

acid (MMA), dimethylarsinic acid (DMA) and trimethylarsine oxide (TMAO) can 

also be present in paddy soils, normally as a minor component (Zhao et. al., 2010; 

Ye et al., 2012).  Arsenic speciation is complex and dynamic, and the species vary 

significantly in their toxicity. iAs species are more toxic than organic species 

(Meharg & Hartley-Whitaker, 2002). Among the iAs species, As(III) is more mobile 

and toxic than As(V) (Van Herreweghe et al., 2003) due to less adsorption on soil 

particles (Lakshipathiraj et al., 2006). However, the iAs species can be converted to 

the organic species by biota through sequential methylation (Qin et al., 2006, Zhang 

et al., 2015a), and potentially subsequent demethylation (Yoshinaga et al., 2011), and 

loss of gaseous arsenic through arsines (Mestrot et al., 2011), leading to an 

incomplete understanding of the biogeochemical cycle for this element.  

 
1.6. Accumulation of arsenic species by rice roots and subsequent translocation 

in planta 

Plants can uptake different iAs species via transporters of essential plant nutrients 

due to substrate similarities. Arsenate (As(V), the predominant arsenic species under 

aerobic soil condition, is a phosphate analogue and taken up by plant roots through 

high affinity phosphate transporters (Shin et al., 2004; Gonz ́alez et al., 2005; 

Catarecha et al., 2007). In rice plants, 13 phosphate transporter genes (OsPT) 

encoding OsPT1 to OsPT13 were identified (Paszkowski et al., 2002), of which 

OsPT1 and OsPT8 have shown more potentials to transport As(V) through rice roots 

(Wu et al., 2011; Kamiya et al., 2013; Wang et al., 2016). OsPT8 is the key 

transporter gene to transport As(V) into rice roots, and, following this, As(V) is then 

transported to the xylem vessels via the OsPT1 gene (Kamiya et al., 2013). However, 

overexpression of OsPT8 increased the accumulation of As(V) in rice plants and the 

uptake ability for As(V) is partially lost due to mutation of OsPT8 (Wang et al., 

2016). 

In contrast, arsenite (As(III)), predominant in anaerobic soil condition, is a silicic 

acid analogue and, is taken up by rice roots through silicic acid transport systems 
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(Ma et al., 2008; Zhao et al., 2010). The silicic acid transporters Lsi1 (noduline 26 

like intrinsic protein, OsNIP2;1) and Lsi2 (a putative anion transporter) are the main 

uptake pathways for As(III) in rice plants (Ma et al., 2008). As(III) enters into the 

root cell through Lsi1 aquaporin channel and, then Lsi2, an efflux transporter, 

transports As(III) efflux from rice roots towards the xylem (Ma et al., 2008). After 

being taken up by the root cells, a part of As(III) is immediately released to the 

rhizosphere due to bidirectional function of Lsi1 (Zhao et al., 2010), while the 

remaining As(III) is sequestered into the root vacuoles or is distributed to the various 

plant parts through xylem (Zhao et al., 2010; Mitra et al., 2014).  

In addition to iAs species, organic arsenic species such as MMA, DMA or TMAO 

are also taken up by plant roots, at much slower rate compared to iAs species, due to 

lower affinity of transporters for organic arsenic species as well as increased number 

of hydroxyl groups (Raab et al., 2007; Abbas and Meharg, 2008; Li et al., 2009). It 

was also observed that the uptake rate of As(V) was 5 times and 2.5 times higher 

than DMA and MMA, respectively; while the translocation efficiency of iAs was 

much lower than the organic arsenic species (Carey et al., 2010). The uptake of 

undissociated MMA and DMA in rice is also mediated by Lsi1 aquaporin channel; 

the uptake capacity of MMA and DMA in rice lsi1 mutant was lost by 80% and 50%, 

respectively, compared to wild rice (Li et al., 2009). In contrast, Lis2 cannot mediate 

the translocation of MMA and DMA efflux from rice root towards the shoot, as 

because most of the MMA and DMA dissociated at cytoplasmic pH (Li et al., 2009). 

It was previously thought that plants are able to methylate arsenic (Nissen and 

Benson 1982; Wu et al., 2002), but recent studies have confirmed that higher plants 

are unable to methylate iAs species rather take up the methylated species from the 

rhizosphere produced via microbial methylation (Lomax et al., 2012; Jia et al., 2013, 

Zhao et al., 2013). The magnitude of arsenic uptake by rice varies in the order of 

As(III) > As(V) > DMA > MMA (Raab et al., 2007; Finnegan and Chen, 2012). This 

is further affected by several abiotic and biotic factors, as discussed below.  

Rice is the most problematic crop with respect to accumulation of arsenic and, as a 

consequence, is the major exposure route of iAs to human beings (Meharg et al., 

2009). So, accumulation of arsenic into rice grain is of major concern in recent years. 

Rice can accumulate approximately 10-times more arsenic than other dry land crops 

like wheat and barley, due to increased bioavailability of arsenic under anaerobic 
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condition of paddy soil (Williams et al., 2007). Arsenic is accumulated into rice grain 

through the remobilization pathway of phloem transport systems, which transports 

arsenic species from source (leaves) to sink tissues (grain) (Carey et al., 2010). 

Recent studies on shoot to grain translocation of arsenic species in excised panicle 

showed that, phloem transport contributed to more than 90% of the As(III) unloaded 

into rice grains, and for 55% of DMA (Carey et al., 2010).  

 
1.7. Factors affecting the mobility and uptake of arsenic from soil to rice plants 

The mobility and toxicity of arsenic in soil largely depends on its chemical species 

(Takahashi et al., 2004). Both inorganic ((As(III) and As(V)) and organic or 

methylated As species (MMA, DMA and TMAO) are present in the soil (Meharg 

and Zhao, 2012). In paddy soils, inorganic arsenic species are predominant compared 

to the organic arsenic species. However, the inorganic arsenic species can be 

transformed to methylated arsenic species through microbial methylation in paddy 

soil and, thus reduce the toxicity of arsenic in soil, as methylated species re less toxic 

than inorganic species (Ye et al., 2012; Huang et al., 2014). Different arsenic species 

exhibit different bioavailability’s to rice plant in the following order: As(III) > MMA 

> As(V) > DMA (Meharg and Whitaker, 2002). Rice plant can uptake both inorganic 

and organic arsenic species, but the uptake rate of methylated arsenic species is much 

lower than the inorganic arsenic species (Carey et al., 2010). 

The speciation and mobility of arsenic in soil is largely depends on soil 

physiochemical properties like soil pH, redox potential (Eh) (Williams. et al., 2007). 

inorganic arsenic species arsenite (As(III)) and arsenate (As(V)) predominates in the 

paddy soil environment. The interconversion between As(III) and As (V) occurs due 

to redox environment of the soil. In oxidized condition (aerobic soil), As(V) is the 

dominant arsenic species, which is strongly adsorbed to the Fe-oxyhydroxide phases 

(Fitz and Wenzel, 2002; Smedley and Kinniburgh, 2002; Fendorf et al., 2008). Thus, 

under aerobic conditions arsenic is less mobile and less available to the plants 

(Lauren and Duxbury, 2005). However, under reducing condition (anaerobic soil) 

such as flooded paddy soils, arsenic prevails as As(III), with increased mobility of 

arsenic in soil solution due to reductive dissolution of Fe oxyhydroxides, 

contributing more arsenic available for plant uptake (Takahashi et al., 2004; 

Williams et al., 2007; Xu et al., 2008). Some microbial communities present in the 
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root rhizosphere can also increase the bioavailability of arsenic in the soil solution 

through microbial reduction of As(V) to As(III) ((Villegas et al., 2011; Jia et al., 

2014; Zhang et al., 2015a). 

Soil pH is another important physiochemical property of soil affects the mobility of 

arsenic in soil solution by controlling the speciation and leaching of arsenic in soil 

(Adriano, 2001; Fayiga et al., 2007; Quazi et al., 2011). Both lower and higher soil 

pH influenced the mobilization and uptake of arsenic by rice plants. At low pH (pH < 

5), the solubility of arsenic species increases due to the fact that, under acidic pH, Fe 

oxyhydoxide compounds that binds the arsenic species, become more soluble 

(Signes-Pastor et al., 2007), which can increase arsenic uptake by rice plants (Tu and 

Ma, 2003). Bhattacharya et al. (2010) also found a negative relationship between 

arsenic concentration in rice and soil pH. On the contrary, a positive relationship 

between soil pH and accumulation of arsenic in rice is also observed by Ahmed et al. 

(2011).  This is because, the negative surface charges, such as hydroxyl ions 

increased with the increase of soil pH (pH 8.5), which facilitates the desorption of 

arsenic from Fe-oxides (Streat et al., 2008), increasing the the mobilization arsenic in 

the root rhizosphere, which can enhance arsenic accumulation in the plant (Fitz and 

Wenzel, 2002).  

The organic matter (OM) content of soil regulates the mobility of arsenic in the soil 

through the formation of soluble and insoluble organo-arsenic complexes (Pikaray et 

al., 2005; Wang and Mulligan, 2006; Williams et al., 2011). The presence of OM 

may increase the mobility of arsenic from solid phase by decreasing soil redox 

potential, which favors the reductive dissolution of Fe-oxyhydroxides (Harvey et al., 

2002; Huang et al., 2012). Moreover, OM has great potential to compete with arsenic 

for adsorption sites and increase the mobility of arsenic in the soil solution (Wang 

and Mulligan, 2006). However, OM could also decrease the mobility of arsenic in 

soil by acting as a binding agent or by forming insoluble organo-arsenic complexes 

with metal ions under anaerobic condition (Wang and Mulligan 2006). The negative 

correlation between rice grain arsenic content and soil OM observed in studies 

(Rahman et al., 2011; Fu et al., 2011) also suggested that OM present in the paddy 

soil might reduce arsenic bioavailability for the rice plant. 
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1.8. Arsenic biotransformation in paddy soil 

In addition to abiotic factors (soil pH, Eh, OM content), microorganisms play an 

important role in the speciation and geochemical cycling of arsenic through different 

biotransformation processes, including arsenate (As(V)) reduction, arsenite (As(III)) 

oxidation, and methylation (Qin et al., 2006; Jia et. al., 2013; Van et. al., 2015; 

Zhang et al., 2015a). Many microorganisms have the capability to evolve resistance 

mechanisms to detoxify arsenic species (Paez-Espino et. al., 2009). The speciation 

and bioavailability of arsenic is altered through these biotransformation processes 

affecting its toxicity, fate in the environment, and also its accumulation into rice. (Jia 

et al., 2013, 2014). The rate of microbial transformation largely depends on the 

abundance, distribution and the diversity of microbes containing arsenic related 

functional genes present in the soil. The major biotransformation processes of arsenic 

with genes involved in each reaction process is shown in figure below. 

 

Figure 1. 1. Major biotransformation processes of arsenic in paddy soil 
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Microbial reduction of As(V) is an important biotransformation process that includes 

two known pathways. One is the dissimilatory reduction where As(V) is employed as 

terminal electron acceptor by anaerobic bacteria, which use a respiratory reductase 

(ArrA) enzyme during respiration, encoded by the arrA gene (Malasarn et. al., 2004). 

Another one is the detoxification pathway mediated by the As(V) reductase enzyme 

(ArsC), which is encoded by the arsC gene (Jackson & Dugas, 2003; Paez-Espino et. 

al., 2009; Villegas-Torres et. al., 2011). The arsC gene is more abundant and widely 

distributed in paddy soil compared to the arrA gene (Jia et al., 2014; Zhang et al., 

2015a; Xiao et al., 2016). This is because, the arsC gene is present in both aerobic 

and anaerobic microbes (Bhattacharjee and Rosen, 2007; Silver and Phung, 2007), 

while the arrA gene is restricted to anaerobic microbes only (Bhattacharjee and 

Rosen, 2007). The bioavailability of arsenic increased in the flooded paddy soil due 

to reductive dissolution of Fe oxyhydroxides and reduction of As(III) to As(V) (Xu 

et al., 2008; Stroud et al., 2011), which is mediated by the As(V) respiring arrA gene 

(Malasarn et al., 2004; Hoeft et al., 2004). The arrA gene sequences in arsenic rich 

paddy soil and sediments are closely related to anaerobic bacteria Geobacter species 

(Islam et al., 2004; Héry et al., 2010; Jia et al., 2014). On the other hand, the typical 

rhizopheric microorganisms, for example, Rhizobiales, Pseudomonadales are 

reported to be involved in the detoxification pathway for As(V) reduction and have 

potential to increase the mobility of arsenic in paddy soils under both aerobic and 

anaerobic condition (Villegas et al., 2011; Jia et al., 2014; Zhang et al., 2015a). In 

addition to arsC genes, microorganisms possess some resistance genes to detoxify 

arsenic; the core genes involved are arsenite transporting ATPase (arsA), arsenical 

pump membrane protein (arsB), transcriptional repressor (arsR), arsenical resistance 

protein (arsH) and arsenite transporter (ACR3) (Rosen et al., 1999; Qin et al., 2006; 

Cai et al., 2009). 

Microorganisms can also transform more toxic As(III) to less toxic As(V) through 

microbial oxidation, which is catalyzed by As(III) oxidases, encoded by aioA and 

aioB genes (Cai et al., 2009; Slyemi & Bonnefoy, 2012). Many heterotrophic and 

chemoautotrophic bacteria have been isolated from the soil which are associated with 

As(III) oxidation (Garcia-Dominguez 2008; Hamamura et al., 2009; Cai et al., 2009; 

Zhang et al., 2015b). Diverse groups of arsenic oxidizing bacteria such as 

Rhizobiales and Burkhoderials (a- Proteobacteria and b-Proteobacteria) are also 
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found in paddy soils, these are mainly rhizospheric microbes and have been shown to 

significantly increase As(III) oxidation to As(V) (Zhang et al., 2015). As(III) 

oxidation is known as a detoxification pathway, as the As(V) is less toxic than 

As(III), which is subsequently adsorbed by Fe/Mn hydroxide in the rhizosphere and 

in rice roots, resulting in decreased mobility and bioavailability of arsenic (Liu et al., 

2006; Inskeep et. al., 2007; Slyemi and Bonnefoy, 2012). Hence, microbial As(III) 

oxidation has a major impact on the mitigation of arsenic from the natural 

environment by decreasing its bioavailability and removing arsenic from the paddy 

soil environment. 

In addition to reduction and oxidation, arsenic methylation also plays an important 

role in the geochemical cycling of arsenic in paddy soils where the iAs undergoes a 

sequential methylation process and produces mono, di and tri-methylated arsenic 

species by various microorganisms (Lomax et. al., 2012; Kuehnelt & Goessler, 2012; 

Zhu et. al., 2014;). Volatile arsenic species such as di and trimethylarsine have also 

been detected in the air above paddy soils (Mestrot et al., 2011), which indicates that 

arsenic methylation can lead to volatilization of arsenic from paddy soils (Cullen, 

2005). Therefore, arsenic methylation is receiving much more attention as As(III) 

methylation and subsequent volatilization is an important pathway for the removal of 

arsenic from soils. Several bacteria, archaea, fungi and animals are able to methylate 

arsenic in paddy soils (Zhu et al., 2014). Arsenic methylation reaction is catalyzed by 

As(III) S-adenosylmethionine methyltransferase (ArsM), encoded by arsM genes 

(Qin et al., 2006; Mestrot et al., 2011). It has been reported that, higher plants are 

unable to methylate iAs due to lack of a methylation gene and methylated species are 

therefore thought to be originated from arsenic methylation in the rhizosphere soil 

(Lomax et al. 2012, Jia et al., 2013; Zhao et al., 2013). Several environmental factors 

such as pH, redox potential, arsenic content in soil, forms of arsenic and and OM 

influences arsenic methylation in soil (Vriens et al., 2014). The rate of methylation 

also affecd by the abundance and diversity of microbes harbouring arsM gene (Jia et 

al., 2013; Zhang et al., 2015a; Afroz et al., 2019).  The anaerobic condition in the 

paddy field enhances the the abundance and activity of arsenic methylation bacteria 

and thus, increase arsenic methylation via arsM gene (Zhang et al., 2015a). This is 

because the arsM gene is redox sensitive and shows increased activity under 

anaerobic condition (Jia et al., 2013).  
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1.9. Molecular methodologies 

By using next generation sequencing techniques, it is now possible to determine the 

abundance and diversity of microbial communities and arsenic related functional 

genes in higher and lower concentration arsenic paddy soils. In this study, we used 

amplicon and metagenome sequencing (Illumina) to investigate microbial 

community composition and abundance of genes related to arsenic metabolism in a 

range of higher and lower level paddy and nonpaddy soils. 

1.9.1. Amplicon sequencing 

Amplicon sequencing is widely used for the study of microbial communities 

(Caporaso et al., 2012; Degnan and Ochman, 2012). It is used to characterize the 

bacterial community in higher level arsenic soils (Jia et al., 2014; Zhang et al., 

2015a; Gu et al., 2017; Yan et al., 2020). The abundance and diversity of the arsM 

gene in paddy soil and paddy soil enrichment culture was also determined by 

amplicon sequencing (Reid et al., 2017; Afroz et al., 2019; Yan et al., 2020). For 

amplicon sequencing, usually a fragment of a target gene is amplified by Polymerase 

chain reaction (PCR) from environmental genomic DNA using specific primers and 

the amplified fragments subsequently sequenced on the Illumina Miseq. One 

limitation of this method is that as it is PCR based, nonspecific amplification or 

preferential amplification during PCR may occur (Hong et al., 2009; Logares et al., 

2013). Amplicon sequencing by itself furthermore does only provide taxonomic 

information on organisms in an environment, but this may not be enough to predict 

biological function, as does not provide information on genes these organisms 

harbour (Langille, 2013), though gene content of closely related sequenced microbial 

genomes can be integrated into the analysis for interpretation of results.  

 

1.9.2. Metagenomic sequencing 

Metagenomics refers to sequencing of the community genomic DNA extracted from 

an environmental sample. These days it is usually conducted with paired end 

Illumina sequencing. As metagenomics sequences all genomes in an environmental 

sample, it has the potential to provide information on the taxonomy as well as the 

metabolic potential of the microbes within an environment (Tomas et al., 2012). This 

method is however much more expensive compared to amplicon sequencing, as 
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sequencing of the whole genome rather than a short gene fragment of each organism 

requires many more reads. In environments with high microbial diversity, due to the 

higher cost of metagenomics, it may hence be more challenging to investigate many 

samples and achieve full coverage of all organisms, this being much more achievable 

with the less expensive amplicon sequencing. Metagenome sequencing also produces 

much larger and much more complex datasets, and the assembly and annotation of 

these requires much more complex computational algorithms, memory and time, 

while data processing for amplicon sequencing is comparatively much less complex. 

Nevertheless, due to the ability to shed light on the gene content and therefore 

metabolic potential, coupled with recent decreases in sequencing costs and advances 

in computational biology, metagenomics is increasingly seen as an important 

advance for the study of microbial communities. Metagenomics has already been 

used to investigate the abundance and diversity of arsenic related functional genes in 

arsenic contaminated paddy soil, sediments (Bertin et al., 2011; Cai et al., 2013; Luo 

et al., 2014; Xiao et al., 2016; Plewniak et al., 2013) and groundwater (Das et al., 

2017), where it has revealed a high level of diversity of arsenic related functional 

genes. This paves the way for the application of metagenomics for the study of 

arsenic dynamics in paddy soils and how they may be manipulated to minimize 

arsenic levels in rice grain. 

 

1.10.  Geomorphological units of Bangladesh 

The concentration of arsenic in Bangladesh paddy soils varies in different 

geomorphological locations. Bangladesh is divided into 3 major geomorphological 

units based on its parent geological formations (Brammer, 1996; Huq and Shoaib, 

2013). These are: hills, terraces and floodplains which occupy12, 8 and 80 percent of 

the total land area, respectively. The hills mainly include the Northern and Eastern 

Hills, terraces include mainly the Madhupur Tract and the Barind Tract, and 

floodplains include piedmont plains (Old Himalayan Piedmont Plain, and Northern 

and Eastern Piedmont Plains), river floodplains (meander floodplains, active 

floodplains, old floodplains, and basins), tidal floodplain, and estuarine floodplain 

(Brammer 1996, Brammer, 2012; Huq and Shoaib, 2013). The terrace soils are of 

Pleistocene age and are therefore known as Pleistocene terraces; while the floodplain 

soils of Bangladesh are of Holocene age and are therefore known as Holocene 
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floodplains. The geomorphological units vary in their parent material and in their 

physical and chemical properties. The Holocene soils are mainly dominated by 

quartz, plagioclase and potassium feldspars, micas (muscovite, biotite, and chlorite), 

and clays (smectite, kaolinite, and illite) (Burgess and Ahmed, 2006). The 

Pleistocene soils are mainly composed of quartz and plagioclase feldspar and have 

less mica and less organic matter than the Holocene sediments (Burgess and Ahmed, 

2006, Ravenscroft et al., 2005). The baseline level of arsenic in Holocene soils and 

sediments are higher compared to Pleistocene soils because of their mineralogical 

composition. The Holocene soils and sediments are less weathered and contained 

highly weatherable minerals while the Pleistocene soils are highly weathered (BGS 

and DPHE, 2001; Ravenscroft, 2001, Ravenscroft et al., 2005).  

The major geomorphological units of Bangladesh are presented in the Figure 1.2  

 

        

Figure 1.2. Major geomorphological units of Bangladesh. The Barind Tract and the 
Madhupur Tract comprises Pleistocene terraces. (Chowdhury, 2016) 
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1.11. Thesis hypothesis and objectives: 

How soil geography/geomorphology/land-use drives arsenic availability and 

transformation is not well understood, with only limited study conducted to date 

(Williams et al., 2011), in particular, an understanding of how soil microbial 

diversity and function influences arsenic biotransformation is lacking at a landscape 

level. In paddy soil, microbes meditate arsenic transformation via arsenic related 

functional genes (arsC, arsM), which catalyze different biotransformation processes 

such as As(V) reduction and As(III) oxidation and methylation, and affect the 

bioavailability of arsenic (Jia et al., 2013, 2014; Zhang et al., 2015a).  

The hypothesis to be tested here is that the As(V) reduction (arsC) and arsM gene 

abundance and diversity is sensitive to soil management and geomorphological 

categorization (Holocene versus Pleistocene).  

This is important, in particular, for optimization of paddy cultivation across the 

dominant geomorphic units of Bangladesh where arsenic in rice is problematic. 

Bangladesh is an ideal environment to conduct such soil biogeographical 

investigations as Holocene and Pleistocene soils interface, proving sharp transitions 

in the same regions, i.e., where other climatic conditions are similar. Similarly, 

paddy and non-paddy soils abut each other, enabling the impact of paddy 

management to also be determined.  

The objectives of the thesis to address the hypothesis were to: 

1. Investigate the effects of soil physiochemical properties on microbial 

community composition and levels of arsenic, arsenic speciation, and other 

elements liberated into soil porewater.  

2. Investigate the effects of rice paddy rhizosphere and soil amendments on 

microbial community composition and soil physiochemical properties 

including levels of arsenic and arsenic speciation in soil porewater. 

3. Investigate how geomorphology (Holocene versus Pleistocene) and soil 

management systems (paddy and non-paddy) of Bangladesh differ with 

respect to soil chemistry, and how these affect microbial diversity and 

abundance of arsenic metabolism related microbial genes, and how these may 

interact with observed differences in levels of arsenic, arsenic speciation, and 

presence of other elements  
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Chapter 2: Inhibition of Microbial Methylation via arsM in the 

Rhizosphere: Arsenic Speciation in the Soil to Plant Continuum  

Afroz, H., Su, S., Carey, M., Meharg, A. A., and Meharg, C. (2019). Inhibition of 

Microbial Methylation via arsM in the Rhizosphere: Arsenic Speciation in the Soil to 

Plant Continuum. Environmental science & technology, 53(7), pp. 3451–3463. 

https://doi.org/10.1021/acs.est.8b07008 

Justification of doing this study with spanish paddy soil 

This study was conducted to optimize the molecular methods related to arsenic 

biotransformation in paddy soil. The methods optimized in this study were further 

used in the following chapters using Bangladesh paddy soils. It was justified to use 

the Spanish paddy to optimize the molecular methods while the thesis was mainly 

focused on Bangladesh soils because Spain is one of the major rice growing areas in 

Europe. The biotransformation process observed in Spanish paddy soil will represent 

the paddy field ecosystem of Bangladesh too. 

 

2.1. Abstract 

The interplay between rice roots and manuring with respect to arsenic speciation, 

subsequent assimilation into roots, and translocation to shoots in paddy soil was 

investigated, alongside bacterial diversity characterization. Planting increased soil Eh 

and decreased soil solution arsenic species: inorganic arsenic, monomethylarsonic 

acid, trimethylarsenic oxide, and dimethylarsinic acid. Presence of plant roots 

increased the copy number of Clostridium and Tumebacillus 16S rRNA as well as 

Streptomyces arsenic methylating gene (arsM), but decreased Acidobacteria_GP1 

16S rRNA and Rhodopseudomonas palustris BisB5 arsM. Sum of arsenic species 

decreased under root influence due to the interplay of inorganic arsenic mobilization 

in bulk soil under anaerobic and immobilization under oxygenated rhizospheric 

conditions. Manuring increased all soil solution arsenic species (>90%), shoot total 

arsenic (60%), copy number of Geobacter 16S rRNA, and R. palustris TIE-1 arsM, 

indicative of a shift towards microbes with iron reduction and oxidation as well as 

arsenic methylation capabilities.  
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2.2. Introduction 

Rice grain is circa 10-fold elevated in inorganic arsenic, a class- one, nonthreshold 

carcinogen, compared to virtually all other arable crops (Meharg et al., 2009). The 

levels of inorganic arsenic in rice grain is such that they are deemed a threat to 

human health and have led to legislation to regulate inorganic arsenic’s 

concentrations in rice products by the European Union at 0.2 mg/kg As in white rice 

(EU, 2015), with the WHO setting advisory levels at this concentration (WHO, 

2014). Young children are considered to be at particular threat, and stricter levels 

have been set at 0.1 mg/ kg of arsenic for rice based baby foods by the European 

Union (EU, 2015) and, at the time of writing, this threshold for rice based baby foods 

is also under consideration in the U.S.A (FDA, 2016). The introduction of food-

standards will challenge the food processing industries to produce rice products 

lower in inorganic arsenic as baby foods currently exceed these standards in circa. 

50% of samples tested in the EU (Signes-Pastor et al., 2016a).  

The reason why rice is problematic with respect to inorganic arsenic is simply due to 

the soil reduced redox conditions that predominate under paddy rice cultivation 

(Meharg and Zhao, 2012). Arsenic, as arsenate, from sources such as the weathering 

of rocks, builds up in iron(III) oxyhydroxide (iron plaque) that coats soil particles 

and sediments under aerobic conditions. Under anoxic conditions insoluble iron(III) 

is reduced to soluble iron(II) and relatively insoluble arsenate (As(V)) to the more 

soluble arsenite (As(III)). It is As(V) and As(III) together that are termed “inorganic 

arsenic”, iAs, as they are readily interchangeable depending on prevailing abiotic and 

biotic conditions. As(V) and As(III) are analogues of the nutrients phosphate and 

silicic acid, respectively (Meharg and Zhao, 2012). Rice has a high demand for both 

phosphate and is a silicic acid accumulator (Meharg and Meharg, 2015). If iAs is 

available to roots, such as under paddy cultivation, then rice will take up high levels 

of iAs, to such an extent that rice shoot to soil arsenic concentrations are on the order 

of 1:1 (Williams et al., 2007), remarkable for a nonessential toxicant.  

iAs species are not the only forms of arsenic found in rice grain. Dimethylarsinic 

acid (DMA) can contribute over 50% of the arsenic concentration in grain, with 

DMA concentrations in rice being highly variable around the globe (Meharg et al., 

2009). DMA is not produced in planta (Lomax et al., 2012) and derives from the 

methylation of iAs, metabolized by soil bacteria that express arsM genes (Qin et al., 



 
 

18 
 

2006), with subsequent assimilation of DMA by roots (Abedin et al., 2002b). 

Although roots are relatively inefficient at assimilating DMA, as compared to 

arsenate or arsenite, DMA is much more efficiently translocated to grain than iAs 

species, primarily as it is not as retarded in its progression through the plants 

vascular system by phytochelatin complexation that iAs species undergo in planta 

(Raab et al., 2007). Under reducing conditions arsM catalyzes a stepwise conversion 

of iAs to monomethylarsonic acid (MMA), DMA, trimethylarsenic oxide (TMAO) 

and finally tetramethylarsonium (TETRA) (Qin et al., 2006). All of these species, 

with the exception of TMAO, can be found in polished rice grain though DMA 

predominates (Hansen et al., 2011).  

The reason why DMA is variable in rice throughout the globe is not known. 

Evidence suggests that soil organic matter (SOM), which is a key driver in soil redox 

has a role with methylated species in soil solution correlating with soluble SOM, and 

methylation increasing with different organic matter (OM) amendments to soil 

(Norton et al., 2013 and Williams et al., 2011). The interplay between the 

rhizosphere and arsenic speciation dynamics also may have a role. Rice aerates its 

roots through aerenchyma leading to their (partial) coating in iron plaque with 

subsequent sequestration of arsenic, as both arsenate and arsenite (Liu et al., 2004; 

Liu et al., 2006; Mei et al., 2012). Bulk soil then acts as a source of labile As(III), 

which is moved due to advective transpiration-driven forces and via molecular 

diffusion along a concentration gradient to the root (Bravin et al., 2008; Jia et al., 

2013; Jia et al., 2014). Microbes expressing arsM genes are highly diverse in soil and 

root rhizosphere, both phylogenetically and ecologically (Jia et al., 2013; Zhao et al., 

2013), which could have a significant role in biogeochemical cycling of arsenic. 

However, it is not known how the rhizosphere and amendments with OM interplays 

with arsenic methylation and subsequent assimilation by the roots, and how this 

varies with soils of differing origin. Planted and unplanted microcosms, with soils 

sampled across one of the main EU rice growing regions, Valencia, Spain, were 

monitored through time to investigate methylation of arsenic to further understand 

the role of the rhizosphere in rice assimilation of arsenic. Here we investigated the 

arsenic speciation in the soil to shoot continuum with concurrent monitoring of soil 

bacterial genomic arsM and 16S rRNA copy number through qPCR. Following this, 

we chose 1 soil to investigate the interaction of planting and manuring, using the 
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same methods plus paired amplicon sequencing (Caporaso et al., 2012; Degnan and 

Ochman., 2012) of arsM and 16S rRNA for in depth phylogenetic analysis of arsenic 

methylating soil microbial communities.  

 
2.3. Materials and Methods  

2.3.1. Experimental Design 

Paddy soils, classified as Entisols, were collected from five different fields across the 

region of Valencia, Spain, as described and characterized by Signes- Pastor et al., 

2016b were used in this study. The location and characteristics of soils are shown in 

Table 2.1. Field moist soils were sieved to <2 mm before the experiment. Rice seed 

(IRGA 425) was the plant cultivar used. Before planting, rice seeds were sterilized 

with H2O2 and then germinated at 25 °C for 5 days. Two different microcosm 

experiments were conducted.  

 
2.3.1.1. Experiment 1 (5 soils, planted/unplanted) 

For the first microcosm experiment field moist soil (for details on soil 1-5, see Table 

2.1) was added to 50 mL centrifuge tubes to an equivalent of 30 g dry weight. Pre-

germinated seedlings were planted into half the microcosms resulting in unplanted 

and planted treatments. In total, 90 microcosms (5 soils, 2 treatments, 9 time points) 

were set up to enable 9 destructive harvests at weekly spacing, with each soil 

represented by one planted and unplanted replicate at each harvest. On planting the 

microcosms had ultrapure water added to maintain a 2 cm layer of standing water 

above the soil surface. Microcosms were then placed into plant growth chambers 

(Fitotron) with day/night temperature 28 °C/25 °C, light period 16 h per day, and 

light intensity 300 μmol m-2 s-1. Rice seedlings were harvested weekly, starting at 2 

weeks. Rice seedlings were taken out of tubes by shaking the tube and carefully 

removing the adhering soils. After repeated rinsing with ultrapure water rice shoot 

and root were separated and stored at −20 °C until subsequent analysis. Once the 

plant was removed the centrifuge tubes were placed in a centrifuge (Sorvall Legend 

RT at 2058 ×g) for 20 min, soil porewater decanted, and both soil and porewater 

immediately frozen and stored at −20 °C until subsequent analyses. Chemical and 

molecular analysis (qPCR) from soil, plant, and pore water samples was conducted 

(described below).  
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2.3.1.2. Experiment 2 (1 soil, full factorial design, planted/unplanted and 
manured/nonmanured) 

For the second microcosm experiment soil-5 (Table 2.1) was incubated with four 

treatment combinations and five replicates of each treatment: nonmanured unplanted 

(NMNP), nonmanured planted (NMP), manured unplanted (MNP), and manured 

planted (MP), for molecular and chemical analysis. Bovine farm Yard Manure 

(FYM) was dried in an oven at 70 °C to a constant weight and ground to fine 

powder. Following this, the total element content of FYM was analyzed by X-ray 

florescence spectrophotometry (XRF). For manure treated microcosms the ground 

and dried FYM was applied to the soil @ 10% dry weight basis, and mixed very well 

before rice seedlings were planted into half of the manured microcosms. Ultrapure 

water was added to maintain flooded condition during the incubation. Microcosms 

were then placed into a plant growth chamber (Fitotron) for 2 weeks using the same 

growth condition as in microcosm experiment 1. After 2 weeks, samples were 

collected as described above for experiment 1. Chemical and molecular analysis 

(qPCR) from soil, plant, and pore water samples was conducted as described below. 

In addition to these, amplicon sequencing of soil DNA to assess the diversity of 

bacterial arsM and 16S rRNA was conducted (described below). The Eh and pH was 

measured in planted and nonplanted microcosms by inserting an Eh/pH meter 

through the soil surface, with the live plant still in place in the planted microcosm, to 

a depth of 2 cm and then waiting for the reading to stabilize before recording that 

reading.  

 
2.3.2. Arsenic Speciation in Soil Pore Water 

Arsenic species in 0.4 μm Millipore membrane filtered soil porewaters (iAs, MMA, 

DMA, TMAO, and TETRA) were determined using a Dionex IC chromatographic 

system interfaced with ICP-MS (ICS-5000 DC, Thermo Scientific) as outlined in 

detail in Signes-Pastor et al., 2016 (a,b), using an arsenic speciation specific IC- 

column, IC-ICP-MS, unlike HPLC−anion exchange−ICP-MS, separates TMAO, and 

we run authentic TMAO samples, and cross validate with cation exchange IC-ICP-

MS (Savage et al., 2017). We have added TMAO to the list of analytes detected in 

soil porewaters. Results were expressed on a per kg soil (μg/kg) and statistical 

analysis performed in Minitab as outlined below.  

Plant Analysis 
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Plant shoot and root material was digested using concentrated nitric acid microwave 

digestion, again following protocols outlined in Signes-Pastor et al., 2016 (a,b) for 

total arsenic (experiment 2) and arsenic species (experiment 1). For arsenic species 

analysis in rice root and shoots authentic standards were run and quantification of all 

species based on a DMA calibration, and a limit of detection for plant and soil 

established at 5 μg/kg. Plant data was expressed on a dry weigh basis (a sub-sample 

of shoot and root were oven dried overnight at 80°C to provide a wet to dry weight 

conversion), and soil solution concentrations expressed on a soil dry weight basis. 

Rice flour certified reference material (NIST 1568b), with certified iAs, MMA and 

DMA, was run with in each batch of 40 samples, along with reagent blanks, as 

QA/QC. Certified reference material was simultaneously digested with rice samples. 

The quality control standards were run after every ten samples. The recoveries of 

arsenic speciation in certified reference materials fall into the scope of 77-104%. 

Statistical analysis was performed in Minitab as outlined below.  

 
2.3.3. DNA Extraction 

Soil DNA was extracted from 0.5 g soil from each microcosm using the 

Powerlyzer® PowersSoil® DNA isolation kit (MOBIO Laboratories, Inc.) 

Beadbeating was conducted for 3×40 seconds at speed 6 (6000 rpm) on the Precellys 

24-Dual (Bertin Technologies, France). DNA integrity, concentration and purity was 

checked on an agarose gel and with Nanodrop ND-1000 UV-Vis spectrophotometer 

(NanoDrop Co., Wilmington, DE).  

 
2.3.4. Quantitative PCR 

Relative bacterial 16S rRNA and arsM copy number were measured on the 

Eppendorf mastercycler (Realplex4, Hamburg, Germany) using PrecisionPLUS 

SYBR green qPCR Master Mix (PrimerDesign, USA). Primer pairs 16S_1369F: 

CGGTGAATACGTTCYCGG; S2 16S_1492R: ACGGCTACCTTGTTACGACTT 

(Jia et al., 2014) and arsMF1:TCYCTCGGCTGCGGCAAYCCVAC; arsMR2: 

CGWCCGCCWGGCTTWAGYACCCG (Jia et al., 2013) were used to amplify 

bacterial 16S rRNA and arsM genes, respectively. Each reaction mixture (20 μl) 

contained 10 μl 2 × PrecisionPLUS SYBR green qPCR Master Mix, 1.0 μl of each 

10μM gene specific primer pair (16S_1369F/16S_1492R and arsMF1/ arsMR2), 2 μl 



 
 

22 
 

DNA template (after 10 times dilution for arsM gene and 100 times dilution for 16S, 

respectively). For the arsM gene, the PCR cycling condition were: 94°C for 1min, 

followed by 35 cycles at 94°C for 30s and at 70.1C for 30s, 72°C for 1min. For 

bacterial 16S rRNA, the PCR cycling condition were: 94°C for 1min, followed by 40 

cycles at 94°C for 30s and at 60°C for 30s, 72°C for 1min.  

Standard curves were generated using gradient dilution of cleaned and concentrated 

PCR products containing bacterial 16S rRNA and arsM genes. PCR products using 

16S rRNA and arsM specific primer pairs (1369F/1492R; arsMF/arsMR) were 

generated, the size of the amplified 16S rRNA (approximately 123 bp) and arsM 

(350bp) PCR products confirmed on 1% agarose gels by electrophoresis, the PCR 

product cleaned and concentrated using Wizard SV Gel and PCR Clean-Up System 

(Promega, USA) and concentration measured with Nanodrop ND-1000 UV-Vis 

spectrophotometer. The cleaned, concentrated and quantified PCR amplicon products 

were 10-fold diluted, with dilutions from 1:103 to 1:108 for 16S rRNA and dilutions 

1:104 to 1:109 for arsM, run in triplicate on the Eppendorf Mastercycler to generate 

a standard curve with R
2 > 0.99 suitable for relative quantification of the copy 

number of each gene in each sample (Lopes et al., 2016). Negative controls were 

included to avoid false-positive results due to cross-contamination, and no false-

positive qPCR signal was observed. Melting curve analysis was performed at the end 

of each qPCR run and specificity of the amplification confirmed.  

 
2.3.5. Amplicon Sequencing and Processing of the Resultant Data 

Following quantification, 20 DNA samples extracted from soil of each microcosm of 

experiment 2 were submitted for 250 bp paired end amplicon sequencing of the 16S 

rRNA (V4 region) and arsM gene on the Miseq. For each, the 16S rRNA and arsM 

gene, 20 barcoded 250bp paired end amplicon libraries were generated and both 

libraries sequenced together on one run on the Illumina Miseq. Amplicon libraries 

for both 16S rRNA and arsM were prepared using a 2 step PCR amplification 

process. For generation of 16S rRNA amplicon libraries, the first round PCR was 

done with target specific primers (shown in bold) that amplify the V4 region of 16S 

rRNA (254bp insert length) as described by Caporaso et al. (2011).  
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16S_F: 5' 

ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNGTGCCAGCMGCCGCGGTAA 3' 

16S_R: 5' 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGGACTACHVGGGTWTCTAAT 3'  

For generation of arsM amplicon libraries, the first round PCR was done with target 

specific primer pairs arsMF1 and arsMR2 (shown in bold), which amplify 350bp of 

the arsM gene (Jia et al., 2013), arsM_F1: 5' 

ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNTCYCTCGGCTGCGGCAAYCCVAC 3' 

arsM_R2: 5' 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCGWCCGCCWGGCTTWAGYACCCG 3'  

For both 16S rRNA and arsM the primers used for the first round PCR to generate 

amplicon libraries also contained a recognition sequence (underlined) as a target for 

the second round of amplification. The second round PCR was performed to 

incorporate a unique barcode for each library as well as Illumina adapter sequences 

for sequencing of samples on the Illumina Sequencing platforms.  

Processing of raw reads was conducted by the Liverpool Genomics sequencing 

centre. This involved removing of the adapters using Cutadapt version1.2.1 (Martin, 

2011), and trimming of the low quality reads by Sickle version 1.200 (Joshi and 

Fass, 2011) using quality score 20 as a threshold. Following download of the data, 

sequence analysis of both 16S rRNA and arsM amplicon libraries involved quality 

control using fastqc (Andrews, 2010), followed by merging of the forward and 

reverse reads with fastq-join (Aronesty, 2011) with successfully merged reads 

required to have a ≥100bp overlap and ≤3% mismatches. The Illumina data of 

bacterial 16S rRNA and arsM genes obtained in this study has been submitted to EBI 

under the accession number ERP108733.  

 
2.3.6. Bioinformatics and Statistical Analysis of the Amplicon Sequencing Data 

Both 16S rRNA and arsM merged sequences were processed using QIIME version 

1.8 (Caporaso et al., 2010a) for generation of absolute and relative OTU count-

tables, taxonomic assignment and alpha and beta diversity analysis. Quality filtering 

of both 16S rRNA and arsM OTUs involved removal of OTUs with lowest 

abundance.  

For the 16S rRNA gene, sequence analysis in QIIME was conducted as follows: 

Sequences were de novo clustered into operational taxonomic units (OTUs) at 97% 
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similarity using UCLUST (Edgar, 2010). Representative sequences for each OTU 

were picked and aligned with Pynast (Caporaso et al., 2010b) using the Greengenes 

(DeSantis et al., 2006) template alignment core_set_aligned.fasta.imputed. Chimeras 

were identified with ChimeraSlayer (Hass et al., 2011) and chimeric sequences 

removed. Taxonomic assignment of each OTU was performed according to 

ribosomal database project taxonomy (RDP) (Wang et al., 2007) followed by 

construction of OTU tables at different taxonomic levels. The alignment of the 

representative sequences was filtered using Greengenes (DeSantis et al., 2006) 

lanemask_in_1s_and_0s rarified at 280,000, followed by generation of rarefaction 

curves, alpha diversity (Chao 1 (Chao, 1984), Shannon (Shanon, 1949), and Simpson 

(Simpson, 1949)), beta-diversity (Euclidean distance metrics), principal coordinate 

analysis (PCoA) and relative abundance data.  

For 16S rRNA, phyla (level 2) and genera (level 6) showing relative abundance >1% 

were identified, followed by statistical analysis in Minitab data below). Statistical 

analysis on the genus level 16S rRNA OTU count tables was performed in R version 

3.2.2 with DESeq2 (Love et al., 2014). For identification of significant OTUs at level 

6, the non-rarified OTU table for was loaded into R version 3.2.2, OTUs with ≤ 5 in 

≥ 3 samples were removed (R version 3.2.2, R package edgeR) and statistical 

analysis performed (R version 3.2.2, R package DESeq2 (Love et al., 2014). DESeq2 

analysis involved normalization and generation of pairwise comparisons followed by 

filtering to obtain significant lists of OTUs from each pairwise comparison (adjusted 

P vale <0.05, absolute log2 foldchange (log2FC) > 1). Identified significant changes 

in copy number were assigned to 4 groups: Group I: OTUs with significant plant 

effect and increased copy number in unplanted soil; Group II: OTUs with significant 

plant effect and increased copy number in planted soil; Group III: OTUs with 

significant manure effect and increased copy number in manured soil; and Group IV: 

OTUs with significant manure effect and increased copy number in nonmanured soil. 

OTUs within each group were visualized via a heatmap (R version 3.2.2, R package 

gplots and heatmap2), variance partition analysis (R version 3.2.2, R package 

varience Partition (Hoffman and Schadt, 2016)), network analysis (Qiime version 1.8 

9Caporaso et al., 2010a), Cytoskape version 3.7 (Shanon et al., 2003)) and for each 

arsM OTU in Group I−IV the most highly correlated Group I−IV genus level 16S 
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rRNA OTU identified (Spearman’s rank correlation, GraphPad Prism version 6.0 for 

MAC OS). 

For the arsM gene, sequences analysis in QIIME was conducted as follows: 

Sequences were de novo clustered into operational taxonomic units (OTUs) at 97% 

similarity using UCLUST (Edgar, R.C 2010). Representative sequences for each 

OTU were picked followed by generation of the OTU table, filtering to remove 

OTUs with ≤ 5 in ≥ 3 samples (edgeR) and annotation via standalone blastx against 

the NCBI nr database using 1e-06 as cutoff for significance. Only OTUs with ≥70% 

sequence identity and query coverage to arsM were retained in the curated OTU 

table, which was imported into QIIME, rarified at 77,000, followed by alpha 

diversity ((Chao 1 (Chao, 1984), Shannon (Shanon, 1949), and Simpson (Simpson, 

1949)), beta diversity (Euclidean distance) and principal coordinate analysis (PCoA). 

For identification of OTUs with significantly different counts per treatment for arsM, 

the non-rarified curated OTU table was subsequently analyzed in R version 3.2.2 

using DESeq2 (Love et al., 2014). For taxonomic annotation representative OTUs 

were also blasted against bacterial genomes downloaded from the GenBank (Benson 

et al., 2013) and arsM related sequences extracted from the FunGene (Fish et al., 

2013) database (blastn, using 1e-06 as cutoff for significance) and the top hit 

recorded. DESeq2 analysis involved normalization and generation of pairwise 

comparisons followed by filtering to obtain significant lists of OTUs from each 

pairwise comparison (adjusted P value < 0.05, absolute log2 foldchange (log2FC) > 

1) and assignment of significant OTUs to 4 copy number patterns. Data was plotted 

in R using gplots and heatmap2 to visualize the DESeq2 results.  

 
Further analysis analysis on Groups I, II, III and IV genus level 16S rRNA and arsM 

OTUs.For each group of OTUs the following analysis was employed: For network 

analysis the make_otu_network.py function (Qiime version 1.8, Caporaso et al., 

2010a), was employed for generation of edge and node tables, which were 

subsequently loaded into Cytoskape version 3.7 (Shanon et al., 2003). for generation 

of networks using edge-weight spring embedded layout. Correlation of 16S rRNA 

and arsM OUT copy number patterns within each group were investigated using 

Spearman’s rank correlation analysis using P < 0.05 as cutoff for significance 

(GraphPad Prism version 6.0 for MAC OS). Following these results were exported, 
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for each Group 1-IV arsM OTU the most highly correlated Group I-IV genus level 

16S rRNA OTU identified and results compiled. 

 
2.3.7. General linear modelling  

Minitab version 16 (Minitab, PA, USA) was used as the statistical platform for the 

analysis of chemical data, qPCR data and relative count data of abundant phyla and 

genera. For plant and soil solution speciation data, qPCR and relative count data of 

abundant phyla and genera (Level 2 and level 6 16S rRNA amplicon data), General 

Linear Modelling (GLM) was performed on ranked data if the non-ranked data was 

not normally distributed. If the ANOVA interaction terms were not found to be 

significant, the interaction term was removed. For Eh and pH measurements the un-

paired t-test was used for identification of significant differences. Results were 

plotted in GraphPad Prism (version 7).  

 

2.4. Results  

2.4.1. Microcosm experiment 1 (5 Soils, planted/unplanted) 

The location and properties of the 5 soils used in experiment 1 are presented in Table 

2.1. Soil of origin was significant for all arsenic species soil solution concentrations 

with the exception of TMAO (P > 0.05), and both arsM and 16S relative copy 

number varied significantly between soils (Figure 2.1 and Table 2.2). The iAs was 

the most variable between soils ranging, on average, 4-fold between soils (0.2− 0.8 

μg/kg). The soil solution concentrations of all arsenic species were significantly 

suppressed in the planted microcosms as compared to unplanted microcosms (Figure 

2.1 and Table 2.2). The As species were dominated by iAs and were suppressed by 

>30% in planted microcosms in all 5 soils (Figure 2.1). Similar levels of suppression 

were observed for DMA and TMAO. The greatest suppression of arsenic species in 

soil solution when comparing unplanted versus planted soil was observed for MMA. 

Furthermore, qPCR showed a significant decrease in relative arsM copy number in 

planted compared to unplanted soils (Figure 2.1 and Table 2.2).  

Considering the interaction terms in the statistical model, for planted/unplanted*soil, 

there was a significant interaction (P < 0.05) for each arsenic species, and for 16S 

rRNA relative copy number (P < 0.05), but not for arsM relative copy number (Table 
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2.2). This showed that the soils are inherently variable in the way they interact with 

planting with respect to arsenic speciation, but that the arsM DNA copy number is 

relatively consistent across soils between the two treatments, i.e., that the treatment 

was the dominant factor in arsM copy number as this was highly significant (P = 

0.002). Treatment × time interaction for iAs and 16S relative copy number were also 

significant (P < 0.05). Soil × time interactions (Table 2.2) were significant for iAs, 

MMA, and DMA, indicating that the individual soil microbiology/ mineralogy varied 

with respect to temporal patterns of arsenic release.  

Plant biomass production progressed in a linear manner throughout the experiment, 

positively correlated with time, with root and shoot biomass being similar in quantity 

(Figure 2.2). iAs concentrations were over an order of magnitude higher in roots 

compared to shoots, with roots initially having 100 mg/kg iAs. The iAs content of 

both root and shoot declined over time, in shoots more so than roots (Figure 2.2). 

Similar magnitudes of differences between roots and shoots were also observed for 

MMA, though at week 1 MMA was quite high in shoot compared to future time 

points. MMA concentrations were ∼2-orders of magnitude lower than iAs 

concentrations, though they were similar to DMA concentrations in magnitude, at 

least toward the end of the experiment. DMA in shoots was initially higher at week 

1, but declined through the experiment, while root concentrations remained 

consistent (Figure 2.2). TMAO concentrations in both root and shoot converged at 

0.01 mg/kg, 3- orders of magnitude lower than iAs in shoots (Figure 2.2). The sum 

of arsenic species in plant tissue (root and shoot) constituted 0.17-1.24% of arsenic 

in the microcosms, from week 1 to week 9, respectively. Given that root biomass is 

intimately associated with soil, plant biomass arsenic is only a small sink relative to 

soil stores. 
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Table 2.1: The location and properties of 5 paddy soils collected from Valencia, Spain 
 

Samples Latitude Longitude pH OM (%) 
Total-As 

(mg/kg) 

Total-Al 

(g/kg) 

Total-Fe 

(g/kg) 

Total-Mn 

(mg/kg) 

Total-P 

(mg/kg) 

Total-Si 

(g/kg) 

Soil1 39 7 24.18 0 15 41.71 7.62 8.16 9.51 ± 0.93 53.63 ± 1.27 20.10 ± 0.56 314.3 ± 4.04 817.7 ± 31.6 149.0 ± 1.00 

Soil2 39 13 17.82 0 16 13.48 7.81 8.59 9.63 ± 0.53 63.27 ± 0.51 24.87 ± 0.12 389.7 ± 7.37 892.0 ± 8.54 154.7 ± 1.53 

Soil3 39 16 0.62 0 19 54.83 7.66 11.54 19.13 ± 1.37 65.50 ± 0.96 28.73 ± 11.11 404.3 ±7.77 1004.3 ± 29.9 152.0 ± 1.00 

Soil4 39 18 09 0 19 30 7.68 12.42 11.17 ± 0.06 67.67 ± 0.45 26.83 ± 0.21 316.3 ± 4.51 764.3 ± 7.02 160.67 ± 0.57 

Soil5* 39 22 30 0 19 52 7.75 7.07 8.74 ± 1.25 43.17 ± 0.81 12.83 ± 0.24 7.57 ± 4.37 1233.3 ± 41.3 142.0 ± 1.73 

FYM - - - - 0.98±0.07 4.286 ± 0.25 2.40 ± 0.12 369.6±3.05 3676.6±249.1 25.97 ± 2.83 

 

*Soil5 was used for microcosm experiment 2 and amplicon sequencing 

 FYM= Farm Yard Manure 
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Figure 2.1. Soil solution arsenic speciation and relative soil arsM and 16S rRNA 
copy number (experiment1, 5 soils, planted and unplanted over 9 weeks). Plant * 
time shows the variation between planted and unplanted. Soil * time shows the 
variation between the soils. The mean and error bars are as calculated in the GLM 
analysis. The associated probabilities are reported in Table 2.2.  
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Figure 2.2. Plant biomass (fresh weight) and concentration of arsenic species in 
roots and shoots over the time course of the experiment (experiment 1). Error bars 
are standard errors of the mean.  
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Table 2.2: General linear modeling of soil analysis (soil solution speciation and 
arsM and 16S copy number) P-values, experiment 1. The associated main effect and 
interaction plots are shown in the main manuscript in Figure 1. Abbreviations for 
interaction terms: p/u*soil= planted/unplanted *soil, p/u*time= planted/unplanted 
*time 
 
Response planted/ 

unplanted 

soil time p/u *  

Soil 

p/u *  

time 

soil *  

time 

iAs <0.001 <0.001 <0.001 0.007 0.027 0.001 

MMA <0.001 <0.001 0.004 <0.001 0.091 0.050 

DMA <0.001 0.007 0.146 0.011 0.118 0.019 

TMAO <0.001 0.016 0.005 0.005 0.300 0.035 

arsM 0.002 0.041 0.695 0.988 0.516 0.273 

16S 0.054 <0.001 0.029 0.003 0.048 0.107 

 

 

 

Table 2.3: General linear modeling of soil analysis in replicated microcosms (soil 
solution speciation and arsM and 16S copy number) P-values. The associated bar 
charts with error bars are shown in Figure 2. Abbreviations for interaction terms: 
p/u*m/nm= planted/unplanted *manured/non-manured 
 
Response planted/ 

unplanted 

manured/ 

nonmanured 

p/u* 

m/nm 

iAs 0.034 <0.001 0.053 

MMA <0.001 <0.001 <0.001 

DMA 0.049 <0.001 0.305 

TMAO 0.011 <0.001 0.738 

arsM 0.001 0.143 0.866 

16S 0.858 0.009 0.209 

arsM/16S 0.002 0.083 0.652 
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2.4.2. Microcosm experiment 2 (1 Soil, planted/unplanted and manured/ 

nonmanured) 

2.4.2.1. Soil Solution Arsenic Species Analysis and qPCR 

Soil solution arsenic species concentrations in microcosm experiment 2 were 

suppressed significantly in planted soil compared to unplanted soil (P > 0.05) (Figure 

2.3, Table 2.3). The arsenic species were dominated by iAs, which decreased in 

planted microcosm and increased in response to manure treatment (Figure 2.3). 

MMA, DMA, and TMAO also decreased in planted microcosm and increased in 

response to manure treatment (Figure 2.3). Planting was shown to significantly 

increase Eh from −28 mV to −14 mV (P < 0.001) and decrease pH from 7.5 to 7.25 

(P < 0.001) (Figure 2.4). As in experiment 1 there was a significant decrease in 

relative arsM copy number in the planted microcosms (P = 0.001), as well as relative 

arsM/16S (P = 0.002), while 16S relative copy number remained unchanged (Figure 

2.3, Table 2.3).  

FYM had significant influence on the soil solution arsenic species concentration and 

16S relative copy number (Figure 2.3, Table 2.3). In manured soil, the highest 

concentration was observed for iAs (0.98 μg/kg, mean of manured planted and 

unplanted) followed by TMAO (0.90 μg/kg, mean of manured planted and 

unplanted) and DMA (0.54 μg/kg, mean of manured planted and unplanted), with 

FYM significantly increasing all As species by 94% or more when compared with 

nonmanured soil. Highest percent increase due to FYM was observed in MMA from 

0.02 (mean of nonmanure planted and nonmanure unplanted) to 0.72 μg/kg (mean of 

manure planted and manure unplanted). Soil arsM relative copy number was not 

significantly increased by FYM (p = 0.143) (Figure 2.3, Table 2.3). FYM 

significantly increased the total arsenic concentration in roots by 54% (from 39.67 

mg/kg to 61.36 mg/kg) and in shoots by 60% (from 0.54 mg/kg to 0.87 mg/kg) 

(Figure 2.5). Non-manured plants contained 0.82% of arsenic in the microcosms, and 

manured 0.54% of this figure; again, as for experiment 1, a small portion of the soil 

store.  

The manure-plant interaction effect was only found to be significant for MMA (P < 

0.001), with manure-planted soil showing a significantly higher concentration of 

MMA compared to manured-unplanted soil (P < 0.05, posthoc multiple comparison 

test, Minitab) (Figure 2.3 and Table 2.3). There was no significant manure-plant 
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interaction observed for iAs, DMA, TMAO, and relative copy number of arsM and 

16S rRNA (P > 0.05), indicating that the treatments individually influenced these 

parameters (Figure 2.3 and Table 2.3).  

 

 

 

 
Figure 2.3. Box plot of soil solution arsenic speciation and relative soil arsM and 
16S rRNA copy number in replicated microcosms (experiment 2). The error bars are 
standard error of means as calculated in the GLM analysis. Paired lines above bars 
show identified significant manure (2 larger lines) and plant effect (2 smaller lines), 
with “*”, “**”, “***” above indicating P < 0.05, P < 0.01, ***P < 0.001, 
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respectively and “+” indicating significant interaction effect of manure and plants 
(GLM, Minitab). The associated probabilities are reported in Table 2.3.  

 

Figure 2.4. Eh and pH of unplanted (NMNP), planted (NMP), unplanted manured 
(MNP) and planted manured (MP) treatments (experiment 2). Error bars are standard 

errors of the mean.  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Figure 2. 5 Total Arsenic concentration (mg/kg) in plant tissue (root & shoot) in 
nonmanured and manured condition (experiment 2). Error bars indicate the standard 
error of the mean. 
 

2.4.2.2. Amplicon sequencing of the arsM and 16S rRNA 

Amplicon sequencing of the arsM and 16S rRNA genes was used to investigate soil 

bacterial community composition and diversity. After paired end joining of reads, a 

total of 6 733 356 sequences for the 16S rRNA gene were retained, ranging from 30 

126 to 369 822 per sample (Table 2.4). Rarefaction curves for alpha diversity 

(diversity within samples) measures (Chao1, Shannon and Simpson) indicated that 

sequencing depth was sufficient to detect the majority of the 16S rRNA sequence 

types in all samples (Figure 2.6A). Significant differences in species richness 

(Chao1) and diversity (Shannon and Simpson) were observed. Manure addition 

significantly increased species diversity (Shannon and Simpson, P < 0.001, Figure 

2.7A) and species richness (Chao1, P < 0.01, Figure 2.7A). Principle coordinate 

(PCoA) plots for overall bacterial community diversity between the samples is 

shown in Figure 2.8A. The principle component 1 and 2 explained 47.9% and 15.5% 

of the total variation, respectively (Figure 2.8A) with samples amended with FYM 

clearly separated from those without FYM and with a less defined level of separation 

also observed between the unplanted and planted treatments (Figure 2.8A).  

With respect to 16S rRNA analysis in all treatments, Proteobacteria, Acidobacteria, 

Actinobacteria, Planctomycetes, Chloroflexi, Firmicutes, and Bacteriodetes were the 

dominant phyla constituting >95% of total bacterial community and showing relative 

abundance >1% in at least 1 sample (Figure 2.9A). Among these phyla, 

Proteobacteria was the most abundant phylum in all treatments. Application of 

manure significantly increased (GLM, P < 0.05, Table 2.5 and Figure 2.9A) the 

relative abundance of Proteobacteria, Bacteroides, and Firmicutes in both planted 

and unplanted nonmanured treatments, while the Acidobacteria and Chloroflexi 

significantly decreased (GLM, P < 0.05, Table 2.5 and Figure 2.9A). At genus level, 

there were 17 dominant genera accounting for >1% in relative abundance this 

including OTUs significantly increased in manured (Flavisolibacter, Sphaerobacter, 

Singulisphaera, Geobacter, Desulfocapsa) and in planted (Nocardiodes, 

Singulisphaera, Clostridium) soil as well as OTUs significantly increased in 

nonmanured (Caldilinea, Gemmatimona, Defluviicoccus, Thiobacillus, 

Syntrophobacter, Steroidobacter) and unplanted (Caldilinea, Gemmatimona, 



 
 

36 
 

Thiobacillus, Syntrophobacter, Steriodibacter) soil (Table 2.6 and Figure 2.9B). 

However, with respect to abundant genera, only for Clostridium, Geobacter, and 

Desulfocapsa were the fold changes shown to be large enough for these to be 

deemed as significant changes in copy number in response to manure treatment, 

and/or for planting during DESeq2 analysis, as the significance threshold for Deseq2 

was FDR < 0.05 and log2FC > 1 (Table 2.7, Figure 2.10, Table 2.6).  

For all genus level 16S rRNA OTUs with at least 5 counts in at least 3 samples, the 

unique and overlapping DESeq2 results for pairwise comparisons are illustrated in 

the Venn diagram (Figure 2.11A). Manure effects (130 in total, Group III and Group 

IV, Figure 2.10A) showed 115 significant OTUs in planted, 83 significant OTUs in 

unplanted, with 68 overlapping OTUs. Compared to this, plant effects (42 in total) 

showed 1 significant OTU in nonmanured soil and 41 in manured soil with 1 

overlapping OTU. With respect to the 42 significant genus level 16S rRNA OTUs 

identified for plant effect, 35 of these also showed a significant manure effect (Figure 

2.11A). Hence, only 7 genera level 16S rRNA OTUs responded solely to planting 

(Group I and Group II, Figure 2.11A). DESeq2 analysis of genus level 16S rRNA 

OTUs, furthermore, showed that the manure treatment resulted in significant >2-fold 

increase (FDR < 0.05) in copy number of 117 OTUs of specific genera within the 

phylum Acidobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria, Firmicutes, 

Proteobacteria, and Verrumicrobia (Group III in Figure 2.10A and Table 2.7); and 2-

fold decrease (FDR < 0.05) in 14 OTUs of another set of genera within the Phylum 

Acidobacteria, Bacteroidetes, Cyanobacteria, Firmicutes, Proteobacteria (Group IV 

in Figure 2.10A and Table 2.7). Of these only Desulfocapsa and Geobacter from 

Group III were also within the list of most abundant (>1%) genera (Tables 2.6 and 

2.7). Planting resulted in significant >2-fold increase (FDR < 0.05) in copy number 

of 3 OTUs of genera (Tumebacillus, Clostridium, Desulfotomaculum) within the 

phylum Firmicutes (Group II in Figure 2.10A and Table 2.7); and a decrease in 4 

OTUs of genera (Acidobacteria_GP1, Dehalogenimonas, Cryptomonadaceae, and 

Alterococcus) within the phylum Acidobacteria, Chloroflexi, Cyanobacteria, 

Verrumicrobia (Group 1 in Figure 2.10A and Table 2.7). Of all these, only 

Clostridium (Group II) was also within the list of most abundant (>1%) genera 

(Table 2.7 and 2.6). Hence 16S rRNA copy number changes of less abundant genera 
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appear to contribute significantly to the overall effect of manure treatment and 

planting in this study.  

The diversity of the arsM gene was also assessed using amplicon sequencing and 

after paired end joining of reads, a total of 5 690,027 sequences for the arsM rRNA 

gene were retained, ranging from 210,483 to 609,670 per sample and a median of 

274,036 (Table 2.4). Rarefaction curves for alpha diversity (diversity within samples) 

measures (Chao1, Shannon, and Simpson) indicated that sequencing depth was 

sufficient to detect the majority of the sequence types in all samples (Figure 2.6B). 

Both FYM and planting significantly decreased the arsM diversity (Shannon and 

Simpson) (Figure 2.7B). A significant manure × plant interaction effect was observed 

for arsM species richness (Chao1) indicating that planting decreased the overall 

number of arsM OTUs, in particular in nonmanured soil (Figure 2.7B). PCoA plots 

of the overall diversity of arsM in different treatments (Figure 2.8B), shows a clear 

separation due to manuring and planting, very similar to that observed for 16S rRNA 

diversity. Annotation (blastn against bacterial genomes) of the 2680 representative 

arsM OTUs that were retained in the filtered OTU table, returned matches for 2104 

OTUs against 97 different bacterial genera. Most arsM OTUs showed highest 

sequence similarity to the genus Rhodopseudomonas (25%), followed by Roseiarcus 

(6%), Gemmatirosa (5%), Streptomyces (4%), Thiobacillus (3%), and Rhodoplanes 

(2%); with the rest of the genera matching less that 2% of these OTUs (Table 2.8). 

The most numerous were matches of arsM OTUs to genomes of the species 

Rhodopseudomonas palustris (638 OTUs) with best matches obtained to 9 different 

strains within this species: TIE- 1 (212 OTUs), BisB5 (180 OTUs), YSC3 (94 

OTUs), XCP (69 OTUs), HaA2 (41 OTUs), CGA009 (19 OTUs), DX-1 (8 OTUs), 

BAL398, (6 OTUs), R1 (9 OTUs). With regard to the genus Rhodopseudomonas, 

there were also 33 OTUs with best matches to R. pentothenatexigens strain JA575. 

Of the 165 arsM OTUs with best match against Roseiarcus ferementans, 124 

returned R. palustris TIE-1 as second-best match (blastn against bacterial genomes) 

and 120 as best match when using blastn against the fungene_ arsM database (Fish et 

al., 2013).  

For all significant arsM OTUs, the unique and overlapping DESeq2 results for 

pairwise comparisons are illustrated in the Venn diagram (Figure 2.11B). Manure 

effects (318 in total) showed 258 significant OTUs in planted soil and 222 significant 
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OTUs in unplanted soil, with 162 overlapping OTUs. Compared to this, plant effects 

(73 in total) showed 46 significant OTUs in nonmanured soil and 34 in manured soil 

with 7 overlapping OTUs. With respect to the 73 significant OTUs identified for the 

plant effect, 12 of these also showed a significant manure effect (Figure 2.11B).  

Corresponding arsM and genus level 16S rRNA OTUs for 4 identified significant 

copy number patterns were identified. These are visualized in a heatmap in Figure 

2.11A (genus level 16S rRNA) and Figure 2.11B (arsM OTUs). For arsM OTUs 29 

were assigned to Group I, 32 to Group II, 256 to Group III, and 57 to Group IV. For 

genus level 16S rRNA, OTUs belonging to Group I, II, III, and IV are summarized in 

Table 2.7. While overall species richness (number) of arsM OTUs was decreased in 

response to planting and manuring, the largest number of arsM OTUs with 

significantly changed copy number were observed in Group III (Figure 2.11B). With 

respect to annotation of significant arsM OTUs, blastn against bacterial genomes 

showed the following: Most Group 1 arsM OTUs showed closest sequence similarity 

to R. palustris BisB5 (41%) followed by R. palustris YSC3 (10%); Group 2 arsM 

OTUs showed closest sequence similarity to Streptomyces aurantiacus (12%) 

followed by R. palustris TIE-1 (9%); Group 3 arsM OTUs showed closest sequence 

similarity to R. palustris TIE-1 (29%) and Roseiarcus fermentans (46%) (88% of the 

latter returned as second-best genome match also R. palustris TIE-1), followed by 

Thioalbus denitrificans (3%); and Group 4 arsM OTUs showed closest sequence 

similarity to R. palustris TIE-1 (16%) and Gemmatirosa kalamazoonesis (11%) 

followed by R. palustris BisB5 (7%). Hence with respect to predominant arsM copy 

number changes, manuring resulted mainly in increase of R. fermentans (blast 

against the fungene-arsM database (Fish et al., 2013) returns for 85% of these R. 

palustris TIE-1, while planting resulted in decrease of R. palustris BisB5 and 

increase in S. aurantiacus annotated OTUs. For further details, see Table 2.8  
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Table 2.4: Illumina Miseq read quantification per sample for bacterial 16S and arsM 
gene. “NMNP” represents nonmanured unplanted soil, “NMP” represents manured 
planted soil, “MNP” represents manured unplanted soil and “MP” represents 
manured planted soil 
 

Treatment 

Bacterial 16S rRNA arsM gene 

Total paired end 
joined reads 
after trimming 

Average Join 
length 

Total paired end 
joined reads 
trimming 

Average 
Join length 

NMNP-1 340,358 200.3 
283,495 

175.9 

NMNP-2 338107 200.3 258,301 172.5 

NMNP-3 315,268 200.1 210,483 171.9 

NMNP-4 358,223 200.0 257,555 170.5 

NMNP-5 352,559 200.1 219,505 172.1 

NMP-1 309,444 199.7 296,415 180.8 

NMP-2 328,183 200.0 325,698 180.8 

NMP-3 299,971 199.8 293,762 180.3 

NMP-4 313,160 199.9 293,947 179.1 

NMP-5 347,011 199.7 302,070 179.4 

MNP-1 303,608 199.7 244,487 177.0 

MNP-2 347,630 199.8 261,993 176.8 

MNP-3 304,655 200.1 259,129 171.5 

MNP-4 333,408 200.1 246,531 175.9 

MNP-5 319,775 199.4 217,273 171.2 

MP-1 313,767 199.6 254,345 178.3 

MP-2 332,665 199.9 609,670 177.4 

MP-3 322,785 198.7 274,036 176.2 

MP-4 333,250 200.0 274,431 177.7 

MP-5 292,052 200.1 306,901 179.4 
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Figure 2.6. Rarefaction curves of alpha diversity matrices (experiment 2) in different 
treatment combination. (A) 16S rRNA and (B) arsM gene OTUs. “NMNP” 
represents non-manured unplanted soil, “NMP” represents non-manured planted soil, 
“MNP” represents manured unplanted soil and “MP” represents manured planted 

soil.   

 



 
 

41 
 

 
Figure 2.7. Alpha diversity measures of community diversity in different treatment 

combination (experiment 2). (A) 16S rRNA and (B) arsM gene OTUs. Error bars 

represent standard errors of mean. Paired lines above bars show identified significant 

manure (2 larger lines) and plant effect (2 smaller lines), with ‘*’, ‘**’, ‘***’ above 

indicating p<0.05, p<0.01, ***p<0.001, respectively and ‘+’ indicating significant 

interaction effect of manure and plants (GLM, Minitab).  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Figure 2.8. Principle Coordinate Analysis (PCoA) for bacterial community 
Composition based on Euclidean distance (experiment 2) in the unplanted and 
planted soil with or without soil amendments. (A) Bacterial 16S and (B) arsM gene 
OTUs. “NMNP” represents non- manured unplanted soil, “NMP” represents non-
manured planted soil, “MNP” represents manured unplanted soil and “MP” 
represents manured planted soil.   
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Figure 2.9. Relative abundance (%) of major taxa (>1% in at least one sample) in 
each different treatment (experiment 2). (A) Phylum level. (B) Genus level. Others 
indicates the taxa which are <1% in relative abundance in any of the samples. 
“NMNP” represents non- manured unplanted soil, “NMP” represents non-manured 
planted soil, “MNP” represents manured unplanted soil and “MP” represents 

manured planted soil.  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Table 2.5: General linear modeling of relative abundance of bacterial 16s rRNA at 
phylum level P-values, experiment 2. The associated relative abundance plots are 
shown in Figure 2.9A. Abbreviation for interaction term: p/u*m/nm= 
planted/unplanted *manured/nonmanured. 
 
Bacterial phyla planted/ 

unplanted 
manured/ 
non-manured 

p/up* 
m/nm 

Acidobacteria <0.248 <0.001 0.358 
Actinobacteria <0.001 <0.249 0.604 

Bacteroidetes 0.532 <0.001 0.304 

Chloroflexi <0.001 0.008 0.317 

Firmicutes 0.002 <0.001 0.010 

Planctomeycetes 0.027 0.005 0.676 

Proteobacteria 0.002 0.024 0.300 

Verrumicrobia 0.259 0.001 0.781 

 

 

Table 2.6: General linear modeling of abundant genera in soil. P-values, experiment 
2. The associated relative abundance plots are shown in Figure 2.9B. Last 2 columns 
show if results were also significant in the relevant pairwise comparison using 
DESeq2 analysis. Abbreviations for interaction terms: p/u*m/nm= planted/unplanted 
*manured/non-manured 
 

Genus planted/ 
unplanted 

manured/ 
nonmanured 

p/up* 
m/nm 

DESeq2  
FDR<0.05  

DESeq2 
Log2FC >1  

Agromyces 0.716 0.155 0.974 no no 

Mycobacterium 0.705 0.011 0.739 yes no 

Marmoricola 0.436 0.050 0.545 no no 

Nocardioides 0.004 0.412 0.687 yes no 
Flavisolibacter 0.372 <0.001 0.162 yes no 

Caldilinea <0.001 0.002 0.466 yes no 

Sphaerobacter 0.107 0.014 0.126 no no 

Clostridium 0.004 0.145 0.043 yes yes 

Gemmatimonas 0.001 <0.001 0.606 yes no 

Pirellula 0.394 <0.001 <0.001 yes no 

Singulisphaera <0.001 0.013 0.261 yes no 

Defluviicoccus 0.099 <0.001 0.659 yes no 
Thiobacillus 0.026 <0.001 0.521 yes no 
Geobacter 0.172 <0.001 0.279 yes yes 

Desulfocapsa 0.364 0.012 0.220 yes yes 

Syntrophobacter <0.001 0.020 0.439 yes no 

Steroidobacter <0.001 <0.001 0.001 yes no 
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Table 2.7: Corresponding Differential Copy Number Patterns (See Heatmap Figure 
2.10 A, B) Identified for 16S rRNA OTUs and Gene OTUs in Planted versus 

Unplanted and Manured versus Non-Manured Pairwise Comparisonsa  
 

Group  
Bacterial 16S rRNA OTUs  

Phylum level Genus level 

I Acidobacteria Acidobacteria_GP1 sp.** 

 

Chloroflexi Dehalogenimonas sp. 

Cyanobacteria Cryptomonadaceae sp. 

Verrumicrobia Alterococcus 

II Firmicutes Tumebacillus*, Clostridium**32, Desulfotomaculum 

III Acidobacteria Geothrix 

 

Actinobacteria Aeromirobium, Georgenia, Thermobifida, Patulibacter, Cellulomonadaceae sp. 

Bacteroidetes 
Paludibacter, Flavobacterim, Muricauda, Chitonophaga, Parasegetibacter, 

Algoriphagus, Dyadobacter 

Cyanobacteria Cyanobacteria_GpIV sp. Bacillariophyta sp. 

Firmicutes 

Geobacillus, Ammoniphilus, Brevibacillus, Cohnella, Paenibacillus, 

Thermobacillus, Paenisporosarcina, Sporosarcina, Planifilum, 

Thermoactinomyces, Dehalobacter, Thermoflavimicrobium, Oxobacter, 

Alkalibacter, Desulfitobacterium, Papillibacter, Halocella, Lutispora, 

Anoxybacillus, Ocenobacillus, Ureibacillus, Desmospora, Garciella, 

Parasporobacterium, Desulfosporosinus, Sporobacter, Dethibacter, 

Tepianaerobacter 

Proteobacteria 

Aquabacterium, Cellvibrio, Thermomonas, Brevundimonas, Beijerinckia, 

Bosea, Devosia*, Kaistia, Rhizobium, Xanthobacter, Paracoccus, Azospirillum, 

Magnetospirillum, Rickettsia, Novosphingobium, Sphingobium, Sphingopyxis, 

Sphingosinicella, Achromobacter, Ralstonia, Hydrogenophaga, Herbaspirillum, 

Herminiimonas, Methylophilus, Methylovorus, Aquaspirillum, Azoarcus, 

Shinella, Desulfocapsa, Geobacter, Rheinheimera, Halomonas, Pseudomonas33, 

Pseudoxanthomonas 

 Verrumicrobia Luteolibacter**, Verrucomicrobiaceae sp., Optutaceae sp 

IV Acidobacteria Acidobacteria_Gp25**, Gp22, Gp11, Gp5 sp. 

 

Bacteroidetes Bacteroides, Terrimonas*, Prevotellaceae sp. 

Firmicutes Tepidibacter 

Cyanobacteria Cyanobacteria_GpXI sp., Streptophyta sp. 

Proteobacteria Phaselicystis, Methylosarcina, Elioraea sp., Sinobacteraceae sp. 

aGroup-I = significant increase in unplanted soil, Group-II = significant increase in planted soil, 
Group-III = significant increase in manured soil, Group-IV = significant increase in non-manured soil. 
Underlined = 16S rRNA OTU copy number pattern correlates with arsM OTU copy number pattern, 
**highest, *second highest (if applicable) correlation to arsM OTU copy number patterns (Spearman's 
Rank Correlation). In bold >1% abundant 16S rRNA genera, increase = increase in copy number.  
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Table 2. 8: Annotation of representative arsM OTUs via Blastn against bacterial 
genomes using 1e-06 as cutoff for significance. The table shows the percentage of all 
sequences in each group with best match against each genome: 1) all 2680 arsM 
OTUs in the final filtered OTU table, 2) the 347 arsM OTU’s with identified 
significant changes in copy number, G1= 29 OTUs increased in unplanted soil, G2= 
32 OTUs increased in planted soil, G3= 256 OTUs increased in manured soil, G4= 
57 OTUs significant increase in non-manured soil.  
 

blastn, genomes, top hit 
All 

arsM  

Sig. 

arsM   
G1 G2 G3 G4 

Rhodopseudomonas palustris TIE-1 7.9 23.3 3.4 9.4 28.9 15.8 

Rhodopseudomonas palustris BisB5 6.7 5.6 41.4 0.0 2.0 7.0 

Roseiarcus fermentans strain DSM 24875*  6.2 31.8 0.0 3.1 45.7 1.8 

Gemmatirosa kalamazoonesis strain KBS708 5.0 2.4 3.4 3.1 0.4 10.5 

Rhodopseudomonas palustris strain YSC3 3.5 1.6 10.3 0.0 0.4 3.5 

Streptomyces zinciresistens K42 3.3 1.1 0.0 3.1 0.8 1.8 

Thiobacillus denitrificans DSM 12475 3.2 0.5 0.0 0.0 0.4 1.8 

Rhodopseudomonas palustris strain XCP 2.6 1.6 3.4 0.0 1.6 1.8 

Blastopirellula marina DSM 3645 1.6 0.8 0.0 6.3 0.4 0.0 

Rhodoplanes roseus strain DSM 5909 1.6 1.6 0.0 0.0 1.6 3.5 

Rhodopseudomonas palustris HaA2 1.5 1.6 0.0 0.0 1.2 5.3 

Rhodopseudomonas pentothenatexigens  1.2 1.1 0.0 3.1 0.0 5.3 

Thioalbus denitrificans strain DSM 26407 1.1 1.9 0.0 0.0 2.7 0.0 

Intrasporangium chromatireducens Q5-1 1.0 0.5 0.0 3.1 0.4 0.0 

Rhodomicrobium udaipurense JA643 0.9 0.8 0.0 0.0 1.2 0.0 

Rhodoplanes elegans strain DSM 11907 0.8 0.8 3.4 0.0 0.0 3.5 

Streptomyces aurantiacus JA 4570  0.7 1.6 6.9 12.5 0.0 0.0 

Rhodopseudomonas palustris CGA009 0.7 0.8 0.0 3.1 0.8 0.0 

Nocardioides sp. JS614 0.7 0.5 0.0 0.0 0.0 3.5 

Acidobacteriaceae bacterium SbA1 0.6 0.5 0.0 0.0 0.4 1.8 

Stackebrandtia nassauensis DSM 44728 0.4 0.5 0.0 0.0 0.0 3.5 

Halobacterium sp. DL1 0.4 0.5 0.0 0.0 0.4 1.8 

Streptomyces sp. Root1310 0.4 0.5 0.0 0.0 0.4 1.8 

Methanoculleus taiwanensis strain CYW4 0.4 0.5 0.0 0.0 0.0 3.5 

Rhodopseudomonas palustris DX-1 0.3 0.5 0.0 3.1 0.4 0.0 

Thiocapsa sp. KS1 0.3 0.5 6.9 0.0 0.0 0.0 

Planctomyces sp. SH-PL62 0.2 0.5 0.0 6.3 0.0 0.0 

Microlunatus phosphovorus NM-1 0.2 0.5 6.9 0.0 0.0 0.0 

Telmatospirillum siberiense strain 26-4b1 0.1 0.5 0.0 6.3 0.0 0.0 

matches to other genomes 25.0 7.5 10.3 21.9 3.5 15.8 

no genome match 21.5 7.2 3.4 15.6 6.6 7.0 

 

 



 
 

47 
 

 

 

Figure 2.10. Unique and overlapped significant OTUs in each pairwise comparison 
(experiment 2). (A) bacterial 16S rRNA at genus level and (B) arsM gene OTUs. 
“NMNP” represents non-manured unplanted soil, “NMP” represents non-manured 
planted soil, “MNP” represents manured unplanted soil and “MP” represents 

manured planted soil.  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Figure 2.11. Heatmap showing normalized counts of OTUs with significant 
differences in copy number (p < 0.05 and absolute log2FC > 1, experiment 2). (A) 
level 6 16S rRNA; (B) arsM gene OTUs. Darker blue indicates greater normalized 
count. Group-I = significantly higher copy number in unplanted soil, Group-II = 
significantly higher copy number in planted soil, Group-III = significantly higher 
copy number in manured soil, Group-IV = significantly higher copy number in 
nonmanured soil. A: Acidobacteria, Ac: Actinobacteria, B: Bacteroidetes, Ch: 
Chloroflexi, Cy: Cyanobacteria, F: Firmicutes, P: Proteobacteria, and V: 
Verrumicrobia 
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2.4.2.3. Variance partitioning analysis 

Variance partition analysis for Group I and II 16S rRNA OTUs verified that 60% of 

the variation in Acidobacteria_GP1 copy number was due to planting, while for the 

other 6 OTUs in Group I and II this was around 20-35% (Figure 2.12). For Group I 

and II arsM OTUs, this analysis verified that 45% of the variation in copy number 

was due to planting (Figure 2.13). Variance partition analysis for Group III and IV 

16S rRNA OTUs showed that 28% and for Group III and IV arsM OTUs that 25% of 

the variation in copy number was due the manure effect (Figures 2.14 and 2.15).  

With regard to significant correlation (Spearman’s rank correlation, P < 0.05) of 

copy number patterns between genus level 16S rRNA and arsM OTUs the following 

results were obtained. Of the 29 arsM OTUs in Group I, 100% correlated with at 

least 1 Group I genus level 16S rRNA OTU. Of these 97% correlated most strongly 

with Acidobacteria_GP1 and 3% with Dehaligenimonas (Table 2.9). Of the 32 arsM 

OTUs in Group II, 65% correlated with at least 1 Group II genus level 16S rRNA 

OTU. Of these 34% correlated most strongly with Clostridium and 31% with 

Tumebacillus (Table 2.10). All Group III arsM OTUs correlated highly significantly 

with multiple Group III genus level 16S rRNA OTUs. Of these, highest number of 

arsM OTUs (9%) correlated most significantly with Luteolibacter (phylum 

Verrucomicrobia), followed by Devosia (7%), and Herbaspirillum (6%) (phylum 

Proteobacteria). The rest of the Group III arsM OTUs correlated most significantly to 

a highly diverse range of genus level 16S rRNA OTUs (Table 2.11) within the phyla 

Proteobacteria (25 genera), Firmicutes (21 genera, this including Pseudomonas), 

Bacter oidetes (5 genera), Acidobacteria (Geothrix), and Actinobacteria 

(Thermobifida). All Group IV arsM OTUs correlated with at least one Group IV 

genus level 16S rRNA OTU. Of these 23% correlated most significantly with 

Acidobacteria_Gp25, 14% with Terrimonas, 12% with Acidobacteria_GP22, 11% 

with Streptophyta and 11% with Tepidibacter (Table 2.12). These results are also 

summarized in Table 2.7.  

 



 
 

50 
 

  

Figure 2.12. Variance partition analysis plot for genus level 16S rRNA OTUs with 
significant differences in copy number in response to planting (Figure 2.10A, 
heatmap, Group I and II). A: Violin plot, showing the median and variance of the 
contribution of manure treatment and planting across all OTUs, B: Corresponding 
bar chart for each OTU.  
 

 

Figure 2. 13. Variance partition analysis plot for arsM OTUs with significant 
differences in abundance in response to planting (see Figure 2.10B, heatmap, Group I 
and II) shows that around 45% of the variation for these OTUs is due to planting. A: 
Violin plot, showing the median and variance of the contribution of manure 
treatment and planting across all OTUs, B: Corresponding bar chart for each OTU. 
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Figure 2.14. Variance partition analysis plot for genus level 16S rRNA OTUs with 
significant differences in abundance in response to manure treatment (Figure 2.10A, 
heatmap, Group III and IV) shows that >25% of the variation of these OTUs is due to 
manure treatment. A: Violin plot, showing the median and variance of the 
contribution of manure treatment and planting across all OTUs, B: Corresponding 
bar chart for each OTU.  
 

 

Figure 2.15. Variance partition analysis plot for arsM OTUs with significant 
differences in abundance in response to manure treatment (see Figure 2.10B, 
heatmap, Group III and IV) shows that ~25% of the variation for these OTUs is due 
to manure treatment A: Violin plot, showing the median and variance of the 
contribution of manure treatment and planting across all OTUs, B: Corresponding 
bar chart for each OTU 
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Table 2. 9: Spearman rank correlation of arsM OTU and genus level 16S rRNA 
OTU copy number within Group I (significant plant effect, increased copy number in 
unplanted soil). Percentage of arsM OTU’s that correlate most significantly (P<0.05) 

with each genus level 16S OTU.   
 

Genus level 16S OTU’s  

(Phylum_Genus) 
% of arsM OTU 

Acidobacteria_Acidobacteria-Gp1 96.6 

Chloroflexi_Dehalogenimonas 3.4  3.4 

Cyanobacteria_Cryptomonadaceae         0 

Verrucomicrobia_Alterococcus         0 

None         0 

  

 

Table 2. 10: Spearman rank correlation of arsM OTU and genus level 16S rRNA 
OTU copy number within Group II (significant plant effect, increased copy number 
in planted soil). Percentage of arsM OTU’s that correlate most significantly (P<0.05) 
with each genus level 16S OTU.   

 

Genus level 16S OTU’s  

(Phylum_Genus) 
% of arsM OTU 

Firmicutes_Clostridium 34.4 

Firmicutes_Tumebacillus  31.2 

Firmicutes_Desulfotomaculum        0 

None       34.4 
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Table 2. 11: Spearman rank correlation of arsM OTU and genus level 16S rRNA 
OTU copy number within Group III (significant manure effect, increased copy 
number in manured soil): Percentage of arsM OTU’s that correlate most significantly 
(P<0.05) with each genus level 16S OTU, (values below 1% are omitted). 

 

Genus level 16S OTU's 

(Phylum_Genus)  
% of arsM OTU's 

Verrucomicrobia_Luteolibacter 8.7 

Proteobacteria_Devosia 6.7 

Proteobacteria_Herbaspirillum 6.3 

Firmicutes_Tepidanaerobacter 4.0 

Firmicutes_Thermobacillus 4.0 

Firmicutes_Halocella 4.0 

Proteobacteria_Thermomonas 4.0 

Firmicutes_Thermoflavimicrobium 3.6 

Bacteroidetes_Paludibacter 3.2 

Firmicutes_Papillibacter 3.2 

Bacteroidetes_Parasegetibacter 2.8 

Actinobacteria_Thermobifida 2.8 

Firmicutes_Thermoactinomyces 2.8 

Bacteroidetes_Flavobacterium 2.4 

Proteobacteria_Desulfocapsa 2.0 

Proteobacteria_Bosea 2.0 

Firmicutes_Sporobacter 2.0 

Firmicutes_Ureibacillus 2.0 

Proteobacteria_Shinella 2.0 

Firmicutes_Geobacillus 2.0 

Proteobacteria_Beijerinckia 2.0 

Firmicutes_Symbiobacterium 1.6 

Firmicutes_Planifilum 1.6 

Firmicutes_Desmospora 1.6 

Firmicutes_Desulfitobacterium 1.6 

Proteobacteria_Novosphingobium 1.6 

Proteobacteria_Magnetospirillum 1.2 

Proteobacteria_Hydrogenophaga 1.2 

Bacteroidetes_Algoriphagus 1.2 

Firmicutes_Dehalobacter 1.2 

Proteobacteria_Rheinheimera 1.2 

None 0.0 
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Table 2.12: Spearman rank correlation of arsM OTU and genus level 16S rRNA 
OTU copy number within Group IV (significant manure effect, increased copy 
number in non-manured soil): Percentage of arsM OTU’s that correlate most 
significantly (P<0.05) with each genus level 16S OTU 
 

Genus level 16S OTU's 

(Phylum_Genus)  
% of arsM OTU's 

Acidobacteria_Acidobacteria_Gp25  23.2 

Bacteroidetes_Terrimonas  14.3 

Acidobacteria_Acidobacteria_Gp22  12.5 

Cyanobacteria_Streptophyta  10.7 

Firmicutes_Tepidibacter  10.7 

Proteobacteria_Elioraea  7.1 

Proteobacteria_Sinobacteraceae  7.1 

Aciobacteria_Acidobacteria_Gp11  3.6 

Acidobacteria_Acidobacteria_Gp5   1.8 

Proteobacteria_Methylosarcina 3.6 

Proteobacteria_Phaselicystis  3.6 

Cyanobacteria_Cyanobacteria_XI 1.8 

Bacteroidetes_Bacteroides 0.0 

Bacteroidetes_Prevotellaceae 0.0 

None 0.0 

 

 

2.4.2.4. Network analysis 

Network analysis plots for genus level 16S rRNA OTUs that responded to planting 

(Group I and II) are shown in Figure 2.16A-G. The network for Acidobacteria_GP1 

(Figure 2.16A) shows the strongest connection to all unplanted samples (Group I), 

due to higher copy number in unplanted soil and was also most highly correlated to 

Group I arsM OTUs (Table 2.9). In a similar manner Tumebacillus and Clostridium 

(Figure 2.16E, F), show the strongest connections to all planted samples (Group II), 

due to higher copy number in planted soil and these were also most highly correlated 

to Group II arsM OTUs (Table 2.10). Network analysis plots for genus level 16S 

rRNA OTUs that responded to manuring are shown in Figure 2.17. Individual 

networks are shown for those Group IV genus level 16S rRNA OTUs (Figure 2.17A-

E) that showed highest levels of correlation with Group IV arsM OTUs (Table 2.12), 

with Acidobacteria_GP25 (Figure 2.17A), Terrimonas (Figure 2.17B), 



 
 

55 
 

Acidobacteria_GP22 (Figure 2.17C), Streptophyta (Figure 2.17D), Tepidobacter 

(Figure 2.17E) all showing strongest connections to nonmanured samples, due to 

higher copy number in nonmanured soil, but with this effect clearly most pronounced 

for Acidobacteria_GP25 (Figure 2.17A). Acidobacteria_GP25 were also shown to be 

the most highly correlated to Group IV arsM OTUs (Table 2.12). For Group III 

genus level 16S rRNA OTUs the overall network shows a clear separation of manure 

and nonmanure samples (Figure 2.17F), the same applies to networks for Group III 

and Group IV arsM OTUs (Figure 2.18A, B). Contrary to that, network analysis 

plots for arsM OTUs that responded to planting (Group I and Group II) show clear 

separation of planted versus unplanted samples (Figure 2.19A, B). Hence these 

results provide further evidence of treatment effects and present potential targets for 

the study of arsM and microbial arsenic methylation efficiency in paddy soil.  

 

 

 

Figure 2.16. Network analysis of genus level 16S rRNA OTUs that show significant 
differences in copy number in response to planting. A, B, C, D = selected level 6 
OTUs (genera) with significantly higher copy number in nonplanted soil (heatmap 
2.11A, Group I), A= AcidobacteriaGP1, B = Dehalogenimonas, C = 
Cryptomonadaceae, D = Alterococcus. E, F, G = selected level 6 OTUs with 
significantly higher copy number in planted soil (heatmap 2.11A, GroupII), E = 
Tumebacillus, F = Clostridium, and G = Desulfomaculum. Missing samples in the 
network for Cryptomonadaceae (C) are samples with a copy number count of 0.  
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Figure 2.17. Network analysis of genus level 16S rRNA OTUs that show significant 
differences in copy number in response to manure treatment. A-E= selected level 6 
OTUs (genera) with significantly higher copy number in non-manured soil (see 
Figure 2.11A, heatmap, Group IV), A= Acidobacteria_GP25, B=Terrimonas, C= 

Acidobacter_GP22, D= Streptophyta, E= Tepidibacter. F= 16S level 6 OTUs 
(genera) with significantly higher copy number in manured soil (see Figure 2.11A, 
heatmap, GroupIII). 
 

 

Figure 2.18. Network analysis of arsM OTUs that show significant differences in 
copy number in response to manure treatment. A = top 50 arsM OTUs with 
significantly higher copy number in manure treated soil (see Figure 2.10B, heatmap, 
GroupIII) B= arsM OTUs with significantly higher copy number in non-manured 
soil (see Figure 2.11B, heatmap, GroupIV). 

Bacteria;Firmicutes;Bacilli;Bacillales;Thermoactinomycetaceae;Desmospora

Bacteria;Firmicutes;Bacilli;Bacillales;Bacillaceae;Oceanobacillus

Bacteria;Firmicutes;Bacilli;Bacillales;Paenibacillaceae;Thermobacillus

Bacteria;Bacteroidetes;Flavobacteria;Flavobacteriales;Flavobacteriaceae;Muricauda

Bacteria;Firmicutes;Bacilli;Bacillales;Bacillaceae;Ureibacillus

Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Beijerinckiaceae;OtherBacteria;Firmicutes;Clostridia;Clostridiales;Peptococcaceae;Dehalobacter

Bacteria;Firmicutes;Bacilli;Bacillales;Paenibacillaceae;Ammoniphilus

Bacteria;Firmicutes;Clostridia;Clostridiales;Peptococcaceae;Desulfosporosinus

Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Oxobacter

Bacteria;Bacteroidetes;Sphingobacteria;Sphingobacteriales;Sphingobacteriaceae;OtherBacteria;Proteobacteria;Alphaproteobacteria;Caulobacterales;Caulobacteraceae;Other

Bacteria;Firmicutes;Clostridia;Clostridiales;Peptococcaceae;Desulfitobacterium

Bacteria;Proteobacteria;Alphaproteobacteria;Sphingomonadales;Sphingomonadaceae;Sphingobium

Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Comamonadaceae;Hydrogenophaga

S13
S14S11 S2

S3
S1

S15

S12S4S5
S8

S16S19
S20

S18

S6 S7
S10S17

S9

Bacteria;Acidobacteria;Holophagae;Holophagales;Holophagaceae;Geothrix

Bacteria;Firmicutes;Clostridia;Clostridiales;Incertae Sedis XIII;Other

Bacteria;Firmicutes;Bacilli;Bacillales;Thermoactinomycetaceae;Planifilum

Bacteria;Firmicutes;Clostridia;Halanaerobiales;Halanaerobiaceae;Halocella

Bacteria;Firmicutes;Clostridia;Clostridiales;Eubacteriaceae;Garciella

Bacteria;Proteobacteria;Gammaproteobacteria;Chromatiales;Chromatiaceae;Rheinheimera

Bacteria;Firmicutes;Clostridia;Clostridiales;Incertae Sedis XIII;Anaerovorax

Bacteria;Actinobacteria;Actinobacteria;Actinomycetales;Nocardiopsaceae;Thermobifida

Bacteria;Firmicutes;Clostridia;Natranaerobiales;Natranaerobiaceae;Dethiobacter

Bacteria;Firmicutes;Clostridia;Thermoanaerobacterales;Thermoanaerobacteraceae;Tepidanaerobacter

Bacteria;Proteobacteria;Gammaproteobacteria;Xanthomonadales;Xanthomonadaceae;Thermomonas

Bacteria;Bacteroidetes;Other;Other;Other;Other

Bacteria;Firmicutes;Bacilli;Bacillales;Paenibacillaceae;Other

Bacteria;Firmicutes;Bacilli;Bacillales;Other;OtherBacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae;Other

Bacteria;Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;SporobacterBacteria;Firmicutes;Clostridia;Clostridiales;Incertae Sedis XVIII;Symbiobacterium

Bacteria;Cyanobacteria;Cyanobacteria;Family IV;GpIV;Other

Bacteria;Firmicutes;Clostridia;Clostridiales;Peptococcaceae;Other

Bacteria;Proteobacteria;Alphaproteobacteria;Sphingomonadales;Sphingomonadaceae;Sphingosinicella

Bacteria;Proteobacteria;Gammaproteobacteria;Xanthomonadales;Xanthomonadaceae;Pseudoxanthomonas

Bacteria;Proteobacteria;Deltaproteobacteria;Desulfuromonadales;Desulfuromonadaceae;Other

Bacteria;Firmicutes;Clostridia;Clostridiales;Lachnospiraceae;Parasporobacterium

Bacteria;Firmicutes;Clostridia;Clostridiales;Ruminococcaceae;Papillibacter

Bacteria;Actinobacteria;Actinobacteria;Solirubrobacterales;Patulibacteraceae;Patulibacter

Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Pseudomonadaceae;Cellvibrio

Bacteria;Proteobacteria;Betaproteobacteria;Rhodocyclales;Rhodocyclaceae;Azoarcus

Bacteria;Firmicutes;Bacilli;Bacillales;Paenibacillaceae;Cohnella

Bacteria;Firmicutes;Bacilli;Bacillales;Paenibacillaceae;Brevibacillus

Bacteria;Proteobacteria;Alphaproteobacteria;Caulobacterales;Caulobacteraceae;Brevundimonas

Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Beijerinckiaceae;Beijerinckia

Bacteria;Proteobacteria;Deltaproteobacteria;Desulfobacterales;Desulfobulbaceae;Desulfocapsa

Bacteria;Verrucomicrobia;Opitutae;Opitutales;Opitutaceae;Other

Bacteria;Bacteroidetes;Sphingobacteria;Sphingobacteriales;Chitinophagaceae;Parasegetibacter

Bacteria;Proteobacteria;Alphaproteobacteria;Sphingomonadales;Sphingomonadaceae;Sphingopyxis

Bacteria;Proteobacteria;Betaproteobacteria;Methylophilales;Methylophilaceae;Methylophilus

Bacteria;Bacteroidetes;Flavobacteria;Flavobacteriales;Flavobacteriaceae;Other

Bacteria;Proteobacteria;Betaproteobacteria;Rhodocyclales;Rhodocyclaceae;Other

Bacteria;Firmicutes;Bacilli;Bacillales;Bacillaceae;Geobacillus

Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Hyphomicrobiaceae;Devosia

Bacteria;Firmicutes;Clostridia;Clostridiales;Other;Other

Bacteria;Proteobacteria;Betaproteobacteria;Rhodocyclales;Rhodocyclaceae;Shinella

Bacteria;Cyanobacteria;Cyanobacteria;Other;Other;Other

Bacteria;Firmicutes;Bacilli;Bacillales;Planococcaceae;Sporosarcina

Bacteria;Firmicutes;Bacilli;Bacillales;Planococcaceae;Other

Bacteria;Proteobacteria;Alphaproteobacteria;Rhodospirillales;Rhodospirillaceae;Magnetospirillum

Bacteria;Firmicutes;Bacilli;Bacillales;Bacillaceae;Other

Bacteria;Cyanobacteria;Cyanobacteria;Chloroplast;Bacillariophyta;Other

Bacteria;Firmicutes;Clostridia;Clostridiales;Incertae Sedis XI;Tissierella

Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Paracoccus

Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Pseudomonadaceae;Other

Bacteria;Firmicutes;Clostridia;Clostridiales;Eubacteriaceae;Alkalibacter

Bacteria;Firmicutes;Bacilli;Bacillales;Planococcaceae;Paenisporosarcina

Bacteria;Actinobacteria;Actinobacteria;Actinomycetales;Cellulomonadaceae;Other

Bacteria;Actinobacteria;Actinobacteria;Actinomycetales;Bogoriellaceae;Georgenia

Bacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Rickettsiaceae;Rickettsia

Bacteria;Proteobacteria;Betaproteobacteria;Methylophilales;Methylophilaceae;Methylovorus

Bacteria;Bacteroidetes;Sphingobacteria;Sphingobacteriales;Cytophagaceae;Dyadobacter

Bacteria;Bacteroidetes;Bacteroidia;Bacteroidales;Marinilabiaceae;Other

Bacteria;Bacteroidetes;Bacteroidia;Bacteroidales;Other;Other

Bacteria;Firmicutes;Clostridia;Clostridiales;Veillonellaceae;Other

Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Rhizobiaceae;Kaistia

Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Bradyrhizobiaceae;Bosea

Bacteria;Firmicutes;Clostridia;Clostridiales;Gracilibacteraceae;LutisporaBacteria;Proteobacteria;Alphaproteobacteria;Rickettsiales;Rickettsiaceae;Other

Bacteria;Proteobacteria;Gammaproteobacteria;Gammaproteobacteria_incertae_sedis;Solimonas;Other

Bacteria;Bacteroidetes;Sphingobacteria;Sphingobacteriales;Cyclobacteriaceae;Other

Bacteria;Firmicutes;Clostridia;Clostridiales;Incertae Sedis XI;Sedimentibacter
Bacteria;Bacteroidetes;Sphingobacteria;Sphingobacteriales;Chitinophagaceae;Chitinophaga

Bacteria;Proteobacteria;Alphaproteobacteria;Sphingomonadales;Sphingomonadaceae;Novosphingobium
Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Phyllobacteriaceae;Other

Bacteria;Proteobacteria;Gammaproteobacteria;Pseudomonadales;Pseudomonadaceae;Pseudomonas

Bacteria;Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;Paludibacter

Bacteria;Bacteroidetes;Sphingobacteria;Sphingobacteriales;Cyclobacteriaceae;Algoriphagus

Bacteria;Firmicutes;Bacilli;Other;Other;Other

Bacteria;Verrucomicrobia;Verrucomicrobiae;Verrucomicrobiales;Verrucomicrobiaceae;Luteolibacter

Bacteria;Firmicutes;Bacilli;Bacillales;Thermoactinomycetaceae;Thermoflavimicrobium

Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Xanthobacteraceae;Xanthobacter

Bacteria;Firmicutes;Bacilli;Bacillales;Bacillaceae;Anoxybacillus

Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Alteromonadaceae;Other

Bacteria;Firmicutes;Bacilli;Bacillales;Thermoactinomycetaceae;Thermoactinomyces

Bacteria;Proteobacteria;Betaproteobacteria;Neisseriales;Neisseriaceae;Aquaspirillum

Bacteria;Firmicutes;Clostridia;Clostridiales;Incertae Sedis XI;Other

Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Oxalobacteraceae;Herminiimonas

Bacteria;Proteobacteria;Gammaproteobacteria;Oceanospirillales;Halomonadaceae;Halomonas

Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Alcaligenaceae;Other
Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Alcaligenaceae;Achromobacter

Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiales_incertae_sedis;Aquabacterium
Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Burkholderiaceae;Ralstonia

Bacteria;Proteobacteria;Alphaproteobacteria;Rhodospirillales;Rhodospirillaceae;Azospirillum

Bacteria;Bacteroidetes;Flavobacteria;Flavobacteriales;Flavobacteriaceae;Flavobacterium

Bacteria;Actinobacteria;Actinobacteria;Actinomycetales;Nocardioidaceae;Aeromicrobium
Bacteria;Firmicutes;Bacilli;Bacillales;Thermoactinomycetaceae;Other

Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales;Rhizobiaceae;Rhizobium

Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Oxalobacteraceae;Herbaspirillum

Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales;Oxalobacteraceae;Other

Bacteria;Firmicutes;Other;Other;Other;Other

Bacteria;Firmicutes;Bacilli;Bacillales;Paenibacillaceae;Paenibacillus

Bacteria;Proteobacteria;Deltaproteobacteria;Desulfuromonadales;Geobacteraceae;Geobacter

Bacteria;Firmicutes;Clostridia;Other;Other;Other

Bacteria;Proteobacteria;Deltaproteobacteria;Desulfuromonadales;Other;Other

Bacteria;Verrucomicrobia;Verrucomicrobiae;Verrucomicrobiales;Verrucomicrobiaceae;Other

A

S5

S1

S16

S12

S4

S6

S19

S18

S15

S2

S7

Bacteria;Acidobacteria;Acidobacteria_Gp25;Gp25;Other;Other

S3

S10

S14

S8

S9

S13

S17

S20

S11

S11

S15

S14

S17

S5

S18

S20

S6

S2

S10

S12

S16

S13

S7

S8

S4

S9

Bacteria;Firmicutes;Clostridia;Clostridiales;Peptostreptococcaceae;Tepidibacter

S3

S19

S1

S1

S11

S15

S14

S6

S10

S4

S13

S18

S16

S3

S5

S2

S12

S8
S9

Bacteria;Bacteroidetes;Sphingobacteria;Sphingobacteriales;Chitinophagaceae;Terrimonas

S20

S17

S19

S7

E

B F%

non(manured,%
planted%
%
non(manured,%
non(planted%
%
manured,%
planted%
%
manured,%%
non(planted%

S15

S19

S14

S3

S1

S9

S11

S12

S2

S7

S13

S18

S4

S16

S8

S17

S20

S6

Bacteria;Acidobacteria;Acidobacteria_Gp22;Gp22;Other;Other

S5

S10

C

Bacteria;Cyanobacteria;Cyanobacteria;Chloroplast;Streptophyta;Other

S19

S17

S9

S10

S20

S6

S18

S11

S12

D

S12

S4

S3

S13S5

S2

S1

S18

denovo9482

S20

denovo9360

denovo31304

denovo59959

denovo13896

denovo35781

denovo53786

denovo3154

denovo28730

denovo17512

denovo41525

denovo60605

denovo38670

denovo47088

S11
S14

S10

S7

S6 S19S8
S16

S15

S17
S9

denovo64406

denovo32920

denovo22677

denovo28369

denovo21457

denovo40998

denovo51152 denovo54073

denovo26739

denovo48206

denovo51787

denovo891 denovo10807

denovo55211

denovo15684

denovo17557

denovo2943

denovo49579

denovo14353

denovo56499

denovo17142
denovo35539

denovo55632

denovo49647

denovo34245
denovo15147

denovo14221

denovo59467

denovo15026

denovo27643

denovo35729

denovo46639

denovo20785

denovo46784

denovo50088

A

denovo51908

denovo61195

denovo41135

denovo37954

denovo21145

denovo38666

denovo44239

denovo64276

denovo32740

denovo48483

denovo44732

denovo35112

denovo26679

denovo27586

denovo33404

denovo27038

denovo52268

denovo29887

denovo59885

denovo28102

denovo42426

denovo14354

denovo3981

denovo54378

denovo30042

denovo59824

denovo49102

denovo58710

denovo47817

denovo52762

denovo46351

denovo1330

denovo64436

denovo29179

denovo14195
denovo57726

denovo26672

denovo3456

denovo28057

denovo22091

denovo58276

S8

S10

S17S18
S9
S6S19

S13

denovo56519

denovo54713

denovo39507

S2

S3

denovo23675

denovo36470

denovo51081

denovo46334

denovo26761

denovo9581

denovo14503

denovo29932

denovo43431

S1
S4

S5

S14S12

S11
S15

denovo58268
denovo38637

denovo20347

denovo26714

denovo64873

denovo31721

denovo15453

S7

S20

S16

B

non-manured,	
planted

non-manured,	
non-planted

manured,	
planted

manured,		
non-planted



 
 

57 
 

 

Figure 2.19. Network analysis of arsM OTUs that show significant differences in 
copy number in response to planting. A = arsM OTUs with significantly higher copy 
number in unplanted soil (see Figure 2.11B, heatmap, GroupI) B= arsM OTUs 
significantly with significantly higher copy number in planted soil (see Figure 2.11B, 
heatmap, GroupII) 
 
 
2.5. Discussion  

Microbial driven methylation, and potential subsequent volatilization, mediated by 

arsM plays a crucial role in biogeochemical cycling of arsenic (Zhang et al., 2015). 

Previous studies on arsM diversity in natural rice paddy microbial communities have 

used low throughput cloning and Sanger sequencing (Jia et al., 2013; Zhao et al., 

2013; Zhang et al., 2015), or have limited Illumina sequencing of arsM amplicons to 

the study of enrichment cultures from paddy soil (Reid et al., 2017), or 

metagenomics analysis to characterize arsenic metabolizing genes in 5 soils (Xiao et 

al., 2016). Our study provides a step- change as it employs arsenic speciation 

characterization combined with qPCR and high throughput illumina amplicon 

sequencing (16S rRNA and arsM gene) to study arsenic mobilization and 

transformation in response to planting and manuring, alongside detailed analysis of 

the diversity of complex natural bacterial arsenic transforming communities in rice 

paddy soil.  

Phylogenetic annotation based on the protein coding functional gene arsM, may 

provide additional information as well as a higher taxonomic resolution compared to 
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the well-established 16S rRNA gene-based analysis, but is limited by the number of 

curated arsM protein sequences in the database (Fish et al., 2013). Correlated 16S 

rRNA and arsM gene copy numbers provide complementary information to highlight 

organisms that may promote arsenic methylation in paddy soil. The arsM based 

amplicon sequencing analysis revealed a great level of arsM sequence diversity with 

highest number of top matches against phototrophic purple nonsulfur bacteria of the 

genus Rhodopseudomonas. These were dominated by strain R. palustris TIE-1 with 

smaller numbers of arsM OTUs showing matches to R. palustris strains BisB5, 

YSC3, XCP, HaA2, CGA009, and DX1. High frequency of R. palustris arsM 

sequences in rice paddy soil has previously been reported by Xiao et al. (2016). The 

R. palustris arsM gene has been proven to methylate As(III) to the relatively 

nontoxic pentavalent species DMA(V) and TMAO and confer arsenic resistance to 

an arsenic sensitive Escherichia coli strain (Qin et al., 2006). Furthermore, members 

of this species have been proposed, based on their As detoxification mechanisms, for 

bioremediation of arsenic contaminated areas surrounding mines as have been shown 

to be able to oxidize As(III) to As (V) (Nookongbut et al., 2016). Members of this 

species can grow with or without light or oxygen, fix nitrogen, and degrade a wide 

range of organic compounds, with different strains shown to harbor strain specific 

genes and exhibit distinctive physiological characteristics with respect to anaerobic 

fermentation, expanded biodegradation, or expanded light-harvesting capabilities 

(Oda et al., 2008; Lo et al., 2018) leading to the proposal that they should be 

reclassified into different species (Rayyan et al., 2018). Hence, differences in copy 

number of these strains due to plant and manure induced changes in redox potential, 

pH and available carbon sources is of considerable interest in the context of arsenic 

in rice grain.  

FYM increased all present arsenic species including methylated species in paddy soil 

solution and with respect to arsM gene OTUs led to significant increase in copy 

number of large numbers of R. fermentans and R. palustris TIE-1 annotated OTUs, 

with R. fermentans reported to grow best under micro-oxic conditions by means of 

fermentation of sugars and organic acids (Kulichevskaya et al., 2014) and R. 

palustris TIE-1 shown to be able to grow on a wide variety of carbon sources as well 

as perform phototrophic Fe(II) oxidation (Jiao et al., 2005; Jiao et al., 2007; Hedrich 

et al., 2011). It is important to note in this context that R. fermentans annotated arsM 
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OTU sequences (genome match) also showed high similarity to R. plaustris TIE-1. 

Furthermore, 16S rRNA amplicon sequencing showed manure induced increase in 

Geobacter, an anaerobe shown to perform anaerobic oxidation of aromatic 

hydrocarbons to carbon dioxide via reduction of Fe(III) (Lovely et a., 1993; 

Mahadevan et al., 2006),  as well as thought to be capable of nitrate dependent Fe(II) 

oxidation (Coby et al., 2011). Hence, manuring appears to stimulate microbes 

involved in arsenic methylation as well as in both iron plaque formation (Fe(II) 

oxidation) and degradation (Fe(III) reduction), leading to binding and release of 

arsenic from Fe-plaque around roots (Williams et al., 2014; Emerson et al., 1999). 

Higher redox potential of the rhizosphere due to oxygenation from rice roots led to 

suppression of all present arsenic species, including methylated species. This 

corresponded to decreased arsM copy number (qPCR), species richness (amplicon 

sequencing, Chao1) and diversity (amplicon sequencing, Simpson, Shannon). This 

implies that in our study, the number of arsM organisms decreased in planted soil. 

With respect to Rhodopseudomonas annotated arsM OTUs, some with highest 

sequence similarity to R. palustris BisB5 were suppressed by planting. R. palustris 

strain BisB5 was shown to contain a gene cluster for anaerobic phenylacetate 

degradation and was proposed to be best adapted to degradation of plant material in 

oxygen depleted environments that are exposed to light (Oda et al., 2008). In contrast 

to this arsM OTUs with closest match against S. aurantiacus were increased in 

planted soil. Streptomyces are generally aerobic bacteria, and isolates from rice 

paddies have been shown to contribute to better growth of rice plants as well as 

increased levels of arsenic methylation and uptake of DMA into rice shoots 

(Kuramata et al., 2015). Change in redox potential may therefore play a role in the 

observed copy number changes of these organisms in response to planting. In our 

study, the fact that rhizosphere soils have lower methylated arsenic species than bulk 

soil coupled with decrease and shift in arsM organisms could be attributable to 

oxygenation of the rhizosphere by the root, as radial oxygen loss (ROL), regulates 

rice rhizosphere Eh (Kludz et al., 1993), and subsequent assimilation of arsenic (Mei 

et al., 2012). However, total arsenic species, inorganic as well as methylated, 

decreased in the rhizosphere suggesting that redox, while part of the answer, does not 

fully explain the reduction in methylated species.  
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The root itself is a sink for all arsenic species, but rates of MMA and DMA 

accumulation by rice roots are low with much higher rates of arsenate and arsenite 

assimilation (Abedin et al., 2002b). Thus, if the root was acting as a major sink, to 

the extent that they affect soil solution concentrations, then it may be expected that 

iAs species are preferentially depleted. This was not the case here. Rather than the 

root tissue, per se, being the sink for arsenic species that leads to the lowering of 

these species in porewater, it may be associated iron plaque in the rhizosphere. Iron 

plaque preferentially binds arsenate to arsenite, but has a high capacity to sorb both 

species, and methylated species (Liu et al., 2006). It is interesting that our arsM 

amplicon data indicates increase in bacteria with arsenic methylation and Fe(II) 

oxidation and Fe(III) reduction capacity in manured soil, as this could lead to 

formation of iron plaques and subsequent release of arsenic from iron plaque (Jiao et 

al., 2005, Jiao et a., 2007; Hedrich et al., 2011; Lovely et al., 1993; Mahadevan et al., 

2006; Coby et al., 2011; Liu et al, 2006). As well as the root potentially creating new 

sinks for arsenic species, iron plaque and root tissue, the enhanced oxygenation of 

the planted microcosms here may have led to lower mobilization of iAs from 

sediment stores as it is reducing conditions that drive this mobilization (Bravin et al., 

2008; Williams et al., 2014). Lower mobilization of iAs would mean lower substrate 

for methylation and, hence, lower production of methylated arsenic species.  

A number of studies have considered arsenic species mobility in the rhizosphere (Jia 

et al., 2013, 2014). The current study differs from these in that it compares planted 

versus unplanted microcosms, while the other studies sampled a rhizosphere 

continuum from bulk soil to root surface. The studies of Jia et al., (2013, 2014), did 

not show the inhibition of in culture medium solution of arsenic species 

concentration in the rhizosphere. In essence these studies have a relatively small and 

constrained rhizosphere, to enable spatial sampling, with the root-soil interface 

surrounded by a large volume of bulk soil to resupply arsenic species if they become 

depleted in the rhizosphere. In the field, particularly in densely planted agronomic 

systems, the rhizosphere can be considered as a continuum, with dense and 

overlapping roots (York et al., 2016). In our experiments the soil/fresh root biomass 

ratio was considerable, being 150:1 at week 2 when Eh measurements were made. 

Even at these low biomass ratios, the presence of the root had a profound effect on 

both Eh and arsenic speciation.  
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Here, the detailed reporting of arsenic species in both roots and shoots over a time 

course illustrates, again, that while iAs concentrations in planta are higher than 

methylated species, it is the methylated species that are more readily translocated to 

the shoot (Raab et al., 2007). The root measurements do not distinguish between 

surface plaque bound and species actually assimilated into plant tissues, and this 

must be borne in mind when interpreting the data as plaque in roots can have high 

arsenic concentrations (Meharg and Zhao, 2012). Here, the shoot measurements are 

free from such qualifications and only represent arsenic species assimilated by root 

and then translocated to shoot. Hydroponic experiments have shown that although 

iAs species are more efficiently assimilated by the root (Abedin et al., 2002b), their 

translocation to shoot are retarded as compared to methylated species, with MMA 

less effectively translocated to the shoot from roots than DMA (Raab et al., 2007). 

Arsenate is reduced to arsenite in plant cells and then phytochelatin (PC) complexed, 

with arsenite-PC complexes then transported into vacuoles via ABC transporters 

(Song et al., 2014). MMA can be thiol complexed, though less efficiently than 

arsenite, while DMA has lower affinity for thiol complexation (Raab et al., 2007; 

Park and Butcher, 2010) with the affinity to PCs explaining their relative efficiency 

in translocation to the shoot (Raab et al., 2007). This pattern can also be seen here, 

with the addition of TMAO which shows equivalency between root and shoot in 

concentration, indicating further that increasing methylation leads to enhanced 

translocation to the shoot. Although not tested, to date, it is likely that TMAO has 

poor affinity to plant thiols.  

Most studies use anion exchange HPLC-ICP-MS to speciate arsenic, where TMAO 

elutes on the solvent front (Hansen et al., 2011). As we used the more discriminatory 

IC-ICP-MS, TMAO was readily detected and quantified. Even though iAs’s 

movement is retarded through the plant, because initial starting concentrations in soil 

solution and root tissues are much higher, shoot concentrations were circa 100-fold 

higher than for MMA, DMA, and TMAO. However, in rice grain only iAs and DMA 

are found in significant quantities, with DMA in many regions of the world reaching 

equivalency with iAs or exceeding in cases (Meharg et al., 2009). Traces of MMA 

can be found routinely, and TETRA in very elevated grain samples, but interestingly 

not TMAO (Hansen et al., 2011). The differences in grain unloading of DMA and 

iAs have been studied for rice (Carey et al., 2010), but MMA, TMAO, and TETRA 
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not. It is clear that we still have a way to go in understanding the physiology of all 

arsenic species found in rice with respect to uptake and translocation. 

As in previous studies in paddy soil, (Jia et al., 2013; Zhao et al., 2013; Zhang et al., 

2015a; Reid et al., 2017; Xiao et al., 2016; Gu et al., 2017), high diversity of 

bacterial 16S rRNA and arsM were observed, and shown to be affected by soil 

amendments. Recent studies on arsM have identified high levels of diversity with 

Proteobacteria, Gemmatmonadales, and Firmicutes (Zhang et al., 2015a) as the most 

common bacterial communities in paddy soil, this including high frequency of R. 

palustris (Xiao et al., 2016), and many phylogenetically divergent microbes have 

been shown to harbor the arsM gene and to be able to convert aqueous iAs (Reid et 

al., 2017) to methylated species. Pure culture studies have, further- more, shown that 

microbes vary with respect to their methylation efficiency with Methanosarcina 

acetivorans C2A (phylum Euryarchaeota) (Wang et al., 2014), Clostridium sp. BXM 

(phylum Firmicutes) (Wang et al., 2015) shown to transform 10%, while 

Streptomyces sp. (Kuramata etal., 2015) (phylum Actinomycete), Pseudomonas 

alcaligenes (Zhang et al., 2015c) (phylum- Proteobacteria), and Arsenicibacter 

roseni (Huang et al., 2016) (phylum Bacter- iodetes) shown to transform more than 

50% of aqueous iAs to methylated species. In addition, our observed correlated arsM 

and 16S rRNA copy numbers are worth further investigation. The copy number of 

many Group II arsM OTUs was for example correlated to 16S rRNA Clostridium 

OTUs, which is interesting as coculture of R. palustris and Clostridium has 

previously been shown to lead to increased hydrogen production and R. palustris 

genes involved in organic compound catabolism and nitrogen fixation (Lu et al., 

2016). The copy number of Group III arsM OTUs however showed correlation to a 

very diverse range of genus level 16S rRNA OTUs, with highest matches to 

Luteolibacter and Devosia. Luteolibacter have previously reported as one of the 5 

most abundant genera in arsenic contaminated soil (Guan et al., 2017) and Devosia 

were shown to exhibit high sequence similarity to arsenic tolerant organisms isolated 

from arsenic rich environments (Mu et al., 2016). Therefore, both the genomic 

matches of arsM OTUs and the correlated copy number patterns in Group I, II, III, 

and IV arsM and genera level 16S rRNA OTUs present potential targets for 

identification of arsM organisms and the study of arsenic transformation in paddy 

soil.  
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The relative arsM copy number is known to be variable between soils, (Jia et al., 

2013; Zhao et al., 2013; Zhang et al., 2015a; Reid et al., 2017; Xiao et al., 2016; Gu 

et al., 2017), and we have shown this again in the current findings, with highly 

significant differences also observed between planted and unplanted microcosms. 

Similarly, arsenic speciation was profoundly influenced by soil origin, planting, and 

manuring. Inherent variation in DMA in soil solution has been shown in other studies 

(Williams et al., 2011), and the results shown here illustrate that this chemical is 

spatially and temporally variable in soils, interacting with environmental factors. 

Environmental factors such as soil solution soluble OM was found to correlate well 

with DMA in soil solution (Williams et al., 2011). As plants obtain all their DMA 

from soil solution (Lomax et al., 2012), DMA variability in soil solution will be 

reflected in root uptake, and ultimately in grain DMA concentrations (Meharg et al., 

2009). As DMA is less toxic than iAs to humans, altering grain arsenic through 

paddy soil management can lead to higher DMA to iAs, but some caution is required 

before promoting soils microbes to convert iAs to DMA. For example, SOM, while 

promoting arsenic methylation in paddy soils also liberates more arsenic in general 

leading to enhanced plant uptake to both inorganic and organic species (Norton et al., 

2013). Also, while less toxic to humans, DMA is strongly implicated in “straight-

head” disease of rice where yield is greatly lowered by DMA (and MMA) exposure 

due to introducing sterility (Zhao et al., 2013; Limmer et al., 2018). It is clear if rice 

is to be managed to lower grain iAs content then caution needs to be heeded to 

ensure that adverse consequences are negated. Understanding that the rhizosphere 

environment greatly alters arsenic concentrations and speciation is a step forward in 

developing strategies for minimizing grain iAs content without impacting yield. 

Further studies need to be conducted in a wide range of paddy soils to validate the 

role of rhizosphere interactions, including microbial mediated arsenic methylation as 

well as Fe(II) oxidation and Fe(III) reduction and its effect on arsenic bound to iron-

plaque, and how these can be manipulated to minimize iAs in rice grain.  
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Chapter 3: Bacterial community composition and diversity in 

arsenic contaminated Holocene versus Pleistocene soil in Bangladesh 
 

 

3.1. Abstract 

In this study, we characterized microbial community composition and diversity in 

arsenic contaminated Holocene versus Pleistocene and paddy versus non-paddy soils 

of Bangladesh using the high-throughput Illumina amplicon sequencing approach. 

We also explored the effects of soil and pore water properties on microbial 

community structure. The results showed that, Holocene soil contained significantly 

higher concentration of arsenic and pore water arsenic species. High pH, organic 

matter (OM) and low redox potential (Eh) in Holocene soil significantly increased 

the relative abundance of bacterial 16S rRNA gene in Holocene soil compared to 

Pleistocene soil. Holocene soils further displayed higher species richness (Chao 1) 

and diversity indices (Shanon and Simpson) than Pleistocene soil. Acidobacteria, 

Proteobacteria, Actinobacteria, Chloroflexi, Firmicutes, Bacteroidetes and 

Planctomycetes were identified as the major phyla (relative abundance >1%) in all 

soils. Geobacter was identified as the most abundant genus in Holocene paddy soils; 

while rare candidate bacteria Ktedonobacter was identified as the most abundant 

genus in Pleistocene and in all nonpaddy soils. pH showed a significant positive 

correlation with the relative abundance of Acidobacteria, Bacteroidetes and 

Chloroflexi and a significant negative correlation with Actinobacteria, 

Bacteria_incertae_sedis, Firmicutes and Verrumicrobia; while Eh exhibited an 

opposite trend. Principle component analysis (PCA) also demonstrated soil solution 

pH and Eh are the most important factors in shaping bacterial communities in arsenic 

contaminated soil. Overall, these results provided baseline data for the microbial 

community composition and diversity in Holocene versus Pleistocene and paddy 

versus nonpaddy soil and their response to arsenic contamination. 
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3.2. Introduction 

Arsenic contamination in soil-plant and water systems of Bangladesh has been 

considered as a great threat in human history. More than 80 million people of 

Bangladesh are at risk of arsenic contamination, mainly sourced from arsenic 

contaminated drinking water and rice (Smedley Kinniburgh, 2002; European Food 

Safety Authority, 2009; Meharg et al., 2009; Banerjee et al., 2013). Rice is the staple 

food in Bangladesh and, is the major source of iAs, due to its anaerobic cultivation 

procedures, which mobilizes more arsenic from soil mineral into soil solution 

(Takahashi et al., 2004; Xu et al., 2008). The concentration of arsenic in Bengal 

basin varies in different geomorphological units. There are three major 

geomorphological units in Bangladesh; these are hills, Pleistocene terraces and 

Holocene floodplains which constitutes 12, 8 and 80% of the total land area, 

respectively (Brammer, 1996, Huq and Shoaib, 2013). The paddy soils in the 

Holocene region of Bangladesh are elevated in inorganic arsenic (iAs), while 

Pleistocene soils are lower in iAs, most likely due to its geological formation and 

subsequent weathering of arsenic bearing minerals (Williams et al., 2011). Recent 

studies found that, Holocene floodplains contained higher arsenic and other elements 

compared to Pleistocene terrace soil (Lu, et al, 2009; Williams et al, 2011; 

Chowdhury et al., 2017). This is because, Holocene soils are less weathered and the 

parent material are still undergoing subsequent weathering process while the 

Pleistocene soils are highly weathered (William et al., 2011). In addition to this, the 

groundwater of Holocene region is also high in arsenic content compared to 

Pleistocene regions (BGS/DPHE, 200; Smedley and Kinniburgh, 2002; Ahmed et al., 

2004; Ravenscroft et al., 2005). Arsenic contaminated groundwater is often used for 

rice cultivation in Holocene paddy soils which, in turns, build-up the high baseline 

level of arsenic in Bangladeshi paddy soils (Zavala and Duxbury, 2008; Lu et al., 

2009;).  

Soil physiochemical properties such as organic matter (OM), redox potential (Eh)), 

pH, concentration of other elements govern the biogeochemistry of arsenic in paddy 

soil (Takahashi et al., 2004; Koegel-Knabner et al., 2010; Yamaguchi et al., 2011). 

Under aerobic condition (high Eh), arsenic in the form of arsenate (As(V)) is 

strongly bound with Fe(III) oxyhydroxides, while the anaerobic condition (low Eh) 

in flooded paddy soil increased the mobilization and bioavailability of the most toxic 
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arsenite (As(III)), due to reductive dissolution of insoluble iron (III) oxyhydroxide to 

soluble iron (II) oxyhydroxide (Meharg and Zhao, 2012), and thus increased the 

accumulation of arsenic in rice. Additionally, OM mediates redox potential in soil 

and thus impacts bioavailability arsenic by desorption of arsenic from soil solid 

phase to soil solution (Williams et al., 2011). Moreover, As(V) is phosphate 

analogue, competes with phosphate for binding sites and enters into the rice grain 

through phosphate transporters (Meharg and Hartley-Whitaker, 2002; Smith et al., 

2002; Lambkin and Alloway, 2003; Stachowicz et al., 2008). 

Soil microorganisms also play an important role in the transformation, mobilization 

or immobilization of arsenic in paddy soil and sediments (Zhang et al. 2015a; Das et 

al., 2016; Chen et al., 2017), by modifying the redox reaction in soil (Oremland and 

Stolz, 2003; Rhine et al., 2005; Islam et al., 2013; Kulp, 2014). Under anaerobic 

condition As(V) can undergo reductive detoxification and can be reduced to As(III) 

by arsenic reducing bacteria (Malasarn et al., 2007; Hoeft et al., 2004). Geobacter is 

the most abundant iron reducing bacteria found in As-contaminated soil (Roling et 

al., 2001; Islam et al., 2004), and can reduce As(V) to As(III) and therefore affect the 

arsenic biotransformation (Hassan et al., 2016). Conversely, As(III) can be 

immobilized to As (V) by arsenic oxidizing bacteria such as Paracoccus sp. And 

Alkalimnicola ehrlichii under aerobic condition and thus reduce the mobility and 

bioavailability of arsenic in paddy soils (Yamaamura et al., 2007; Zhang et al., 

2015b). In addition to redox reaction, microorganisms also methylate more toxic 

As(III) to less toxic methylated arsenic species (MMA, DMA, TMA) by catalysing 

arsenic methylation process. Several aerobic and anaerobic bacteria, archea and fungi 

are able to methylate arsenic in paddy soil by arsenic methylation (arsM) gene (Jia et 

al., 2013; Zhu et al., 2014; Zhang et al., 2015a; Qin et al., 2006). Soil physiochemical 

properties (OM, Eh, pH, concentration of Fe and other elements) influence the 

abundance and diversity of microbial communities in paddy soil and affect microbial 

transformation of arsenic (Jia et al., 2013, 2014, Zhang et al., 2015a). 

Previous studies focused on chemical characterization of Holocene and Pleistocene 

soils (Chowdhury et al., 2017; Lu et al., 2009), but the diversity of microbial 

communities is not well studied in these soils. In the present study, we investigated 

bacterial community compositions in paddy and adjacent non-paddy soils of 

Holocene and Pleistocene regions of Bangladesh, using 16S rRNA gene amplicon 
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sequencing alongside chemical analysis of these soils. We also investigated the effect 

of soil physiochemical properties (soil OM, pH and Eh) on bacterial community 

composition and diversity. 

 
3.3. Materials and methods 

3.3.1. Soil sample collection 
 
Total 30 soil samples collected from Holocene and Pleistocene regions of 

Bangladesh were used in this study. Twenty soil samples were collected from paddy 

fields (n=10) and adjacent non-paddy fields (n=10) of Holocene floodplain and 

Pleistocene terrace of Bangladesh using 500 m transects. Further to that, 10 soil 

samples were collected from paddy fields of Holocene and Pleistocene regions (five 

from each site) using longer transects (10km apart). Non-paddy soils were defined as 

the soils where paddy cultivation and groundwater irrigation had not been practiced 

within known memory of the farmers. The location of the soil samples is shown in 

Table 3.1 

 
3.3.2. Sample processing and preparation for chemical analysis 

Soil samples were oven dried (70 °C for 48 h) to a constant weight and finely ground 

using a mortar and pestle. Samples were analysed for total elemental concentration 

using ICP-MS (Inductively Coupled Plasma Mass Spectrometry, ThermoFisher 

Scientific iCap ICP-MS) incorporating a Cetak ASX-520 autosampler 

(ThermoFisher Scientific). The samples were pressure digested using concentrated 

nitric acid. For digestion, 0.1g soil was taken into Teflon pressure vessel, 2 ml of 

concentrated nitric acid was added and left overnight for pre digestion. Then, 2 ml of 

hydrogen peroxide was added just before digestion and the samples were digested in 

a microwave digester.  The temperature was raised to 95 °C in 5 min. and held for 

10 min. and then to 135 °C in 5 min. and held for 10 min. Finally, the digest was 

taken up to 180 °C in 5 min. and maintained for 30 min (Signes-Pastor et al., 2016b). 

After digestion, the internal standard (30 µl of 10mg/kg Rhodium) was added to the 

digestate and the final volume was made up to 30ml using deionized water and the 

samples were run in ICP-MS for total element concentration. Soil certified reference 

material (ISE 921 and NCZZC73007), with certified total element concentration was 

run in each batch of 30 samples, along with reagent blanks, as QA/QC. Certified 
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reference material was simultaneously digested with soil samples. The quality 

control standards were run after every ten samples. The recoveries of elements in 

certified reference materials fall into the scope of 55-96%. Statistical analysis was 

performed in Minitab as outlined below. 

Table 3. 1 Location of soil samples used in this study. “HNP” represents Holocene 
non-paddy soil, “HP” represents Holocene paddy soil, “PNP” Pleistocene non-paddy 
soil, “PP” represents Pleistocene paddy soil, and ‘‘t’’ represents transect 
 

Sample_ID Latitude (N) Longitude (E) 

HNP-1 23.6672 90.6052 

HNP-2 23.6681 90.6023 

HNP-3 23.6658 90.6045 

HNP-4 23.6649 90.6040 

HNP-5 23.7465 90.6061 

HP-1 23.6672 90.6052 

HP-2 23.6684 90.6029 

HP-3 23.6658 90.6045 

HP-4 23.6645 90.6043 

HP-5 23.7465 90.6061 

PNP-1 24.6706 90.0712 

PNP-2 23.6721 90.0722 

PNP-3 24.6724 90.0733 

PNP-4 24.6734 90.0745 

PNP-5 24.6748 90.0744 

PP-1 24.6707 90.0711 

PP-2 23.6721 90.0722 

PP-3 24.6724 90.0733 

PP-4 24.6734 90.0745 

PP-5 24.6754 90.0734 

HP_t1 24.9575 90.3773 
HP_t2 24.9228 90.3815 
HP_t3 24.8823 90.3755 
HP_t4 24.7991 90.4204 
HP_t5 24.7196 90.4230 
PP_t1 24.6731 90.0675 
PP_t2 24.6249 90.0675 
PP_t3 24.6076 90.2361 
PP_t4 24.7368 90.0386 
PP_t5 24.4455 90.3802 
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3.3.3. Soil incubation 

All 30 soil samples were incubated under anaerobic condition to stimulate the 

activity of microbial population in soil. Field moist soil to an equivalent of 2 g dry 

weight was added in a 50ml polypropylene tubes and 5 ml ultra-pure water was 

added in each tube to maintain an anaerobic condition. Five replicates of each soil 

sample were used in this study. Two sets of microcosms were prepared, one of which 

was used for the determination of pH and Eh in soil solution and another one for 

collecting soil pore water for arsenic speciation analysis and the soil for molecular 

analysis. The tubes were then placed in a Fitotron plant growth incubator with 

day/night temperature 28℃/25℃, light period 16h per day, and a light intensity of 

300 μmol m-2 s-1. After two weeks, the pore water was collected from the tubes after 

centrifuging the tubes (Sorvall Legend RT at 2058 ×g) for 20 minutes, soil porewater 

decanted and both soil and porewater immediately frozen and stored at -20℃ until 

subsequent analysis. pH and Eh was recorded in replicated microcosms by inserting a 

Eh/pH meter through the soil water suspension then waiting for the reading to 

stabilize before recording that reading.  

   

3.3.4. Arsenic speciation 

Arsenic species in 0.4-micron Millipore membrane filtered soil porewaters (iAs, 

MMA, DMA, TMAO) were determined using a Dionex IC chromatographic system 

interfaced with ICP-MS (ICS-5000 DC, Thermo Scientific) as outlined in detail in 

Signes-Pastor et al.  (2016a, b) (Detailed procedure is described in chapter II, section 

2.2.4). 

 
3.3.5. DNA extraction 

Soil DNA was extracted from the 30 soil samples using the Powerlyzer® 

PowersSoil® DNA isolation kit (MOBIO Laboratories, Inc.). Beadbeating was 

conducted for 3×40 seconds at speed 6 (6000 rpm) on the Precellys 24-Dual (Bertin 

Technologies, France) and samples placed on ice for 1 minute between runs. DNA 

concentration and purity was measured by running on an agarose gel (1%) and with 

Nanodrop ND-1000 UV-Vis spectrophotometer (NanoDrop Co., Wilmington, DE).  
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3.3.6. Quantitative PCR 

Relative bacterial 16S rRNA copy number was measured on the Eppendorf 

mastercycler (Realplex4, Hamburg, Germany) using PrecisionPLUS SYBR green 

qPCR Master Mix (PrimerDesign, USA). Specific primer pairs 16S1369F/16S1492R 

(Jia et al., 2014) were used to amplify and quantify the 16S rRNA gene copy 

number. Reaction mixture (20 µl) for 16S rRNA contained 10 µl 2X SYBR green 

qPCR Master Mix, 2µl of 30ng DNA template), 0.5µl of each 10 µM primer pair. 

The PCR cycling was 94℃ for 1min, followed by 40 cycles at 94℃ for 30s and at 

60℃ for 30s, 72℃ for 1min; and a final extension at 72℃ for 1min.  

Standard curves were generated using gradient dilutions of cleaned and concentrated 

PCR product of 16S rRNA. The cleaned, concentrated and quantified PCR amplicon 

products were 10-fold diluted, with dilutions from 1:103 to 1:108 for 16S rRNA run 

in triplicate on the Eppendorf Mastercycler to generate a standard curve with R2> 

0.99 suitable for relative quantification of the copy number of each gene in each 

sample (Lopes et al., 2016). Negative controls were included to avoid false-positive 

results due to cross-contamination, and no false-positive qPCR signal was observed. 

Melting curve analysis was performed at the end of each qPCR run and specificity of 

the amplification confirmed (Detailed procedure is described in Chapter II, section 

2.2.5) 

 

3.3.7. Amplicon Sequencing and processing of the resultant data 

An equal amount soil DNA (30ng) from each of the five replicates were mixed 

together and sent to the Centre for Genomic Research institute, University of 

Liverpool for amplicon sequencing of 16S rRNA (V4 region) on Illumina Miseq. In 

total, 30 barcoded 250 bp paired end amplicon libraries were generated and 

sequenced on the Illumina Miseq (see section 2.2.6 in chapter II for further details of 

amplicon library preparation of 16s rRNA). 

Initial processing of the sequences was conducted by the Liverpool Genomics 

Sequencing centre, including adapter trimming using Cutadapt version 1.2.1 (Martin, 

2011), and clipping of low-quality reads by Sickle version 1.200 (Joshi and Fass 

2011), using quality score 20 as a threshold. After downloading of the data, the 

quality of the reads was checked with fastqc (Andrews, 2010). The forward and 
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reverse reads were joined with fastq-join (Aronesty, 2011) using 100bp and 90bp 

overlaps and ≤3% mismatches. The Illumina sequences of bacterial 16S rRNA gene 

obtained in this study has been submitted to EBI under the accession number 

ERP108901. 

 
3.3.8. Bioinformatics and statistical analysis of the Amplicon Sequencing Data 

Sequences of 16S rRNA gene were processed using QIIME version 1.8 (Caporaso et 

al., 2010a). Merged sequences were de novo clustered into operational taxonomic 

units (OTUs) with UCLUST (Edgar 2010) at 97% similarity, representative 

sequences for each OTU were picked and aligned with Pynast (Caporaso et al., 

2010b) using the Greengenes (DeSantis et al., 2006) template alignment 

core_set_aligned.fasta.imputed. Chimeras were identified with ChimeraSlayer (Hass 

et al., 2011) and chimeric sequences removed. Taxonomic assignment of each OTU 

was performed according to ribosomal database project taxonomy (RDP) (Wang et 

al., 2007) followed by construction of OTU tables at different taxonomic levels. The 

sequences were rarified at 280,000, followed by generation of rarefaction curves and 

alpha diversity measures (Chao 1, Shanon and Simpson). Following this, the QIIME 

generated data was downloaded for further analysis.  

Statistical analysis on the genus level 16S rRNA OTU count tables was performed in 

R version 3.2.2. For identification of significant OTUs at level 6, the non-rarified 

OTU table was loaded into R, OTUs with ≤ 5 in ≥ 3 samples were removed (R 

package edgeR) and statistical analysis performed (R package DESeq2 (Love et al., 

2014). DESeq2 analysis involved normalization and generation of pairwise 

comparisons followed by filtering to obtain significant lists of OTUs from each 

pairwise comparison (FDR <0.05, Log2FC >1). For Holocene versus Pleistocene and 

paddy versus non-paddy soils, identified significant changes in copy number were 

assigned to 4 groups: Group I: OTUs with significant land use effect and increased 

copy number in paddy soil; Group II: OTUs with significant land use effect and 

increased copy number in non-paddy soil; Group III: OTUs with significant 

geomorphology effect and increased copy number in Holocene soil; and Group IV: 

OTUs with significant geomorphology effect and increased copy number in non-

paddy soil. For soil samples at region level, the pairwise comparison Holocene paddy 

versus Pleistocene paddy soil was explored. OTUs within each group were visualized 
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via a heatmap (R package gplots and heatmap2). Further to that, for investigation 

into the dominant members of the bacterial communities, bacteria with relative 

abundance >1% at phylum (level 2) and genus level (level 6) were identified, 

followed by statistical analysis in Minitab.  

 
3.3.9. Statistical analysis 

Minitab version 19 (Minitab, PA, USA) was used as the statistical platform for the 

analysis of soil chemical data, pore water arsenic species, qPCR and relative count 

data of abundant phyla and genera. General Linear Modelling (GLM) was performed 

on ranked data if the non-ranked data was not normally distributed. If the ANOVA 

interaction terms were not found to be significant, the interaction term was removed. 

Paired t-test was done to see the differences in means for transect level soil and pore 

water data. Linear regression analysis was done on GraphPad Prism (version 8). 

Principle component analysis (PCA) of soil chemical and 16S amplicon sequencing 

data was done in SPSS (version 26 for MAC OS). Results were plotted in GraphPad 

Prism (version 8).  

 

3.4. Results 

3.4.1. Soil and pore water properties (chemical analysis and qPCR) 

The soil and pore water properties of Holocene versus Pleistocene and paddy versus 

non-paddy soil was presented in Table 3.2. The results showed that, all soil 

properties, soil solution arsenic species (iAs, DMA and TMAO) were significantly 

varied between two geomorphic unit (Holocene and Pleistocene) (P<0.05, Table 3.2).  

The concentrations of all elements were significantly higher in Holocene soils 

compared to Pleistocene soils (Table 3.2). The mean concentration of soil arsenic in 

Holocene soils were 3-fold higher compared to Pleistocene soils (1.58 to 5.75 mg/kg, 

mean of paddy non-paddy soils, Table 3.2). The arsenic species were also 

significantly increased in the Holocene compared to Pleistocene region (P < 0.05, 

Table 3.2). iAs species was the dominant species in all treatments. The highest 

increase was observed for iAs (0.190 to 1.479 µg/kg), followed by DMA (0.021 to 

0.069 µg/kg) and TMAO (0.019 to 0.056µg/kg) (Table 3.2). Furthermore, soil 

solution pH was decreased significantly in Pleistocene soil compared to Holocene 

soils (pH: 6.34 to 5.09), while the Eh was increased (42.96 to 116.56 mV) (P < 0.05, 
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Table 3.2). No significant effect of land use system was observed for soil and pore 

water parameters (P > 0.05, Table 3.2). In contrast, the geochemical properties of soil 

and pore water did not vary significantly (P > 0.05, Table 3.2) in paddy versus non-

paddy soil, although the paddy soils were always higher in element concentration. 

Furthermore, the relative abundance of bacterial 16S rRNA (log2 copy number) 

differed significantly between Holocene and Pleistocene region. The 16S rRNA 

relative copy number was significantly higher in Holocene soil compared to 

Pleistocene soil (P < 0.05, Table 3.2). Paddy cultivation also increased the relative 

copy number of the 16S rRNA gene (P < 0.05, Table 3.2). It is likely that, the higher 

OM, pH and low Eh in Holocene paddy soil is linked to the increased copy number 

in Holocene compared to Pleistocene soils. 

The interaction effect of geomorphology* land use system was found significant for 

phosphorus (P) and iAs (P < 0.05, Table 3.3) which indicates that both 

geomorphology and landuse systems significantly influence the concentration of P 

and iAs in soil.  

For region level soil and porewater parameters, significant differences in Holocene 

and Pleistocene paddy soil were observed for OM, pH, Eh, Cd. Cr, Fe, Mn (P < 0.05, 

Table 3.3). The concentration of soil arsenic, porewater arsenic species and 16S 

rRNA relative copy number did not vary significantly between these regions (P > 

0.05, Table 3.3). 

 
3.4.2. Linear relationships between soil and porewater parameters 

Significant linear relationships of soil physiochemical properties (OM, pH, and Eh) 

versus soil arsenic, pore water arsenic species and 16S rRNA relative copy number 

was observed in this study (linear regression, R2 > 0.2, P < 0.05, Figure 3.1). The 

linear relationships plots showed that the concentration of soil arsenic, pore water 

arsenic species and 16S rRNA relative copy number increased with the increase of 

soil OM and soils solution pH (Figure 3.1 A, B) and the decrease of Eh (Figure 3.1C) 

and vice-versa.  

Soil arsenic also showed strong significant linear relationships (linear regression, R2 

> 0.4, P < 0.01, Figure 3.1) with all other elements measured in this study. The figure 

showed that, concentration of arsenic increased with the increased concentration of 
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other elements (Figure 3.2). Significant linear relationship was also observed for soil 

arsenic and pore water arsenic species (linear regression, R2 > 0.3, P < 0.01, Figure 

3.3). Furthermore, the relative abundance of bacterial 16S rRNA had significant 

correlation with soil arsenic and pore water arsenic species (Figure 3.4), indicating 

significant influence of soil microbial population in biogeochemical cycling of 

arsenic in soil.  

For region level soil samples, soil arsenic showed a significant positive correlation 

with OM and Mn (r > 0.5, P < 0.05, Table 3.4). Furthermore, iAs demonstrated a 

significant positive correlation with pH (r = -0.661, P < 0.05, Table 3.4) and a 

significant negative correlation with Eh (r = -0.661, P < 0.05, Table 3.4); while DMA 

showed a significant positive correlation with Fe, Mn, P and OM (r = -0.661, P < 

0.05, Table 3.4). 
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Table 3.2: Soil properties along with along with GLM p values in Holocene versus Pleistocene and paddy versus non-paddy soil. Data showed 
Mean ± SEM. SEM= Standard error of means, n=5 
 

Parameters Holocene Pleistocene P Values 

non-paddy paddy non-paddy paddy Holocene/ 
Pleistocene 

paddy/ 
non-paddy 

Interaction 
effect 

OM (%) 5.18 ± 0.32 5.53 ± 0.43 3.33 ± 0.34 3.73 ± 0.37 <0.01 <0.01 0.356 

As (mg/kg) 4.943 ± 0.786 6.550 ± 0.689 1.848 ± 0.391 1.316 ± 0.086 <0.001 0.351 0.074 

Cd (mg/kg) 0.088 ± 0.014 0.156 ± 0.035 0.033 ± 0.011 0.035 ± 0.006 <0.001 0.097 0.113 

Cr (mg/kg) 44.14 ± 4.131 50.75 ± 6.581 22.32 ± 3.517 25.86 ± 3.734 <0.001 0.292 0.746 

Co (mg/kg) 9.652 ± 2.053 10.780 ± 1.117 4.35 ± 2.07 2.595 ± 0.251 <0.001 0.723 0.116 

Cu (mg/kg) 17.62 ± 1.78 19.83 ± 1.737 5.069 ± 1.105 4.806 ± 0.713 <0.001 0.499 0.393 

Fe (g/kg) 22.39 ± 2.40 26.00 ± 2.95 9.648 ± 2.368 6.524 ± 0.658 <0.001 0.916 0.157 

Mn (g/kg) 0.337 ± 0.056 0.387 ± 0.037 0.203 ± 0.052 0.075 ± 0.014 <0.001 0.378 0.055 

P (g/kg) 0.302 ± 0.038 0.469 ± 0.053 0.264 ± 0.095 0.129 ± 0.017 0.05 0.789 0.020 

Zn (mg/kg) 38.84 ± 5.182 47.12± 5.129 9.193 ± 2.675 7.784 ± 1.073 <0.001 0.394 0.235 

Pb (mg/kg) 12.62 ± 1.275 13.59 ± 1.646 7.632 ± 1.423 7.166 ± 0.953 <0.01 0.851 0.599 

pH 6.0 ± 0.46 6.68 ± 0.24 4.92 ± 0.15 5.26 ± 0.14 <0.001 0.084 0.566 

Eh (mV) 62.93 ± 27.32 22.98 ± 14.28 127.1 ± 8.63 106.04 ± 8.39 <0.001 0.084 0.576 

iAs (µg/kg) 0.551 ± 0.145 2.407 ± 0.877 0.220 ± 0.115 0.159 ± 0.078 0.011 0.063 0.049 

DMA (µg/kg) 0.054 ± 0.015 0.083 ± 0.015 0.02 ± 0.003 0.023 ± 0.004 <0.01 0.172 0.268 

TMAO (µg/kg) 0.044 ± 0.013 0.064 ± 0.013 0.019 ± 0.002 0.019 ± 0.002 <0.01 0.406 0.419 

Log2 16S copy no. 29.58 ± 0.505 30.86 ± 0.196 29.11 ± 0.239 29.56 ± 0.365 0.022 0.023 0.257 
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Table 3. 3: Soil parameters and p-values of Holocene and Pleistocene paddy soils collected from different location. SEM= Standard error of 
means, n=5 
 
Parameters Holocene paddy Pleistocene paddy T-value p-value 

Min – Max Mean ± SEM Min – Max Mean ± SEM 

OM (%) 4.76 – 8.15 5.612 ± 0.54 3.39 – 5.91 4.682 ± 0.0.47 2.69 0.031 

As (mg/kg) 2.267 – 9.444 5.047 ± 1.295 2.093 – 3.867 2.949 ± 0.337 1.57 0.192 

Cd (mg/kg) 0.073 – 0.109 0.091 ± 0.006 0.035 – 0.094 0.055 ± 0.011  2.88 0.024 

Cr (mg/kg) 46.674 – 61.577 54.96 ± 2.493 30.404 – 49.186 42.265 ± 3.181 3.14 0.016 

Co (mg/kg) 7.687 – 11.007 9.872 ± 0.581 4.06 – 10.156 7.546 ± 1.041 1.95 0.099 

Cu (mg/kg) 15.91 – 21.95 18.211 ± 1.087 5.663 –14.688 11.74 ± 1.639 3.29 0.017 

Fe (g/kg) 19.873 – 29.065 25.889 ± 1.65 10.108 – 22.416 18.358 ± 2.183 2.75 0.028 

Mn (g/kg) 0.246 – 0.367 0.296 ± 0.023 0.088 – 0.285 0.173 ± 0.034 2.96 0.021 

P (g/kg) 0.154 – 0.297 0.169 ± 0.026 0.087 – 0.197 0.159 ± 0.019 1.64 0.145 

Zn (mg/kg) 31.904 – 45.118 41.14 ± 2.369 11.351 – 35.867 25.853 ± 4.424 3.05 0.023 

Pb (mg/kg) 10.893 – 16.617 14.119 ± 0.968 7.629 – 15.144 12.825 ± 1.357 0.78 0.463 

pH 4.826 – 6.113                           5.427 ± 0.217 4.55 – 4.9 4.72 ± 0.07 3.12 0.035 

Eh (mV) 42.58 – 113.36 80.476 ± 12.0 109.34 – 128.12  119.59 ± 3.87 -3.11 0.036 

iAs (µg/kg) 0.077– 0.361 0.189 ± 0.047 0.045 – 0.115 0.074 ± 0.013 2.34 0.079 

DMA (µg/kg) 0.018– 0.035 0.025 ± 0.004 0.010 – 0.018 0.012 ± 0.002 2.51 0.066 

TMAO (µg/kg) 0.035 – 0.06 0.042 ± 0.005 0.009 – 0.03 0.023 ± 0.002 1.80 0.122 

Log2 16S copy no. 30.686 – 31.22 31.963 ± 0.115 30.123 – 331.157  30.707 ± 0.178  1.21 0.270 
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Figure 3.1. Linear Relationships of soil organic matter (OM) (A), soil pore water pH 
(B) and Eh (C) versus soil arsenic, soil solution arsenic species and log2 16S rRNA 
relative copy number. The line on each graph is the regression line for this 
parameter. “HNP” represents Holocene nonpaddy soil “HP” represents Holocene 
paddy, soil “PNP” Pleistocene nonpaddy soil, “PP” Pleistocene paddy soil. 
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Figure 3.2. Linear Relationships of soil arsenic versus other elements. The line on 
each graph is the regression line for this parameter.  
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Figure 3.3. Linear relationships between soil arsenic versus porewater arsenic 
species. The line on each graph is the regression line for this parameter 
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Figure 3.4. Linear relationships of log2 16S rRNA relative copy number versus soil 
arsenic, soil solution arsenic species. The line on each graph is the regression line for 
this parameter.  
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Table 3.4: Correlation matrix of soil and porewater parameters of Holocene and Pleistocene paddy soil collected from different regions. The 
values indicate correlation coefficient. ‘*’ indicates P < 0.05. ‘**’ indicates P < 0.01 and ‘***’ indicates P < 0.001 
 

 total-As Fe Mn P %OM pH Eh iAs DMA TMAO Log216S 

total-As 1.000           

Fe 0.358ns 1.000          

Mn 0.697* 0.855** 1.000         

P 0.382ns 0.939*** 0.867*** 1.000        

%OM 0.709* 0.382ns 0.636ns 0.358ns 1.000       

pH 0.358ns 0.491ns 0.552ns 0.370ns 0.564ns 1.000      

Eh -0.358ns -0.491ns -0.552ns -0.370ns -0.564ns -1.000 1.000     

iAs 0.115ns 0.515ns 0.345ns 0.248ns 0.370ns 0.661* -0.661* 1.000    

DMA 0.360ns 0.726* 0.720* 0.646* 0.707* 0.494ns -0.494ns 0.512ns 1.000   

TMAO 0.236ns 0.576ns 0.442ns 0.442ns 0.564ns 0.467ns -0.467ns 0.673ns 0.476ns 1.000  

Log2 16S 0.49 ns 0.406ns 0.430ns 0.382ns 0.527ns -0.018ns 0.018ns 0.382ns 0.451ns 0.636ns 1.000 
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3.4.3. Effects of arsenic contamination on soil bacterial community composition 

and diversity 

Soil bacterial community composition and diversity was investigated using amplicon 

sequencing of the 16S rRNA gene. A total of 4,378,502 reads were retained after 

paired end joining, ranging from 94,871 to 213,531 per sample (Table 3.5). 

Rarefaction curves for alpha diversity (diversity within the samples) measures 

(Chao1, Shanon and Simpson) indicated that sequencing depth was sufficient to 

detect the majority of the 16S rRNA sequence types in all samples (Figure 3.5). The 

alpha diversity measures showed a significant difference in species richness (Chao1) 

and diversity (Shanon and Simpson) in Holocene and Pleistocene soils in either 

paddy and non-paddy condition (Figure 3.6A). Holocene soils had significantly 

higher species richness (Chao1, P < 0.01, Figure 3.6A) and diversity (Shannon and 

Simpson, P < 0.001, Figure 3.5B) compared to Pleistocene soils. No significant 

difference was observed for alpha diversity measures in transect level Holocene and 

Pleistocene paddy soil (P > 0.05, Figure 3.6A). 

Taxonomic composition of bacterial 16S RNA gene of transect and field level soil 

samples showed that, in all treatments Acidobacteria, Actinobacteria, Chloroflexi, 

Firmicutes, Planctomycetes, Proteobacteria and Verrumicrobia were the dominant 

phyla (>1% in relative abundance) constituting >96% of total bacterial community 

(Figure 3.6). Among these Phyla, Acidobacteria was the most abundant Phylum in all 

treatments followed by Proteobacteria, Actinobacteria and Chloroflexi (Figure 3.7). 

The relative abundance of Chloroflexi was significantly increased (GLM P < 0.05, 

Table 3.6, Figure 3.7A) in paddy soils in both Holocene and Pleistocene region, 

while the Actinobacteria, Firmicutes and Planctomycetes were significantly 

decreased (Table 3.6, Figure 3.7A). There was no significant effect of 

geomorphology (Holocene and Pleistocene) on the relative abundance of the major 

phyla (P > 0.05, Table 3.6, 3.7, Figure 3.7) except for Verrumicrobia (P < 0.05, 

Table 3.6, 3.7, Figure 3.7). The interaction of geomorphology and land use (paddy, 

non-paddy) was found significant only for Proteobacteria (GLM P < 0.05, Table 3.6), 

which indicates the factors together influences the abundance of Proteobacteria in 

these soils. 

At genus level, there were 22 dominant genera identified for both transect and field 

level soil samples showing relative abundance >1% in at least one samples (Figure 
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3.8). For field level soil samples, Singulisphaera (ranged from 6.69 - 18.41% across 

the treatments) was the most abundant genus followed by Gemmata (3.7 - 9.5%), 

Geobacter (2.37 - 14.87%), Anaeromyxobacter and Ktedonobacter (0.44 - 11.23%). 

The relative abundance of Sphaerobacter, Pirellula, Zavarzinella was increased 

significantly in Holocene soil, while Conexibacter, Gemmata, Bradyrhizobim and 

Ktedonobacter were increased in Pleistocene soils (GLM, P<0.05, Figure 3.8A). The 

paddy soils had significantly higher relative abundance of Cladilinea, Methylocystis 

and Geobacter; while the non-paddy soils had higher abundance of Conexibacter, 

Gemmatimonas, Gemmata, Bradyrhizobium, Bacillus and Ktedonobacter (GLM, 

P<0.05, Table 3.8, Figure 3.8A). Among these genera, only Geobacter and 

Ktedonobacter were shown to exhibit significant changes in copy number in DESeq2 

analysis (FDR < 0.05, log2FC > 1) (Table 3.8, 3.10, Figure 3.6B). 

 

At transect level, Singulisphaera was also the most abundant genus followed by 

Geobacter, Anaeromyxobacter, Clostridium and Ktedonobacter. The effect of 

geomorphology was only found significant for Ktedonobacter, which showed 

significantly higher relative abundance in Pleistocene soils (GLM, P < 0.05; DESEq2 

FDR < 0.05, log2FC > 1; Table 3.9, 3.10, Figure 3.8B).  
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Table 3.5: Illumina Miseq read quantification per sample for bacterial 16SrRNA 
gene in different samples. “HNP” represents Holocene non-paddy soil, “HP” 
represents Holocene paddy soil, “PNP” Pleistocene non-paddy soil, “PP” represents 
Pleistocene paddy soil, and ‘‘t’’ represents transect. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Treatment Total paired end joined reads 
after trimming 

Average join length 

HP_t-1 101,258 200.89 
HP_t-2 109,873 200.62 
HP_t-3 96,356 200.14 
HP_t-4 125,050 200.98 
HP_t-5 153,933 200.59 
PP_t-1 126,607 200.73 
PP_t-2 195,852 200.85 
PP_t-3 132,104 200.91 
PP_t-4 155,061 200.71 
PP_t-5 110,248 201.05 
HNP-1 133,320 199.40 
HNP-2 113,204 199.82 
HNP-3 148,183 199.05 
HNP-4 171,400 199.77 
HNP-5 171,593 200.01 
HP-1 212,791 199.93 
HP-2 213,531 199.80 
HP-3 205,405 200.44 
HP-4 213,207 200.70 
HP-5 165,694 200.17 

PNP-1 105,689 200.19 
PNP-2 94,871 200.93 
PNP-3 97,306 200.04 
PNP-4 143,015 200.20 
PNP-5 148,964 200.95 
PP-1 123,017 200.69 
PP-2 185,035 200.55 
PP_3 141,807 200.94 
PP-4 177,070 200.94 
PP-5 107,058 201.10 
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Figure 3.5. Rarefaction curves of alpha diversity matrices of bacterial 16S rRNA 
gene at transect (A) and field level (B) soil samples. “HNP” represents Holocene 
non-paddy soil, “HP” represents Holocene paddy soil, “PNP” represents Pleistocene 
non-paddy soil, “PP” represents Pleistocene paddy soil and ‘‘t’’ represent transect. 
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Figure 3. 6 Alpha diversity measures of bacterial 16S rRNA gene at field (A) and 
transect level (B) soil samples. Error bars represent standard errors of mean. Paired 
lines above bars in figure (B) show identified significant geomorphology effect, with 
‘**’, ‘***’ above indicating p<0.01, ***p<0.001, respectively (GLM, Minitab) 
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Figure 3.7. Relative abundance (%) of major Phyla (>1% in at least one sample) at 
(A) field and (B) transect level soil samples. Others indicates the Phyla which are 
<1% in relative abundance in any of the samples. “HNP” represents Holocene non-
paddy soil, “HP” represents Holocene paddy soil, “PNP” represents Pleistocene non-
paddy soil, “PP” represents Pleistocene paddy soil and ‘‘t’’ represents transect 
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Table 3.6: General linear modelling P values for major Phyla in Holocene versus 
Pleistocene and non-paddy versus paddy soils 
 
Phyla Holocene/Pleistocene paddy/non-paddy Interaction 

Acidobacteria 0.066 0.284 0.249 

Actinobacteria 0.095 0.026 0.793 

Chloroflexi 0.064 0.003 0.421 

Firmicutes 0.258 0.011 0.651 

Planctomycetes 0.996 0.009 0.092 

Proteobacteria 0.655 0.440 0.028 

Verrumicrobia <0.001 0.088 0.053 

 

 

Table 3.7: Two sample t-test P values for major phyla observed in Holocene and 
Pleistocene paddy soils at transect level 
 
Phyla T-value P-value 

Acidobacteria 1.87 0.104 

Actinobacteria -1.43 0.197 

Chloroflexi 0.04 0.996 

Firmicutes 0.33 0.753 

Planctomycetes -0.60 0.576 

Proteobacteria 0.71 0.507 

Verrumicrobia -4.48 <0.01 
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Figure 3.8. Relative abundance (%) of major Phyla (>1% in at least one sample) at 
(A) field and (B) transect level soil samples. Others indicates the genus which are 
<1% in relative abundance in any of the samples. “HNP” represents Holocene non-
paddy soil, “HP” represents Holocene paddy soil, “PNP” represents Pleistocene non-
paddy soil, “PP” represents Pleistocene paddy soil and ‘‘t’’ represents transect 
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Table 3.8: General linear modelling P values for major genus in Holocene versus 
Pleistocene and non-paddy versus paddy soils. Last 2 columns show if results were 
also significant in the relevant pairwise comparison using DESeq2 analysis 
 

Genus Holocene/ 

Pleistocene 

paddy/ 

non-paddy 

Interaction DESeq2 

FDR <0.05 

DESeq2 

Log2FC >1 

Mycobacterium 0.856 0.970 0.029 no no 

Marmoricola 0.856 0.388 0.447 no yes 

Nocardioides 0.238 0.555 0.863 no no 

Streptomyces 0.726 0.168 0.439 no no 

Conexibacter 0.003 0.023 0.916 no no 

Caldilinea 0.301 0.003 0.390 no yes 

Sphaerobacter 0.014 0.062 0.235 no yes 

Clostridium 0.099 0.139 0.943 no no 

Gemmatimonas 0.264 0.040 0.926 no no 

Nitrospira 0.339 0.267 0.717 no no 

Gemmata 0.004 0.001 0.646 no no 

Pirellula 0.003 0.560 0.619 no yes 

Planctomyces 0.292 0.369 0.689 no no 

Singulisphaera 0.733 0.308 0.061 no yes 

Zavarzinella 0.024 0.923 0.474 no yes 

Phenylobacterium 0.160 0.745 0.200 no no 

Bradyrhizobium <0.001 0.001 0.617 yes no 

Bacillus 0.439 0.012 0.307 no no 

Methylocystis 0.129 0.010 0.468 no yes 

Geobacter 0.053 0.023 0.065 yes yes 

Anaeromyxobacter 0.390 0.054 0.569 no no 

Ktedonobacter <0.001 0.011 0.455 yes yes 
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Table 3.9. Two sample t-test p values for major genus observed in Holocene and 
Pleistocene paddy soils at transect level. Last 2 columns show if results were also 
significant in the relevant pairwise comparison using DESeq2 analysis. 
 
Genus T-value p-value DESeq2 

FDR <0.05 

DESeq2 

Log2FC >1 

Mycobacterium -0.84 0.435 no no 

Marmoricola -0.27 0.795 no no 

Oryzihumus -0.23 0.824 no no 

Conexibacter -1.98 0.119 no yes 

Caldilinea 1.06 0.349 no no 

Bellilinea 0.82 0.451 no no 

Leptolinea -0.59 0.577 no no 

Bacillus 0.73 0.508 no no 

Clostridium -0.25 0.808 no no 

Acetivibrio 0.61 0.568 no no 

Nitrospira 2.44 0.071 no no 

Gemmata 0.65 0.546 no no 

Planctomyces 0.79 0.453 no no 

Singulisphaera -1.13 0.295 no no 

Zavarzinella 0.94 0.382 no no 

Phenylobacterium -0.74 0.491 no no 

Bradyrhizobium 1.42 0.216 no no 

Methylocystis -1.01 0.346 no no 

Geobacter 1.62 0.156 no no 

Anaeromyxobacter -0.79 0.474 no no 

Ktedonobacter -4.10 0.015 yes yes 

Syntrophobacter -1.58 0.165 no no 
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3.4.4. DESeq2 analysis of 16S rRNA genus level OTUs in different pairwise 

comparison 

For all genus level 16S rRNA OTUs with at least 5 counts in at least 3 samples, the 

unique and overlapping DESeq2 results for pairwise comparisons are illustrated in 

the Venn diagram (Figure 3.9). Geomorphology effects (122 in total, Figure 3.10) 

showed 65 significant OTUs in non-paddy soil, 57 significant OTUs in paddy soil, 

with 30 overlapping OTUs. Compared to this, land use effects (62 in total) showed 

49 significant OTUs in Holocene soil and 13 in Pleistocene soil with 2 overlapping 

OTUs. With respect to the 62 significant genus level 16S rRNA OTUs identified for 

land use system, 27 of these also showed a significant geomorphology effect (Figure 

3.9). Hence, only 35 genera level 16S rRNA OTUs responded solely to land use 

system (Group I and Group II, Figure 3.10). Land use system resulted in significant 

>2-fold increase (FDR < 0.05) in copy number of 26 OTUs of genera within the 

phylum Euryarchaeota, Acidobacteria, Actinobacteria, Chloroflexi and 

Proteobacteria (Group I in Figure 3.10 and Table 3.10); and a decrease in 9 OTUs of 

genera within the phylum Actinobacteria (Dactylosporangium, Luedemannella, 

Amycolatopsis), Firmicutes ( Alicyclobacillus, Brevibacillus, Paenibacillus ) and 

Proteobacteria (Mesorhizobium) (Group II in Figure 3.10 and Table 3.10). DESeq2 

analysis of genus level 16S rRNA OTUs, furthermore, showed that the 

geomorphology treatment resulted in significant >2-fold increase (FDR < 0.05) in 

copy number of 67 OTUs of specific genera within the phylum Euryarchaeota, 

Acidobacteria, Actinobacteria, Bacteroidetes, Chlorobi, Cyanobacteria, Firmicutes, 

Planctomycetes, Proteobacteria, and Verrumicrobia (Group III in Figure 3.10 and 

Table 3.10); and 2-fold decrease (FDR < 0.05) in 25 OTUs of another set of genera 

within the Phylum Acidobacteria, Actnobacteria, Bacteria_incertae_sedis 

(Ktedonobacter), Bacteroidetes, Firmicutes, Proteobacteria (Group IV in Figure 3.10 

and Table 3.10). Of these only Geobacter from Group III and Ktedonobacter from 

Group IV were also within the list of most abundant (>1%) genera (Tables 3.8 and 

3.10). Hence 16S rRNA copy number changes of less abundant genera appear to 

contribute significantly to the overall effect of geomorphology and land use system 

in this study.  
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Deseq2 analysis of transect level Holocene and Pleistocene paddy soil showed 20 

significant 16S rRNA genus level OTUs in Holocene paddy and Pleistocene paddy 

pairwise comparison, of which the copy number of 11 genus (Acidobacteria_GP19, 

Bifaidobacterium, Pirellula, Chelatococus, Devosia, Parvibaculum, Defluvicoccus, 

Massila and Steroidobacter) were significantly increased in Holocene soils; while 

the copy number of 9 genus (Kribella, Actinoallomurus, Ktedonobacter, Rhodophila) 

level OTUs were decreased in Pleistocene soil. (FDR<0.05, Figure 3.11). 

 

 

 

 
Figure 3.9. Unique and overlapped significant OTUs for 16S rRNA gene in each 
pairwise comparison. “HNP” represents Holocene non-paddy soil, “HP” represents 
Holocene paddy soil, “PNP” represents Pleistocene non-paddy soil, “PP” represents 
Pleistocene paddy soil. 
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Figure 3.10. Heatmap showing normalized counts of taxa at genus level with 
significant differences in copy number (FDR <0.05, absolute log2FC >1). Darker 
blue indicates greater normalized counts. Group-I = Significantly higher copy 
number in nonpaddy soil, Group-II = significantly higher copy number in paddy soil, 
Group-III = significantly higher copy number in Holocene soil, Group-IV = 
significantly higher copy number in Pleistocene soil. A: Acidobacteria, Ac: 
Actinobacteria, B: Bacteroidetes, Ch: Chloroflexi, Chl: Chlorobi, E: Euryarchaeota, 
F: Firmicutes, K= Ktedonobacter, P: Proteobacteria, Pl: Planctomyctes and V: 
Verrumicrobia 
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Figure 3.11. Heatmap showing normalized counts of taxa at genus level with 
significant differences in copy number (FDR <0.05, absolute log2FC >1) in 
Holocene and Pleistocene Paddy soils in different transects. Darker blue indicates 
greater normalized counts.  
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Table 3.10: Corresponding differential copy number patterns (see heatmap in Figure 
3.10) identified for Holocene versus Pleistocene and paddy versus non-paddy 
pairwise comparisons. Group-I = significant increase in paddy soil, Group-II = 
significant increase in non-paddy soil, Group-III = significant increase in Holocene 
soil, Group-IV = significant increase in Pleistocene soil. 
 

Group  
Taxonomic  

Phylum level Genus level 

I Euryoarchaeota Methanosphaerula, Methanosarcina 

 Acidobacteria Acidobacteria_GP19, GP23, Geothrix,  

 Actinobacteria Olsenella 

 Chloroflexi Longilinea 

 Proteobacteria 
Beijerinckia, Bacteriovorax, Desulfobulbus, Geobacter, Syntrophus, 

Methylosarcina 

 Verrumicrobia Luteolibacter 

II 

Actinobacteria Dactylosporangium, Luedemannella, Amycolatopsis 

Firmicutes Alicyclobacillus, Brevibacillus, Paenibacillus 

Proteobacteria Mesorhizobium 

III 

  

Euryarchaeota Methanobrevibacter, Methanocella, Methanolinea, Methanospirillum 

Acidobacteria Acidobacteria_GP4, GP6, GP9, GP10, GP21 

Actinobacteria 
Agromyces, Catellatospora, Micromonospora, Virgisporangium, 

Aeromicrobium 

Bacteroidetes Niastella, Terrimonas 

Chlorobi Chlorobaculum 

Firmicutes Halobacillus, Saccharibacillus, Pelotomaculum, Propionispora 

Planctomycetes Isosphaera 

Proteobacteria 

Chelatococcus, Microvirga, Ensifer, Rhodobacter, Roseomonas, Azospirillum, 

Hydrogenophaga, Thiobacillus, Methylophilus, Azoarcus, Dechloromonas, 

Desulfocapsa, Desulfuromonas, Corallococcus, Myxococcus, Nannocystis, 

Byssovorax, Desulfovirga, Methylobacter, Pseudomonas, Steroidobacter, 

Arenimonas, Dokdonella, Luteimonas, Lysobacter, Pseudoxanthomonas 

Verrumicrobia Prosthecobacter 
  

IV 

Acidobacteria Acidobacteria_GP1, GP2, GP3, GP13, GP15 

Actinobacteria 
Sinomonas, Rugosimonospora, Kitasatospora, Streptacidiphilus, 

Actinoallomurus, Spirillospora 

Bacteria_incertae_ 

sedis 

Ktedonobacter 

Bacteroidetes Sphingobacteriaceae 

Firmicutes Planifilum 

 Proteobacteria Rhodoplanes, Acidisoma, Skermanella 
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3.4.5. Effects of soil and pore water properties on bacterial communities 

The relationships between major bacterial phyla and soil properties of field level soil 

samples are shown in Table 3.11. The results showed that Bacteria_incertae_sedis 

and Verrumicrobia were significantly and negatively corelated with all soil 

properties except Eh, where it showed significant positive relationship (P < 0.05, 

Table 3.11), In addition, pH exhibited a significant positive correlation with 

Acidobacteria, Bacteroidetes and Chloroflexi (P < 0.05, r > 0.5, Table 3.11), while it 

exhibited a significant negative relationship with Actinobacteria and Firmicutes (P < 

0.05, r < -0.5, Table 3.11). The opposite trend was observed for Eh. Furthermore, a 

significant positive correlation was observed for Bacteroidetes with soil arsenic, Fe 

and arsenic species (P < 0.05, r > 0.5, Table 3.11), while Actinobacteria had a 

significant negative relationship with iAs (P < 0.05, r = -0.469, Table 3.11). 

Proteobacteria only showed a significant positive correlation with Mn (P <0.05, r = 

0.469, Table 3.11).   

At transect level, OM had a significant positive correlation with Acidobacteria and 

Bacteroidetes and a significant negative correlation was observed for Bacteria_ 

incertae_sedis (P < 0.05, Table 3.12). pH showed a significant positive relationship 

with Acidobacteria, but negative correlation with Bacteria_incertae_ sedis and 

Verrumicrobia; while Eh showed an opposite trend (P < 0.05, Table 3.12). 

Furthermore, Acidobacteria exhibited a significant positive correlation with arsenic, 

Fe, Mn and P; while Proteobacteria showed a significant positive relationship with 

arsenic (P < 0.05, Table 3.12). Soil and pore water properties had no significant 

influence on Actinobacteria, Chloroflexi, Firmicutes and Planctomycetes (P > 0.05, 

Table 3.12) 

Principle Component Analysis (PCA) was used to further investigate the 

relationships between soil chemical, qPCR and amplicon sequencing data. The PCA 

plot demonstrated that, PCA1 and PCA2 explained 42.52% of the total variation for 

field level soil samples (Figure 3.12). The 27.78% of the variation was explained by 

PCA1 which separated Holocene soils from the Pleistocene soils, while 14.74% of 

the variation was explained by PCA2 which separated non-paddy from paddy soil 

(Figure 3.12). It is evident from the PCA plot that, pH and Eh are the main 

determining factors which influenced soil and porewater variables, overall bacterial 

abundance (16SrRNA relative copy number) and copy number of microbial taxa at 
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genus level. The concentration of soil and pore water variables, relative abundance of 

bacterial 16S rRNA gene increased with high pH and low Eh, which also supports 

the results obtained from linear regression analysis between soil and pore water 

parameters and 16S rRNA relative copy number (Figure 3.1, 3.4). Most of the genus 

level OTUs were clustered in Holocene soil (either paddy or nonpaddy) compared to 

Pleistocene soil. Among the 100 most abundant OTUs, only 22 OTUs showed 

significant difference in Holocene versus Pleistocene and paddy versus nonpaddy 

soil (Figure 3.12B). The genus level OTUs from Phylum Acidobacteria (o_GP4, GP6 

and GP10, Firmicutes (c_Clostridia) and Bacteroidetes (f_Chitinophagaceae) were 

clustered in Holocene nonpaddy soil; while the OTUs from Phylum Euryarchaeota 

(Methanocella, Methanocercina) and Proteobacteria (Geobacter, 

f_Methylococcaceae, c_ Betaproteobacteria) were clustered in Holocene paddy soil 

(Figure 3.12B). On the other hand, the OTUs mainly from phylum Actinobacteria 

(Actinomonallorus, f_Thermomonosporaceace and o_Solirubrobacterials), 

Acidobacteria (o_GP1, GP2, GP3), Proteobacteria (c_Alphaproteobacteria, 

o_Rhodospirilliales, f_Acetobacteraceae) and Bacteria_incertae_sedis 

(Ktetodonobacter) were clustered in Pleistocene nonpaddy soil; while the OTUs from 

phylum Verrumicrobia ( o_Spartobacteria_genera_ incertae_sedis and 

o_Subdivision3_genera_incertae_sedis) were clustered in Pleistocene paddy soil 

(Figure 3.12). High soil pH and low Eh increased the copy number of specific genera 

in Holocene soil while low pH and high Eh increased the copy number of specific 

genera in Pleistocene soil and vice versa.  

For transect level samples, the first two components explained 50.57% of the total 

variation; of which the PCA1 and PC2 explained 33.71% and 16.79% of the total 

variation, respectively (Figure 3.13). The score plot showed that the Holocene paddy 

soils are well separated from Pleistocene paddy soils. Similar to field level soil 

samples, all the soil and pore water variables (except Eh), 16S rRNA relative copy 

number were higher in Holocene compared to Pleistocene soil (Figure 3.13B). The 

OTUs from Phylum Actinobacteria (f_Thermomonosporaceace and 

o_Solirubrobacterials), Proteobacteria (f_Acetobacteraceae) and Bacteria_inncertae 

_sedis (Ktedonobaceter) were clustered in Pleistocene paddy soils and were 

significantly higher in copy number compared to Holocene paddy soils; while the 

non-abundant significant OTUs were clustered in Holocene soils (Figure 3.13B



 
 

99 
 

Table 3.11: Spearman correlation coefficient (r) between major bacterial phyla and soil properties in Holocene versus Pleistocene and paddy 
versus nonpaddy soil. The values indicate correlation coefficient. ‘*’ indicates P < 0.05. ‘**’ indicates P < 0.01 and ‘***’ indicates P < 0.001 
 

  Acidobacteria Actinbacteria Bacteroidetes 
Bacteria_ 
incertae_sedis 

Chloroflexi Firmicutes Planctomycetes Proteobacteria Verrumicrobia 

OM (%) 0.332 -0.178 0.420 -0.543* 0.267 -0.209 -0.064 0.198 -0.602** 

pH 0.626** -0.558* 0.862** -0.916*** 0.617** -0.511* -0.328 0.018 -0.577** 

Eh -0.617** 0.568** -0.869** 0.917*** -0.615** 0.528* 0.338 -0.023 0.574** 

Arsenic 0.230 -0.284 0.546* -0.694** 0.210 -0.086 -0.128 0.273 -0.842*** 

Fe 0.332 -0.180 0.477* -0.608** 0.158 -0.171 -0.011 0.364 -0.734*** 

Mn 0.182 -0.132 0.377 -0.522* 0.011 -0.023 -0.090 0.469* -0.674** 

P -0.066 -0.183 0.275 -0.398 -0.041 -0.033 0.027 0.451 -0.702** 

iAs 0.265 -0.469* 0.662** -0.795*** 0.377 -0.271 -0.220 0.155 -0.734*** 

DMA 0.023 -0.236 0.471* -0.566** 0.302 -0.212 -0.063 0.081 -0.564* 

TMAO 0.060 -0.151 0.503* -0.591** 0.318 -0.076 -0.188 0.083 -0.602** 
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 Table 3.12: Spearman correlation coefficient (r) between major bacterial phyla and soil properties in Holocene versus Pleistocene paddy soil. 
The values indicate correlation coefficient. ‘*’ indicates P < 0.05. ‘**’ indicates P < 0.01 and  
 

  Acidobacteria Actinbacteria Bacteroidetes 
Bacteria_ 
incertae _sedis 

Chloroflexi Firmicutes Planctomycetes Proteobacteria Verrumicrobia 

OM (%) 0.794** -0.236 0.758* -0.879** -0.103 0.188 0.212 0.576 -0.503 

pH 0.697* -0.321 0.600 -0.648* 0.176 -0.176 -0.188 -0.042 -0.709* 

Eh -0.697* 0.321 -0.600 0.648* -0.176 0.176 0.188 0.042 0.709* 

As 0.661* -0.394 0.321 -0.588 0.285 -0.127 0.152 0.661* 0.067 

Fe 0.673* -0.103 0.382 -0.527 -0.455 0.382 0.321 0.127 -0.370 

Mn 0.794** -0.236 0.442 -0.697* -0.067 0.139 0.248 0.394 -0.248 

P 0.511 -0.073 0.316 -0.468 -0.322 0.340 0.292 0.176 -0.225 

iAs 0.673* 0.127 0.479 -0.430 -0.503 0.467 0.345 0.188 -0.576 

DMA -0.464 0.087 0.696 -0.435 -0.290 0.319 -0.145 -0.696 -0.783 

TMAO 0.406 0.345 0.345 -0.455 -0.515 0.564 0.527 0.285 -0.406 
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Figure 3.12. PCA Plots (A) score plot (B) loading plot showing relationships 
between soil chemical and 16S and amplicon sequencing data of Holocene versus 
Pleistocene and paddy versus nonpaddy soil samples 
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Figure 3.13. PCA Plots (A) score plot (B) loading plot showing relationships 
between soil chemical and 16S amplicon sequencing data of Holocene paddy versus 
Pleistocene paddy soils. 
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3.5. Discussion   

The Holocene lowland paddy soils in Bangladesh are elevated in arsenic as 

compared to the elevaled Pleistocene Tracts (Lu et al., 2009, Chowdhury et al., 2017; 

Williams et al., 2011). Sediment deposition and subsequent weathering of arsenic 

bearing minerals, and land management practices are the main factors for higher 

arsenic loading in Holocene paddy soils in Bangladesh (Lu et al., 2009; Williams et 

al., 2011; Chowdhury et al., 2017). Abiotic and biotic factors also play a significant 

role in mobilization and accumulation of arsenic in paddy soils. In this study the 

influence of soil properties as well as the role of soil bacterial communities (16S 

rRNA gene) on the mobilization of arsenic in Holocene and Pleistocene regions of 

Bangladesh under paddy and non-paddy condition were investigated.  

In the study, we observed 3-fold higher total arsenic in Holocene soil compared to 

Pleistocene soil. Paddy soils also showed considerably higher amounts of arsenic 

compared to non-paddy soils. These results are consistent with the findings of 

Chowdhury et al., (2017) who also reported higher arsenic concentration in Holocene 

and paddy soil than in Pleistocene and non-paddy soil. A linear relationship of soil 

total arsenic and pore water arsenic species was observed in the present study. 

Inorganic arsenic dominates in pore water over methylated species DMA and 

TMAO. The Holocene paddy soils in Bangladesh are often irrigated with arsenic 

elevated groundwater, which leads to build-up higher iAs in those soils (Meharg and 

Rahman, 2003, Huq et al., 2008, Lu et al., 2009).  The anaerobic condition of the 

paddy soils increased the mobilization of arsenic in porewater by lowering the redox 

potential (Takahashi et al., 2004; Xu et al., 2008). In flooded paddy soil, arsenic is 

released in the pore water due to reductive dissolution of iron (III) hydroxides, and 

the reduction of As (V) to As(III) (Smedley and Kinniburgh, 2002; McArthur et al., 

2004). The biogeochemical properties (pH, Eh, OM and element concentration) of 

soils have been reported to have a significant effect on arsenic mobilization in paddy 

soil porewater (Smith et al., 2002; Bogdan and Schenk, 2008; Stachowicz et al., 

2008; Williams et al., 2011). The linear relationships of soil arsenic and arsenic 

species with soil properties observed in this study may explain the increased 

mobilization of arsenic in Holocene paddy soils in Bangladesh. However, the low 

concentration of methylated arsenic species further indicates the low methylation 

potential of Bangladeshi soil. Zhao et al., (2013) also reported higher iAs and 
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relatively low methylated arsenic species in Bangladeshi paddy soil compared to 

Chinese paddy soil. 

Microorganisms play an important role in arsenic contaminated paddy soil as 

effected by mineralogy and rhizosphere activity (Liesack et al., 2000). The 

abundance and diversity of soil microbial communities can be used as an important 

indicator for evaluation of ecosystem function (Boshoff et al., 2014; Bowles et al., 

2014). In this study we employed qPCR and high throughput Illumina amplicon 

sequencing to study the abundance and diversity of the bacterial 16S rRNA gene in 

higher arsenic content Holocene compared to low arsenic content Pleistocene paddy 

and non-paddy soils. Compared to traditional low throughput sanger sequencing 

fingerprinting to explore soil microbes, high-throughput Illumina amplicon 

sequencing offers more DNA sequencing reads and can retrieve large numbers of 

OTUs (Degnan and Ochman, 2012). The relative abundance of bacterial 16S rRNA 

gene (Log2 16S copy no.) was significantly higher in Holocene and paddy soils 

compared to Pleistocene and nonpaddy soils. Highly significant relationships 

between 16S rRNA gene copy number with soil OM, pore water pH (significant 

positive relationship) and Eh (significant negative relationship) may explain the 

higher abundance of bacterial 16S rRNA gene in Holocene soils. Thus, the low pH 

and high Eh in Pleistocene soils explain its lower bacterial abundance. Apart from 

soil OM, pH and Eh, soil arsenic and arsenic species were found to show a positive 

relationship with bacterial 16S rRNA gene abundance. This indicates that the 

presence of arsenic might increase the abundance of microbes involved in arsenic 

biotransformation (Zhang et al., 2015a).  

The alpha-diversity indices of the bacterial 16S rRNA gene were higher in the higher 

arsenic content Holocene soil than in low arsenic content Pleistocene soil. The higher 

species richness (Chao1) and diversity (Shanon and Simpson) of the soil bacterial 

community in more arsenic contaminated Holocene soil indicates that arsenic 

contamination likely plays an important role in shaping bacterial community 

diversity and many microbial species could cope with the higher levels of arsenic 

contamination. Previous studies also reported higher species richness and diversity in 

higher-level of arsenic contaminated soil (Gu et al., 2017). Cai et al., (2009) also 

reported higher numbers of bacterial species isolated from a long term high-level 
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arsenic contamination site than from intermediate and low levels of arsenic 

contaminated sites.  

Identifying key arsenic resistant and sensitive bacterial populations in high and low 

arsenic contaminated soils is essential as microbial communities may be involved in 

biotransformation processes to tolerate arsenic stress in soil ecosystem (Zhang et. al., 

2015a). In this study, we observed Acidobacteria, Actinobacteria and Proteobacteria 

as most abundant phyla in all treatments. These are the most active bacterial 

population in arsenic contaminated soil and groundwater and are capable of arsenic 

transformations (Luo et al., 2014; Gu et al., 2017; Das et al., 2017). Other highly 

abundant phyla included Bacteroidetes, Chloroflexi and Firmicutes, which were also 

widely distributed in arsenic contaminated soil (Jackson et al., 2005; Macur et al., 

2004). Soil properties have significant influence on bacterial community composition 

(Gu et al., 2017). The positive correlation between soil pH and arsenic with 

Acidobacteria, Bacteroidetes, Chloroflexi and Propteobacteria indicates that, these 

organisms may be more resistant to high level of arsenic contamination; while the 

negative correlation between soil pH and arsenic with Actinobacteria and Firmicutes 

indicates, these phyla may be more sensitive to arsenic contamination. The presence 

of these bacteria suggests that they may play an important role in arsenic 

biotransformation in varying levels of arsenic contaminated soils due to their high 

adaptability under stress condition (Spain et al., 2009). 

It is evident from the present study that more bacterial genus level OTUs were 

upregulated in Holocene soil compared to Pleistocene soils when comparing the 

paddy against the nonpaddy condition. This result suggests that higher levels of 

bacterial diversity are associated with stress condition. Among the genus level OTUs, 

the copy number of the genus Geobacter (from phylum Proteobacteria) was 

significantly upregulated in Holocene paddy soils. Geobacter are anaerobic arsenic 

reducing bacteria and potentially harbour the arsenate reductase (arrA) gene, which 

is able to reduce As(V) to As(III) to gain energy (Malasarn et al., 2004; Hoeft et al., 

2004). The abundance of Geobacter increased under flooded paddy condition due to 

low redox potential (Eh) (Jia et al., 2014; Zhang et al., 2015a) which enhances the 

reductive dissolution of Fe oxyhydroxide and increases the mobility of arsenic in soil 

solution (Takahashi et al., 2004). The arrA gene sequences closely related to 

Geobacter species have been frequently identified in arsenic contaminated 
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environments (Héry et al., 2010).  Zhang et al., (2015a) identified arrA gene 

sequences related to Geobacter species (Geobacter uraniireducens). Further, 

decrease in redox potential upon flooding favors arsenic methylating bacteria with 

greatly increased availability of As(III) in soil solution, the substrate for arsenic 

methylation (Chen et al., 2019; Jia et al., 2013). The anaerobic microbes possessing 

the arsenic methylation (arsM) gene, which mediates arsenic methylation (Qin et al, 

2006), generate arsenic methylated species in soil solution and accumulation in rice 

grain (Mestrot et al., 2011). Bacterial genera such as Bacillus, Clostridium, 

Pseudomonas, Rhodopseudomonas, Sterptomyces have been reported to be involved 

in arsenic methylation and subsequent volatilization in arsenic rich environments 

under aerobic or anaerobic condition (Kumarata et al., 2015; Wang et al., 2015, 

2016; Zhang et al., 2015b; Huang et al., 2016, 2017). In our study, we observed 

Bacillus, Clostridium and Streptomyces as the dominant genera and an increased 

copy number of Pseudomonas in Holocene soil in both paddy and nonpaddy 

condition when compared to Pleistocene soil. Sulphur reducing bacteria such as 

Desulfobulbus, Desulfocapsa, Desulfuromonas, which are widely distributed in soil 

and play important role in arsenic methylation (Chen et al., 2019) were also observed 

in this study.  
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3.6. Conclusions  

Our results revealed higher abundance and diversity of bacterial communities in 

higher arsenic content Holocene compared to lower arsenic content Pleistocene soil. 

The relative abundance of bacterial 16S rRNA was also higher in paddy soil versus 

adjacent non-paddy soil. Acidobacteria and Proteobacteria, Chloroflexi, 

Actinobacteria and Bacteroidetes were the dominant phyla observed in this study. 

Geobacter was found as the most abundant bacterial species in Holocene paddy soil 

in line with it being reported as an arsenic tolerant species. Soil and pore water 

properties have significant influence on microbial community composition and 

diversity. Overall, high pH, OM and low Eh in Holocene soil increased the microbial 

community composition and diversity in that soil compared to Pleistocene. This 

study provides valuable insight into the variation of the abundance and diversity of 

bacterial communities in paddy and non-paddy higher level arsenic Holocene versus 

lower level arsenic Pleistocene soils, and relates this to soil physiochemical factors. 

Future investigations related to functional analysis of the microbial communities in 

Holocene versus Pleistocene paddy soil will provide more in-depth understanding of 

their environmental and ecological roles and provide more in-depth details as to how 

they drive arsenic dynamics in these soils. 
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Chapter 4: Microbial community composition and diversity of 

arsenic related functional genes in Holocene and Pleistocene soils of 
Bangladesh 
 

 

4.1. Abstract 

Microbes mediated arsenic biotransformation plays an important role in the 

biogeochemical cycling of arsenic in paddy soil. They have the ability to transform 

toxic forms of arsenic to nontoxic forms in heavily contaminated paddy soil and can 

reduce the accumulation of arsenic by rice grain. In this study, we employed high 

throughput metagenomic approach along with physiochemical characterization of 

soil and porewater and qPCR to investigate the composition of microbial community 

and arsenic related functional genes abundance and distribution in arsenic elevated 

contaminated Holocene versus lower arsenic content Pleistocene soils, under paddy 

versus nonpaddy condition. Metagenomic results showed that the soils were 

dominated by bacteria (relative abundance >95%) followed by archaea. 

Proteobacteria, Actinobacteria, Acidobacteria, Firmicutes were the most abundant 

bacterial phyla observed in this study. The relative abundance of Proteobacteria and 

Firmicutes were higher in Holocene paddy soil; while the relative abundance of 

Actinobacteria and Acidobacteria was higher in Pleistocene and nonpaddy soil. The 

abundance and distribution of arsenic resistant functional genes (arsC, arsA-arsB, 

arsD, arsH and ACR3) were significantly higher in paddy soil compared to 

nonpaddy soil. PCA revealed that soil solution pH and redox potentiall (Eh) were the 

main determining factors influencing the abundance of microbial communities and 

arsenic related functional gene in paddy soil. The wide distribution of arsenic 

resistant functional genes involved in As(V) reduction indicates that, As(V) 

reduction and resistance could be the most common pathways to detoxify arsenic in 

paddy soil. The results obtained in this study provide an insight on the abundance 

and diversity of microbial community composition and arsenic related functional 

genes and their role in arsenic mobilization in arsenic contaminated paddy soil.  
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4.2. Introduction 

Diverse communities of microorganisms are present everywhere in the environment 

and provide essential ecological functions to change the environment (Van der 

Heijden et al., 2008; Walter and Ley, 2011; Philippot et al., 2013). Within soil 

ecosystem, microorganisms are highly diverse, comprising of complex group of 

bacterial, archaeal and Eukaryotic taxa (Curtis et al., 2002). It is now clear that 

microorganisms contribute significantly to mobilization and transformation of toxic 

elements such as arsenic in paddy soils, by catalyzing different processes, including 

arsenite (As(III)) oxidation, arsenate As(V) reduction, and As(III) methylation, 

thereby, effecting the global geochemical cycle of arsenic (Jia et al., 2014, Zhang et 

al., 2015a, Qin et al., 2006). Elevated levels of arsenic in paddy soil can influence the 

distribution of microbes, causing significant changes in microbial community 

structure (Pa ́ez-Espino et al., 2009). This may lead to increase in microbial 

processes mediated by different protein encoded functional genes that have the 

ability to metabolize arsenic. The key genes involved in arsenic biotransformation in 

paddy soil include reductase genes (arrA and arsC), which are responsible for As(V) 

reduction and mediate respiratory and detoxification pathways (Malasarn et al., 

2004; Oremland and Stolz, 2005), oxidase genes (aioA and aioB), which are 

responsible for As(III) oxidation (Inskeep et al., 2007; Lett et al., 2012), and 

methyltransferase genes (arsM), which mediate arsenic methylation (Qin et al., 2006; 

Mestrot etal., 2011). In addition, microorganisms developed different resistance 

mechanisms to cope with arsenic toxicity, which includes arsenate reductase (arsC), 

transcriptional repressor (arsR), arsenical resistance operon transacting repressor 

(ArsD), arsenite transporting ATPase (arsA), arsenical pump membrane protein 

(arsB), arsenical resistance protein (arsH), arsenical resistance protein (ACR3) 

(Rosen et al., 1999; Qin et al., 2006; Cai et al., 2009). 

As the abundance and diversity of arsenic related functional genes are known to 

regulate the mobilization and transformation of arsenic in soil, these genes and their 

corresponding proteins are commonly used as molecular markers for microbial 

ecology studies (Malasarn et al., 2004; Silver and Phung, 2005, Lever, 2013). Thus, 

it is important to analyze microbial communities and arsenic related functional genes 

to see their effects on biogeochemical cycling of arsenic in paddy soil. 
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Previous studies mainly focused on traditional PCR based methods (Jai et al., 2013, 

2014; Schuchmann and Muller, 2014, Zhang et al., 2015a), qPCR (Escudero et al., 

2013 and Poirel et al., 2013), functional gene arrays (Geochip) (Xiong et al., 2010, 

2012; Gu et al., 2017) to investigate the abundance of arsenic metabolising genes 

(arsM, arsA, arsB, arsC, arsM, arsH, arsR, aioA, aioB, ACR3 etc) and/or amplicon 

sequencing of the arsM gene (Reid et al., 2017; Afroz et al., 2019, Yan et al., 2020) 

the investigate the diversity of the arsM gene in paddy soil. PCR based methods 

identify designated DNA fragments via amplification of target genes with specific 

primers and in this way have been employed to analyse the microbial community 

composition efficiently providing many useful insights. The limitation of PCR based 

methods is that they are low throughput, depend on available primers and that there 

may be primer bias. With respect to functional gene arrays, identification is restricted 

to probe availability. The limitation of amplicon sequencing of the arsM gene is that 

there may be a primer bias for specific arsM sequences and that the analysis is 

limited to investigation of one gene. 

Due to advancement of next generation sequencing techniques and significant price 

drop, diversity analysis using a metagenomic approach, which sequences the total 

community genomic DNA extracted from an environment, has now become feasible. 

While this approach is still very expensive, it is now regarded as the most powerful 

tool for the study of environmental microbial communities, as can be employed for 

taxonomic and functional gene-based analysis. This includes diversity analysis of 

organisms and genes involved in arsenic transformation and resistance (Cai et al., 

2013) with this approach already employed in some studies to study microbial 

communities in the context of arsenic related metabolic functions in contaminated 

soil (Cai et al., 2013; Luo et al., 2014, Xiao et al., 2016). In the current study, we 

employed metagenome sequencing to study the microbial community composition in 

Holocene versus Pleistocene and rice paddy versus adjacent nonpaddy soils of 

Bangladesh. By investigation of the diversity of organisms and arsenic related 

functional genes (molecular analysis) in conjunction with soil and porewater 

elemental analysis (chemical analysis) the aim was to identify if correlation between 

molecular and chemical characteristics in these samples can help explain differences 

in arsenic dynamics in these soils. 

 



 
 

112 
 

4.3. Materials and Methods 

4.3.1. Sample selection 

Soil DNA extracted from Holocene paddy, Holocene nonpaddy, Pleistocene paddy 

and Pleistocene nonpaddy soils, and used for amplicon sequencing in Chapter 3 were 

also submitted for barcoded metagenome sequencing. The list of samples selected for 

metagenomics analysis is shown in table 4.1. For the detailed procedure of sample 

collection and preparation, incubation, DNA extraction see Chapter III, Section 3.2.  

 

Table 4.1: Soil samples used for metagenomic analysis 
 

Sample_ID Sample description Latitude (N) Longitude (E) 

HNP-1 Holocene nonpaddy-1 23.6672 90.6052 

HNP-2 Holocene nonpaddy-2 23.6681 90.6023 

HNP-3 Holocene nonpaddy-3 23.6658 90.6045 

HNP-4 Holocene nonpaddy-4 23.6649 90.6040 

HNP-5 Holocene nonpaddy-5 23.7465 90.6061 

HP-1 Holocene paddy-1 23.6672 90.6052 

HP-2 Holocene paddy-2 23.6684 90.6029 

HP-3 Holocene paddy-3 23.6658 90.6045 

HP-4 Holocene paddy-4 23.6645 90.6043 

HP-5 Holocene paddy-5 23.7465 90.6061 

PNP-1 Pleistocene nonpaddy-1 24.6706 90.0712 

PNP-2 Pleistocene nonpaddy-2 23.6721 90.0722 

PNP-3 Pleistocene nonpaddy-3 24.6724 90.0733 

PNP-4 Pleistocene nonpaddy-4 24.6734 90.0745 

PNP-5 Pleistocene nonpaddy-5 24.6748 90.0744 

PP-1 Pleistocene paddy-1 24.6707 90.0711 

PP-2 Pleistocene paddy-2 23.6721 90.0722 

PP-3 Pleistocene paddy-3 24.6724 90.0733 

PP-4 Pleistocene paddy-4 24.6734 90.0745 

PP-5 Pleistocene paddy-5 24.6754 90.0734 
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4.3.2. Metagenomic sequencing and processing of the resultant data  

Metagenomic analysis was performed to identify the microbial community 

composition and functional diversity in soil. Soil DNA from 20 soil samples (shown 

in Table 4.1) were sent to the Genomic Research Institute, University of Liverpool 

for shotgun metagenome sequencing on the Illumina Hiseq. Metagenome libraries 

were constructed using Truseq PCR free DNA sample preparation kit with 350bp 

insert size. The prepared libraries were then sequenced using 150bp paired-end 

sequencing. Initial processing of the sequences includes adapter trimming using 

Cutadapt version 1.2.1 (Martin, 2011), and clipping of low-quality reads by Sickle 

version 1.200 (Joshi and Fass, 2011), using quality score 20 as a threshold, which 

was conducted by the sequencing centre. Following download of the paired end fastq 

files, the quality of the sequences was checked (fastqc, Andrews, 2010), low quality 

bases removed in paired end mode (fastqc-mcf, Aronesty, 2013) with only those 

paired reads retained where both reads were >= 140bp in length after clipping. The 

metagenome sequences obtained in this study has been submitted to EBI under the 

accession number ERP108733.  

After clipping, the filtered reads were de novo assembled into contigs (Metavelvet, 

Namiki et al., 2012) with K-mer size 61. The assembled contigs were subsequently 

submitted to MG-RAST metagenomics analysis server (Meyer et al., 2008) to 

investigate taxonomic and functional annotation. Microbial composition analysis was 

performed using the MG-RAST best hit classification tool based on RefSeq database 

(Pruitt et al., 2012). To generate taxonomic profiles at different levels, the reads were 

compared using a maximum e-value of 1e-5, a minimum identity of 80%, and a 

minimum alignment length of 60 bp. Functional analysis was performed using the 

MG-RAST hierarchical classification tool based on SEED Subsystems (Overbeek, 

2005). Functional profiles were generated using maximum e-value of 1e-5, a 

minimum identity of 80%, and a minimum alignment length of 20, measured in 

amino acids. To identify the potential for arsenic metabolism in different samples, 

genes related to arsenic metabolisms were identified from SEED subsystems 

according to the threshold described above. 
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4.3.3. Bioinformatics and statistical analysis of the metagenomic sequencing 

data 

The relative abundance of microbial communities and functions at different levels 

were identified, followed by statistical analysis in Minitab. To identify the significant 

genus level OTUs in different pairwise comparisons, statistical analysis on genus 

level profiles was performed in R version 3.2.2. with DESeq2 (Love et al., 2014), 

and the significant OTUs in different groups were visualized via a heatmap (R 

version 3.2.2, R package gplots and heatmap2). For identification of significant 

functional genes related to resistance to antibiotics and toxic compounds, statistical 

analysis was performed on the function level OTU table in R version 3.2.2. with 

DESeq2 (Love et al., 2014), and the significant functional genes in different pairwise 

comparisons were visualized via a heatmap. (For further details on general aspects of 

the DESeq2 analysis and generation of heatmaps, see also Chapter III, section 3.2.8). 

Principle component analysis (PCA) of soil chemical and metagenome sequencing 

data (taxonomic and functional annotation) was done in SPSS (version 26 for MAC 

OS). Results were plotted in GraphPad Prism (version 8). 

 

4.4. Results 

4.4.1. Metagenome read counts 

A total of 1.08 x 109 sequencing reads was obtained from 20 samples ranging from 

27,113,553 to 67,504,888 in different samples (Table 4.1). Following quality 

trimming, a total of 1.08 x 109 sequencing reads (79.78% of the total reads) were 

retained, ranging from 21,509,513 to 55,197,256 across the samples (Table 4.2). On 

average, more than 20% reads were lost during quality trimming. The reaming reads 

were used for downstream analysis.  
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Table 4.2: Metagenome read quantification per sample. “HNP” represents Holocene 
nonpaddy soil, “HP” represents Holocene paddy soil, “PNP” represents Pleistocene 
nonpaddy soil and “PP” represents Pleistocene paddy soil.  
 

Metagenome Total paired end 
reads before 

clipping 

Total paired 
end reads after 

clipping 

Total paired end 
reads lost during 

clipping 

% reads 
retained after 

clipping 

HNP-1 65,624,487 51,735,256 13,889,231 78.84 

HNP-2 66,327,067 55,197,762 11,129,305 83.22 

HNP-3 59,925,561 49,374,870 10,550,691 82.39 

HNP-4 27,113,553 21,509,513 5,604,040 79.33 

HNP-5 54,448,402 42,567,059 11,881,343 78.18 

HP-1 56,547,429 45,097,839 11,449,590 79.75 

HP-2 60,018,962 49,959,379 10,059,583 83.24 

HP-3 48,348,408 38,254,353 10,094,055 79.12 

HP-4 58,780,605 46,972,708 11,807,897 79.91 

HP-5 43,181,713 35,000,525 8,181,188 81.05 

PNP-1 47,794,702 38,488,919 9,305,783 80.53 

PNP-2 50,161,786 39,875,219 10,286,567 79.49 

PNP-3 55,052,803 38,882,275 16,170,528 70.63 

PNP-4 67,504,888 56,405,349 11,099,539 83.56 

PNP-5 49,415,377 38,315,838 11,099,539 77.54 

PP-1 53,955,665 43,830,852 10,124,813 81.23 

PP-2 54,002,612 41,517,998 12,484,614 76.88 

PP-3 40,620,106 30,871,312 9,748,794 76.00 

PP-4 62,632,679 51,372,206 11,260,473 82.02 

PP-5 63,953,330 50,786,598 13,166,732 79.41 

 

 

 

 

 

 

 

 

 

 



 
 

116 
 

4.4.2. Microbial community composition 

The taxonomic analysis of microbial communities showed that the soils were 

dominated by bacteria (95.52 to 97.55% of total reads) across all treatments, with the 

highest abundance in Pleistocene non-paddy soil (Table 4.3). The remaining 

sequences were assigned to archaea (1.72 to 3.60% of total reads), eukaryota (0.70 to 

0.85% of total reads) and viruses <0.02% in different treatments (Table 4.3).  

At phylum level, a total of 43 taxa (apart from unclassified at phylum level) were 

identified in different treatments, of which only 10 phyla showed relative abundance 

>1% (Table 4.3, Figure 4.1A). According to the annotation, Proteobacteria, 

Actinobacteria, Firmicutes and Acidobacteria were the dominant bacterial phyla in 

all treatments, comprising >75% of the total population (Figure 4.1A). Among these 

phyla, Proteobacteria was the most abundant phylum, accounting for 41.2- 48.1% 

across the treatments (Figure 4.1A). The relative abundance of Bacteroidetes, 

Cyanobacteria, Firmicutes and Planctomycetes were significantly higher in Holocene 

soils, while the relative abundance of Actinobacteria was significantly higher in 

Pleistocene soil (P < 0.05, Table 4.4, Figure 4.1A). Furthermore, paddy soils 

significantly increased the relative abundance of Bacteroidetes, Firmicutes and 

Proteobacteria; while the relative abundance of Acidobacteria and Actinobacteria 

were significantly increased in non-paddy soils (P < 0.05, Table 4.4, Figure 4.1A). 

The Proteobacteria were furthermore divided into Alphaproteobacteria, 

Betaproteobacteria, Gammaproteobacteria and Deltaproteobacteria at class level. 

Among them, Alphaproteobacteria was the most abundant in all treatments (Figure 

4.1B). The high relative abundance of Proteobacteria, Actinobacteria, Acidobacteria 

and Firmicutes indicated that these phyla played key role in soil bacterial 

community. 

Another important domain observed in this study was the archaea. which was 

represented by the five phyla Crenararchaeota, Euryoarchaeota, Korarchaeota, 

Nanoarchaeota and Thaumarchaeota (Table 4.3). Of these, the Euryoarchaeota was 

the most abundant phylum, showing relative abundance >1% of total reads (Figure 

4.3). The abundance of Euryoarcheaota was significantly higher in Holocene and 

paddy soil compared to Pleistocene and nonpaddy soil (P < 0.05, Table 4.4; Figure 

4.3) 
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Eukaryota annotated OTUs were identified at <1% and viral sequences at <0.02% 

overall relative abundance. The major phyla (>0.1% overall relative abundance) 

identified within the Eukaryota were the Ascomycota (0.18%), within the domain 

Fungi, the Streptophyta (0.16%) within the domain Algae and the Chordata (0.12%) 

within the domain Animalia (Table 4.3). Due to the overall very low abundance of 

Eukaryotes and Viruses, they were subsequently removed during filtering and for 

further downstream analyses only bacterial and archaeal OTUs were retained.  

With respect to the domain bacteria and archaea, a total of 657 genera (apart from 

unclassified at genus level) were identified in all samples. Among these genera, only 

17 bacterial genera showed relative abundance >1%, accounted for more than 30% of 

the total community (Figure 4.2). The relative abundance of Bacillus, Geobacter, 

Anaeromyxobacter, Myxococcus, and Pseudomonas were significantly higher in 

Holocene soils (GLM, P < 0.05, Table 4.5, Figure 4.2); while the relative abundance 

of Candidatus Solibacter, Candidatus Koribacter, Frankia, Bradyrhizobium, 

Rhodopseudomonas and Methylobacterium were significantly higher in Pleistocene 

soil (GLM, P < 0.05, Table 4.5, Figure 4.2). In contrast, paddy cultivation 

significantly increased the relative abundance of Roseiflexux, Geobacter and 

Anaeromyxobacter (GLM, P < 0.05, Table 4.5, Figure 4.2); while the relative 

abundance of Candidatus Solibacter, Candidatus Koribacter, Frankia, Sterptomyces, 

Conexibacter and Mesorhizobium were significantly increased in non-paddy soil 

(GLM, P < 0.05, Table 4.5, Figure 4.2). Among the most abundant genera, 9 of them 

(Candidatus Solibacter, Streptomyces, Frankia, Conexibacter, Bradyrhizobium, 

Rhodopseudomonas, Methylobacterium, Mesorhizobium and Geobacter) also 

showed significant differences in different pairwise comparison in DEseq2 analysis 

(FDR < 0.05, Log2FC > 0.5, Table 4.5).  
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Table 4. 3: Relative abundances (%) of taxonomic groups (domain and phylum 
level) in different treatments. “HNP” represents Holocene nonpaddy soil, “HP” 
represents Holocene paddy soil, “PNP” represents Pleistocene nonpaddy soil and 
“PP” represents Pleistocene paddy soil.  
 
Taxa HNP HP PNP PP 

Archea 2.663 ± 0.199 3.601 ± 0.434 1.721 ± 0.336 2.636 ± 0.141 

Crenararchaeota 0.265 ± 0.017 0.283 ± 0.015 0.236 ± 0.025 0.277 ± 0.011 

Euryoarchaeota 1.971 ± 0.176 3.094 ± 0.431 1.120 ± 0.230  1.886 ± 0.146 

Korarchaeota 0.022 ± 0.003 0.033 ± 0.004 0.017 ± 0.010 0.027 ± 0.001 

Nanoarchaeota 0.002± 0.001 0.002 ± 0.001 0.002 ± 0.001  0.002 ± 0.001 

Thaumarchaeota 0.403 ± 0.091 0.189 ± 0.040 0.195 ± 0.087 0.444 ± 0.138 

Bacteria 96.53 ± 0.210 95.52 ± 0.433 97.55 ±0.359 96.56 ± 0.145 

Acidobacteria 5.082 ± 0.266 4.166 ± 0.413 9.774 ± 1.441 6.051 ± 0.439 

Actinobacteria 23.33 ± 3.521 14.78 ± 1.623 25.49 ± 3.005 19.95 ± 2.462 

Aquificae 0.274 ± 0.028 0.321 ± 0.010 0.213 ± 0.024 0.263 ± 0.009 

Bacteroidetes 2.832 ± 0.154 3.770  ±  0.238 1.778 ± 0.314 2.574 ± 0.166 

Candidatus Pribacter 0.112 ± 0.017 0.097 ± 0.007 0.051 ± 0.004 0.062 ± 0.002 

Chlamydiae 0.177 ± 0.032 0.167 ± 0.018 0.131 ± 0.024 0.189 ± 0.032 

Chlorobi 0.511 ± 0.050 0.789  ±0.041 0.395 ± 0.053 0.550 ± 0.029 

Chloroflexi 3.976 ± 0.257 4.056 ± 0.301 4.261 ± 0.357 4.622 ± 0.364 

Chrysiogenetes 0.035 ± 0.005 0.049 ± 0.002 0.026 ± 0.004 0.034 ± 0.002 

Cyanobacteria 2.505 ± 0.185 2.662 ± 0.144 2.155 ± 0.072 2.463±0.038 

Deferribacters 0.111 ± 0.016 0.166 ± 0.010 0.078±0.016 0.115 ± 0.008 

Deinococcus-Thermus 0.885 ± 0.045 0.897 ± 0.045 0.788±0.025 0.877 ± 0.048 

Dictyoglomi 0.088 ± 0.008 0.127 ± 0.007 0.075±0.010 0.106 ± 0.005 

Elusimicrobia 0.030 ± 0.003 0.048 ± 0.003 0.025±0.006 0.038 ± 0.004 

Fibrobacteres 0.016 ± 0.002 0.022 ± 0.001 0.012±0.001 0.015 ± 0.001 

Firmicutes 6.842 ± 0.286 7.758 ± 0.318 5.830±0.280 6.654 ± 0.220 

Fusobacteria 0.082 ± 0.005 0.117 ± 0.006 0.063±0.009 0.089 ± 0.003 

Gemmatimonadetes 0.573 ± 0.074 0.585 ± 0.063 0.443±0.068 0.350 ± 0.034 

Lentisphaerae 0.056 ± 0.007 0.083  ±0.004 0.041±0.004 0.059 ± 0.004 

Nitrospirae 0.866 ± 0.111 0.868 ± 0.047 0.439±0.049 0.570 ± 0.026 

Planctomycetes 2.608 ± 0.331 2.241 ± 0.132 1.457±0.105 1.743 ± 0.0136 

Proteobacteria 42.563 ± 2.245 48.112 ± 1.617 41.182±2.001 45.384 ± 2.347 

Spirochaetes 0.272 ± 0.024 0.406 ± 0.020 0.203±0.028 0.290 ± 0.013 

Synergistetes 0.16 4 ± 0.015 0.236 ± 0.015 0.129±0.019 0.189 ± 0.006 

Tenericutes 0.017 ± 0.001 0.022 ± 0.001 0.015±0.002 0.019 ± 0.001 

Thermotogae 0.275 ± 0.020 0.375 ± 0.017 0.232±0.029 0.318 ± 0.014 
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Taxa HNP HP PNP PP 

Verrumicrobia 1.879 ± 0.197 2.237 ± 0.202 1.873±0.168 2.583 ± 0.0139 

unclassified  0.371 ± 0.020 0.367 ± 0.018 0.390±0.023 0.395 ± 0.037 

Eukaryota 0.788 ± 0.034 0.855 ± 0.013 0.703 ± 0.022 0.772 ± 0.022 

Animalia     

   Arthropoda 0.054 ±0.003 0.061 ± 0.001 0.044 ± 0.002 0.050 ± 0.001 

   Chordata 0.122 ± 0.008  0.134 ± 0.001 0.102 ± 0.005 0.118 ± 0.005 

   Cnidaria 0.024 ± 0.002  0.030 ± 0.001 0.018 ± 0.001 0.021 ± 0.001 

Algae     

   Bacillariophyta 0.017 ± 0.001 0.027 ± 0.003 0.011 ± 0.001 0.015 ± 0.001 

   Chlorophyta 0.050 ± 0.003 0.062 ± 0.003 0.041 ± 0.003 0.057 ± 0.002 

   Streptophyta 0.165 ± 0.010 0.180 ± 0.002 0.157 ± 0.004 0.177± 0.005 

Fungi     

   Ascomycota 0.181± 0.005 0.166 ± 0.004 0.184 ± 0.008 0.163 ± 0.002 

   Bacidiomycota 0.032 ± 0.001 0.033 ± 0.001  0.030 ± 0.001 0.032 ± 0.001 

Nematodes 0.019 ± 0.001 0.019 ± 0.001 0.016 ± 0.001 0.018 ± 0.001 

Unclassified  0.091 ± 0.004  0.109 ± 0.003  0.075 ± 0.004  0.093 ± 0.003  

Viruses (unclassified) 0.018 ± 0.001 0.018 ± 0.001 0.027 ± 0.001 0.036 ± 0.001 

 

 

Table 4.4: General linear modelling P values for major bacterial and archaeal phyla 
in different treatments 
 
Phyla Holocene/ 

Pleistocene 
paddy/ 
nonpaddy 

Interaction 

Euryoarchaeota <0.01 <0.01 0.739 

Acidobacteria <0.01 0.013 0.095 

Actinobacteria 0.190 0.018 0.590 

Bacteroidetes <0.001 <0.01 0.407 

Chloroflexi 0.194 0.492 0.672 

Cyanobacteria 0.038 0.076 0.555 

Firmicutes <0.01 <0.01 1.000 

Planctomycetes <0.01 0.846 0.117 

Proteobacteria 0.3281 0.011 0.639 

Verrucomicrobia 0.353 <0.01 0.344 
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Figure 4.1. Relative abundance (%) of major bacterial and archaeal taxa (>1% in at 
least one sample) in different metagenomes (A) Phylum level. (B) Class level. Others 
indicates the taxa which are <1% in relative abundance in any of the samples. “HNP” 
represents Holocene nonpaddy soil, “HP” represents Holocene paddy soil, “PNP” 
represents Pleistocene nonpaddy soil and “PP” represents Pleistocene paddy soil.  
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Table 4. 5: General linear modelling P values for major bacterial genera obtained 
from metagenomic analysis in different treatments. Last 2 columns show if results 
were also significant in the relevant pairwise comparison using DESeq2 analysis 
 

Genus Holocene/ 

Pleistocene 

Paddy/ 

Nonpaddy 

Interaction  DESeq2 

FDR <0.05 

DESeq2 

Log2FC >0.5 

Candidatus_Solibacter 0.028 0.039 0.257 yes yes 

Candidatus_Koribacter <0.01 0.031 0.116 no no 

Frankia 0.025 0.016 0.796 yes yes 

Nocardioides 0.376 0.110 0.855 no no 

Streptomyces 0.166 0.033 0.893 yes yes 

Conexibacter 0.305 0.016 0.390 yes yes 

Roseiflexus 0.320 0.036 0.261 no no 

Bacillus 0.020 0.250 0.885 no no 

Bradyrhizobium <0.001 0.108 0.188 yes yes 

Rhodopseudomonas <0.01 0.932 0.134 yes yes 

Methylobacterium <0.01 0.986 0.101 yes yes 

Mesorhizobium 0.919 <0.01 0.121 yes yes 

Burkholderia 0.059 0.755 0.299 no no 

Geobacter <0.01 <0.01 0.076 yes yes 

Anaeromyxobacter 0.025 0.010 0.947 no no 

Myxococcus <0.01 0.537 0.542 no no 

Pseudomonas 0.027 0.123 0.264 no no 
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Figure 4.2. Relative abundance of major bacterial taxa (>1% in relative abundance) 
at genus level in different metagenomes. “HNP” represents Holocene nonpaddy soil, 
“HP” represents Holocene paddy soil, “PNP” represents Pleistocene nonpaddy soil 
and “PP” represents Pleistocene paddy soil.  
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4.4.3. DESeq2 analysis of genus level taxonomic profile in different pairwise 

comparison 

Significant genus level OTUs in different pairwise comparisons were identified from 

DESeq2 analysis. The unique and overlapping genus level OTUs are shown in Venn 

diagram (Figure 4.3). In total, 154 OTUs were found significant in 4 different 

pairwise comparisons. Land use effect (paddy versus non-paddy soil) showed 104 

significant OTUs, of which 85 OTUs were significant in Holocene soil and 59 OTUs 

in Pleistocene soil, with 30 overlapping OTUs (Figure 4.3). On the other hand, 

geomorphology (Holocene versus Pleistocene) effects showed 73 significant OTUs 

in total, of which 54 OTUs were significant in non-paddy soil and 32 OTUs in paddy 

soil, with 13 overlapping OTUs (Figure 4.3). The heatmap in Figure 4.4 showed that, 

non-paddy soil (either in Holocene and Pleistocene region) showed significantly 

increased (FDR < 0.05, log2FC > 0.5) copy number of 66 genera level OTUs within 

the phyla Acidobacteria, Actinobacteria, Chloroflexi, Planctomycetes, Proteobacteria 

and Ascomycota (Group I, Figure 4.4, Table 4.6) when compared to paddy soil; 

while the paddy soil (either in Holocene and Pleistocene) showed significantly 

increased copy number of 32 genera level OTUs within the phylum Euryarchaeota, 

Bacteroidetes, Chlorobi, Nitrospira, Proteobacteria and Chlorophyta (Group II, 

Figure 4.4, Table 4.6) when compared to non-paddy soil. DESeq2 analysis of genus 

level OTUs, furthermore, showed that, the Holocene soil (either in paddy or non-

paddy) showed a significantly increased (FDR<0.05) copy number of 37 genus level 

OTUs within the phylum Euryarchaeota, Bacteroidetes, Firmicutes, Nitrospira, 

Planctomycetes, Proteobacteria and Bacillariophyta (Group III in Figure 4.4, Table 

4.6) when compared to Pleistocene soil; and the Pleistocene soil (either paddy or 

non-paddy) showed a significantly increased (FDR<0.05) copy number of 18 genus 

level OTUs within the Phylum Proteobacteria and Verrumicrobia (Group IV in 

Figure 4.4, Table 4.6) when compared to Holocene soil. Among the 154 significant 

genera level OTUs, 9 of them (Candidatus Solibacter, Frankia, Streptomyces, 

Conexibacter, Bradyrhizobium, Rhodopseudomonas, Methylobacterium, 

Mesorhizobium and Geobacter) were also within the list of most abundant (>1%) 

genera (Tables 4.5 and 4.6), which indicates that the copy number changes of most 

abundant genera appear to contribute significantly to the overall effect of 

geomorphology and land use system in this study. 
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Figure 4.3. Unique and overlapped significant genus level OTUs in different 
pairwise comparison. “HNP” represents Holocene non-paddy soil, “HP” represents 
Holocene paddy soil, “PNP” represents Pleistocene non-paddy soil, “PP” represents 
Pleistocene paddy soil. 
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Figure 4.4. Heatmap showing normalized counts of taxa at genus level with 
significant differences in copy number (FDR <0.05, absolute log2FC >0.5). Darker 
blue indicates greater normalized counts. Group-I = significantly higher copy number 
in non-paddy soil, Group-II = significantly higher copy number in paddy soil, Group-
III = significantly higher copy number in Holocene soil, Group-IV = significantly 
higher copy number in Pleistocene soil. A: Acidobacteria, Ac: Actinobacteria, B: 
Bacteroidetes, Ch: Chloroflexi, Pl: Planctomyctes, As: Ascomycota, E: 
Euryarchaeota, Chl: Chlorobi, N: Nitrospira, C: Chlorophyta, S: Spirochchaetes, F: 
Firmicutes, P: Proteobacteria, B: Bacillariophyta and V: Verrumicrobia. The 
corresponding genus in each phylum is shown in Table 4.6 
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Table 4.6: Corresponding differential copy number patterns (for groups shown in 
heatmap 4.4) identified for metagenome taxonomy in Holocene versus Pleistocene 
and paddy versus non-paddy pairwise comparisons. Group-I = significant increase 
in nonpaddy soil, Group-II = significant increase in paddy soil, Group-III = 
significant increase in Holocene soil, Group-IV = significant increase in Pleistocene 
soil 
 

Group  
Taxonomic  

Phylum level Genus level 

I Acidobacteria Acidobacterium, Terriglobus, Candidatus Solibacter,  

 Actinobacteria 

Acidimicrobium, Acidothermus, Actinosynnema, Brevibacterium, Catenulispora, 
Corynebacterium, Frankia, Geodermatophilus, Gordonia, Clavibacter, Micromonospora, 
Salinispora, Mycobacterium, Nakamurella, Nocardia, Rhodococcus, Aeromicrobium, Kribella, 
Nocardiopsis, Thermobifida, Amycolatopsis, Saccharomonospora, Saccharopolyspora, 
Thermobispora, Segniliparus, Streptomyces, Streptosporangium, Thermomonospora, 
Tsukamurella, Rubrobacter, Conexibacter   

 Chloroflexi Ktedonobacter 

 Planctomycetes Gemmata 

 Proteobacteria 

Caulobacter, Mesorhizobium, Rhizobium, Acetobacter, Acidiphilium, Gluconacetobacter, 
Gluconobacter, Granulibacter, Roseomonas, Azospirillum, Magnetospirillum, Rhodospirillum, 
Erythrobacter, Citromicrobium, Novosphingobium, Sphingobium, Sphingomonas, 
Sphingopyxis, Zymomonas,  

 Ascomycota Phaeosphaeria, Pyrenophora, Aspergillus, Emericella, Neosartorya, Penicillium, 
Talaromyces, Botryotinia, Hypocrea, Nectria 

II 

Euryarchaeota 
Methanobrevibacter, Methanosphaera, Methanothermobacter, Methanothermus, 
Methanococcus, Methanothermococcus, Methanocorpusculum, Methanoculleus, 
Methanoplanus, Methanospirillum 

Bacteroidetes Bacteroides, Paludibacter, Parabacteroides, Prevotella 

Chlorobi Chloroherpeton 

Nitrospira Thermodesulfovibrio 

Proteobacteria 
Gallionella, Sideroxydans, Dechloromonas, Desulfarculus, Desulfatibacillum, 
Desulfobacterium, Desulfotalea, Desulfonatronospira, Syntrophus, Syntrophobacter, 
Sulfuricurvum 

Spirochaetes Spirochaeta, Treponema 

Chlorophyta Scenedesmus, Chlorella 

III 
  

Euryarchaeota Methanocella, Methanococcoides, Methanohalobium, Methanohalophilus, Methanosarcina 

Bacteroidetes 

Porphyromonas, Alistipes, Algoriphagus, Cytophaga, Dyadobacter, Leadbetterella, 
Microscilla, Marivirga, Chryseobacterium, Croceibacter, Dokdonia, Flavobacterium, 
Gramella, Kordia, Polaribacter, Zunongwangia, Mucilaginibacter, Pedobacter, 
Sphingobacterium 

Firmicutes Acetivibrio 

Nitrospirae Nitrospira 

Planctomycetes Blastopirellula, Pirellula, Planctomyces, Rhodopirellula,  

Proteobacteria Thiobacillus, Desulfococcus, Desulfovibrio, Desulfuromonas, Geobacter, Methylobacter 

Bacillariophyta Phaeodactylum, Odontella   

IV 
Proteobacteria 

Beijerinckia, Methylocella, Afipia, Bradyrhizobium, Nitrobacter, Oligotropha, 
Rhodopseudomonas, Ochrobactrum, Hyphomicrobium, Rhodomicrobium, Methylobacterium, 
Methylosinus, Azorhizobium, Starkeya, Xanthobacter, Octadecabacter, Ralstonia 

Verrumicrobia Akkermansia 
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4.4.4. Functional analysis 

Major functional metabolic categories (showing relative abundance >1%) according 

to the SEED subsystems found in different soils are represented in Figure 4.5. The 

most abundant functional categories included sequences related to carbohydrates 

metabolism (overall mean, 13.29%), functionally coupled genes but with unknown 

function i.e., clustering-based on subsystems (overall mean, 12.86%), and amino 

acids and their derivatives (overall mean, 9.91%) (Figure 4.5). Among the major 

functional categories, the relative abundance of amino acid and derivatives, nitrogen 

metabolism, nucleosides and nucleotides, and respiration were significantly higher in 

Holocene soils; while the relative abundance of carbohydrates metabolism, 

metabolism of aromatic compounds, stress response and sulphur metabolism were 

significantly higher in Pleistocene soil (GLM, P < 0.05, Table 4.7, Figure 4.5). In 

addition, the genes related to cofactors, vitamins and prosthetic, metabolism of 

aromatic compounds, regulation, and stress response showed significantly higher 

relative abundance in non-paddy soil, while nitrogen metabolism, RNA metabolism, 

respiration and sulphur metabolism showed higher relative abundance in paddy soil 

(GLM, P < 0.05, Table 4.7, Figure 4.5). 

We further explored the functional categories associated with virulence and 

antibiotic resistance genes. Table 4.8 represents the results obtained for functional 

categories associated with virulence, disease and defense within SEED subsystems. 

The functional category for resistance to antibiotics and toxic compounds was the 

most abundant in all soils (Table 4.8), which represents ~3% of the sequences of the 

whole metagenomes. DESeq2 analysis of functional genes related to resistance to 

antibiotics and toxic compounds further revealed 27 significant genes in different 

pairwise comparisons (Figure 4.6). The heatmap showed that, the non-paddy soil 

showed significantly higher abundance of functional genes associated with mercury 

resistance, BlaR1 family regulatory sensor and resistance to Vancomycin (DESeq2, 

FDR <0.05, Log2FC  > 0.5, Figure 4.6) when compared to paddy soil; while the 

paddy soil showed significantly higher abundance of arsenical resistance operon, 

ArsD, copper homeostasis and multidrug resistance efflux pump (DESeq2, FDR < 

0.05, Log2FC > 0.5, Figure 4.6) when compared to non-paddy soil. With respect to 

geomorphology, the abundance of arsenical membrane protein, ACR3, copper and 

zinc resistance and multidrug resistance genes were significantly increased in 



 
 

128 
 

Holocene soil (DESeq2, FDR < 0.05, Log2FC > 0.5, Figure 4.6), while the 

abundance of beta lactamase, mixed heavy metal resistance genes (cobalt-zinc-

cadmium, chromium and mercury), and multidrug resistance genes were significantly 

increase in Pleistocene soil (DESeq2, FDR < 0.05, Log2FC > 0.5, Figure 4.6).   

 

 
Figure 4.5. Relative abundance of major functions (>1%in relative abundance) in 
Level1 based on SEED subsystems “HNP” represents Holocene nonpaddy soil, “HP” 
represents Holocene paddy soil, “PNP” represents Pleistocene nonpaddy soil and 
“PP” represents Pleistocene paddy soil.  
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Table 4.7: General linear modelling P values for major metabolic functions 
according to SEED Subsystems in different treatments 
 
Function Holocene/ 

Pleistocene 
Paddy/ 
Nonpaddy 

Interaction 

Amino Acids and Derivatives 0.043 0.069 0.572 
Carbohydrates <0.01 0.182 0.197 
Cell Wall and Capsule 0.199 0.068 0.402 
Clustering-based subsystems 0.104 <0.01 0.762 
Cofactors, Vitamins, Prosthetic Groups, Pigments 0.947 <0.01 0.535 
DNA Metabolism 0.099 0.233 0.629 
Fatty Acids, Lipids, and Isoprenoids 0.067 <0.01 0.345 
Membrane Transport 0.076 0.081 0.607 
Metabolism of Aromatic Compounds <0.001 <0.001 0.330 
Miscellaneous <0.01 <0.001 0.249 
Nitrogen Metabolism <0.001 0.043 0.059 
Nucleosides and Nucleotides <0.01 0.091 0.828 
Phosphorus Metabolism 0.755 0.337 0.991 
Protein Metabolism 0.067 0.056 0.112 
RNA Metabolism 0.191 <0.01 0.530 
Regulation and Cell signaling 0.040 0.183 0.608 
Respiration 0.327 <0.001 0.419 
Stress Response 0.029 0.026 0.927 
Sulfur Metabolism 0.032 0.449 0.406 
Virulence, Disease and Defense 0.283 0.082 0.870 
 

 

Table 4.8: Relative abundance (%) of functional categories associated with 
virulence, disease and defense found in different treatments according to SEED 
subsystems. “HNP” represents Holocene non-paddy soil, “HP” represents Holocene 
paddy soil, “PNP” represents Pleistocene non-paddy soil and “PP” represents 
Pleistocene paddy soil.  
 

Function Category HNP HP PNP PP 

Adhesion 0.049 ± 0.002 0.047 ± 0.002 0.053 ± 0.001 0.052 ± 0.002 

Bacteriocins, ribosomally 

synthesized antibacterial peptides 
0.022 ± 0.001 0.028 ± 0.002 0. 020± 0.001 0.023 ± 0.002 

Detection 0.032 ± 0.002 0.029 ± 0.001 0.032 ± 0.001 0.029 ± 0.001 

Invasion and intracelullar resistance 0.013 ± 0.001 0.014 ± 0.001 0.008 ± 0.001 0.009 ± 0.001 

Resistance to antibiotics and toxic 

compounds 
2.868 ± 0.136 3.090 ± 0.08 2.760 ± 0.104 2.955 ± 0.116 

Toxins and superantigens 0.012 ± 0.001 0.014±0.001 0.011±0.001 0.011±0.001 
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Figure 4.6. Heatmap showing normalized counts of functions related to resistance to 
antibiotic and toxic compounds according to SEED subsystems with significant 
differences in copy number (FDR < 0.05, absolute log2FC > 0.5). Darker blue 
indicates greater normalized counts. Group-I = significantly higher copy number in 
non-paddy soil, Group-II = significantly higher copy number in paddy soil, Group-III 
= significantly higher copy number in Holocene soil, Group-IV = significantly higher 
copy number in Pleistocene soil 
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Virulence,_Disease_and_Defense;Resistance_to_antibiotics_and_toxic_compounds;Cobalt−zinc−cadmium_resistance;Heavy_metal_resistance_transcriptional_regulator_HmrR
Virulence,_Disease_and_Defense;Resistance_to_antibiotics_and_toxic_compounds;Beta−lactamase;Metal−dependent_hydrolases_of_the_beta−lactamase_superfamily_II
Virulence,_Disease_and_Defense;Resistance_to_antibiotics_and_toxic_compounds;Zinc_resistance;Sensor_protein_of_zinc_sigma−54−dependent_two−component_system
Virulence,_Disease_and_Defense;Resistance_to_antibiotics_and_toxic_compounds;Resistance_to_Vancomycin;Vancomycin_B−type_resistance_protein_VanW
Virulence,_Disease_and_Defense;Resistance_to_antibiotics_and_toxic_compounds;Multidrug_Resistance_Efflux_Pumps;Multi_antimicrobial_extrusion_protein_(Na(+)/drug_antiporter),_MATE_family_of_MDR_efflux_pumps
Virulence,_Disease_and_Defense;Resistance_to_antibiotics_and_toxic_compounds;Copper_homeostasis;Multidrug_resistance_transporter,_Bcr/CflA_family
Virulence,_Disease_and_Defense;Resistance_to_antibiotics_and_toxic_compounds;Copper_homeostasis;Multicopper_oxidase
Virulence,_Disease_and_Defense;Resistance_to_antibiotics_and_toxic_compounds;Copper_homeostasis;Cu(I)−responsive_transcriptional_regulator
Virulence,_Disease_and_Defense;Resistance_to_antibiotics_and_toxic_compounds;Copper_homeostasis;Copper_tolerance_protein
Virulence,_Disease_and_Defense;Resistance_to_antibiotics_and_toxic_compounds;Copper_homeostasis;CopG_protein
Virulence,_Disease_and_Defense;Resistance_to_antibiotics_and_toxic_compounds;Arsenic_resistance;Arsenical−resistance_protein_ACR3
Virulence,_Disease_and_Defense;Resistance_to_antibiotics_and_toxic_compounds;Multidrug_Resistance_Efflux_Pumps;Multidrug_efflux_RND_transporter_MexD
Virulence,_Disease_and_Defense;Resistance_to_antibiotics_and_toxic_compounds;Multidrug_Resistance_Efflux_Pumps;Multidrug_efflux_RND_membrane_fusion_protein_MexC
Virulence,_Disease_and_Defense;Resistance_to_antibiotics_and_toxic_compounds;Multidrug_Resistance_Efflux_Pumps;Membrane_fusion_protein_of_RND_family_multidrug_efflux_pump
Virulence,_Disease_and_Defense;Resistance_to_antibiotics_and_toxic_compounds;Copper_homeostasis;Copper_sensory_histidine_kinase_CusS
Virulence,_Disease_and_Defense;Resistance_to_antibiotics_and_toxic_compounds;Arsenic_resistance;Arsenical_resistance_operon_trans−acting_repressor_ArsD
Virulence,_Disease_and_Defense;Resistance_to_antibiotics_and_toxic_compounds;Resistance_to_Vancomycin;Vancomycin_response_regulator_VanR
Virulence,_Disease_and_Defense;Resistance_to_antibiotics_and_toxic_compounds;Mercury_resistance_operon;Mercuric_resistance_operon_regulatory_protein
Virulence,_Disease_and_Defense;Resistance_to_antibiotics_and_toxic_compounds;BlaR1_Family_Regulatory_Sensor−transducer_Disambiguation;Transcriptional_repressor,_BlaI/MecI_family
Virulence,_Disease_and_Defense;Resistance_to_antibiotics_and_toxic_compounds;BlaR1_Family_Regulatory_Sensor−transducer_Disambiguation;Regulatory_sensor−transducer,_BlaR1/MecR1_family
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remaining 7% sequences showed similarity with arsenical resistance operon 

transacting-repressor, arsD, arsenical resistance operon repressor, arsR, and arsenical 

efflux pump (Figure 4.7). The distribution of arsenic resistance genes in different 

treatments further revealed that, arsenical pump diving ATPase was higher in 

abundance in all treatments followed by arsenate reductase and arsenical resistance 

protein, ACR3 (Figure 4.8). Of these 6 arsenic resistance gene, arsenical resistance 

operon transacting repressor, arsD and arsenical resistance protein, ACR3 had 

significantly higher abundance in Holocene paddy soil compared to Pleistocene 

paddy soil (FDR < 0.05, log2FC > 0.5, Figure, 4.8).  

 

 
Figure 4.7. Genes involves in arsenic resistance mechanisms identified from 
metagenomic analysis 
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Figure 4.8. Boxplot showing normalized counts of functions related to arsenic 
resistance according to SEED subsystems. “HNP” represents Holocene nonpaddy 
soil, “HP” represents Holocene paddy soil, “PNP” represents Pleistocene nonpaddy 
soil and “PP” represents Pleistocene paddy soil. 
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4.4.6. Relationships of soil chemical properties, microbial communities and 

functional gene 

Principle Component Analysis (PCA) was used to further investigate the 

relationships between soil chemical (soil and porewater parameters), qPCR (16S 

rRNA gene copy number) and microbial communities (bacterial and archaeal genus 

level OTUs) and toxin related function genes (at function level) obtained from the 

metagenomic analysis. The genus level OTUs were sorted based on base mean and 

the top 300 most abundant OTUs used in PCA. The PCA plot demonstrated that, 

PCA1 and PCA2 explained 59.51% of the total variation, of which 42.12% of the 

variation was explained by PCA1 and 17.39% by PCA2 (Figure 4.9). The Score plot 

in figure 4.9A showed a clear separation between Holocene and Pleistocene soils as 

well as paddy and non-paddy soils. The loading plot indicated that, the soil and pore 

water parameters, 16S rRNA gene copy number and arsenic related functional genes 

were mostly higher in Holocene paddy soil (Figure 4.9B). The anaerobic condition 

(low Eh and high pH) in this paddy soil was likely to increase the abundance of 

arsenic resistance genes in these soils. The plot also indicates that anaerobic bacterial 

genera such as Geobacter, Planctomyces and Nitrospira show mostly highest copy 

numbers in Holocene paddy soils, while genera within the Actinobacteria, 

Acidobacteria and some Proteobacteria show mostly highest copy numbers in 

Pleistocene non-paddy soil (Figure 4.9B). The lower arsenic content in Pleistocene 

and non-paddy soil may explain the lower abundance of some of the arsenic 

resistance genes in these soils. 
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Figure 4.9. PCA plot showing relationships between soil chemical properties, 
microbial communities (bacterial and archaeal genus level OTUs) and heavy metal 
resistant functional genes (function level annotation) obtained from metagenomic 
analysis. “HNP” represents Holocene non-paddy soil, “HP” represents Holocene 
paddy soil, “PNP” represents Pleistocene non-paddy soil and “PP” represents 
Pleistocene paddy soil. 
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4.5. Discussion 

High throughput metagenomic sequencing is a powerful tool to study the abundance 

and diversity of a microbial community and their functional genes related to the 

metabolism of metalloids (Tomas et al., 2012). Metagenomic sequencing has 

previously been used to investigate the diversity of microbes and functional genes 

related to arsenic metabolism in arsenic contaminated soil (Cai et al., 2013; Luo et 

al., 2014, Xiao et al., 2016), sediment (Plewniak et al., 2013) and groundwater (Das 

et al., 2017). The advantage of metagenomics over amplicon sequencing is that it 

cannot only provide information on microbial diversity, but also on metabolic 

function. In this study, we integrated results obtained from metagenomics analysis 

with results obtained from chemical (soil and pore water analysis) and qPCR (16S 

rRNA) analysis. This was done to investigate how higher arsenic content Holocene 

(paddy and non-paddy) versus lower arsenic content Pleistocene (paddy and 

nonpaddy) soils in Bangladesh differ with respect to microbial diversity and 

abundance of arsenic related functional genes.  

The results revealed that, according to the metagenome analysis, bacteria dominate in 

the soil (95%) over archaea (2.7%) and eukaryota (0.8%). The elevated arsenic 

content Holocene paddy soil showed slightly decreased abundance of bacteria and 

lower abundance of archaea when compared to Pleistocene soil. Taxonomic 

classification of the bacterial community at phylum level revealed that Proteobacteria 

were the dominant phylum in all treatments and their abundance was significantly 

higher in paddy soil compared to non-paddy soil in either Holocene and Pleistocene 

region. Proteobacteria are readily reproducible organism which are widely 

distributed in metal contaminated paddy soil due to their ability to cope with stress 

conditions (Odum, 1985; Fierer et al., 2007) as also exemplified by Luo et al., 

(2014), who reported Proteobacteria as the dominant phylum in arsenic and antimony 

contaminated soil by metagenomic approach (Luo et al., 2014). A previous study on 

arsenic and chromium contaminated soil also revealed Proteobacteria as the most 

abundant phylum (Sheik et al., 2012). Within the Proteobacteria at class level, 

Alphaproteobacteria, Betaproteobacteria and Deltaproteobacteria have been reported 

to be directly involved in arsenic biotransformation in paddy soil (Zhang et al., 2015; 

Gu et al., 2017). Actinobacteria on the other hand were found to be most abundant in 

low arsenic content Pleistocene and non-paddy soil, which may indicate their higher 
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susceptibility to arsenic stress and/or lower Eh. Other major bacterial phyla found in 

the overall metagenome data included Acidobacteria, Firmicutes, Bacteroidetes and 

Chloroflexi. These appear to be widely distributed in both higher level arsenic 

Holocene and lower level arsenic Pleistocene paddy and non-paddy soils. 

Genus level classification of bacteria revealed Geobacter, Anaeromyxobacter, 

Pseudomonas and Roseiflexus as the dominant genera in Holocene paddy soil. The 

dominance of these genera in paddy soil could be explained by the lower Eh and 

higher level of arsenic in this soil as several studies also reported Geobacter and 

Pseudomonas as the dominant genera in arsenic contaminated paddy soil (Jia et al., 

2014; Gu et al., 2019). Geobacter are well known for their capacity to anaerobically 

oxidise aromatic compounds (Lovely et al., 1993) and Pseudomonas are known for 

their capacity to grow in anaerobic conditions by generating energy via 

denitrification (Ju et al., 1992). Streptomyces, an aerobic sulphur reducing bacteria 

on the other hand was found to be most abundant in Pleistocene non-paddy soil, 

which could be due to the higher redox potential of Pleistocene non-paddy soil. 

Other abundant genera observed in the overall metagenome data were Candidatus 

solibacter, Koribacter, and Rhodopseudomonas. 

Hierarchical classification based on the SEED subsystems of MG-RAST revealed 

that the arsenic metabolism genes were mainly associated with arsenic resistance and 

reduction. These genes were more abundant in arsenic contaminated Holocene paddy 

soil when compared to non-paddy soil. Among the arsenic resistance genes, the 

arsenate reductase (arsC) gene was widely distributed in the paddy soil. This gene 

mediates the detoxification reduction process (Oremland and Stolz, 2005). The 

availability of arsenic increases in the paddy soil due to microbial reduction of As(V) 

to As(III) which is mediated by the arsC gene (Oremland and Stolz, 2005). It helps 

in the release of adsorbed As(V) by Fe oxyhydroxide in the solution by mediating the 

reductive dissolution process. Both aerobic and anaerobic processes in paddy soil can 

facilitate detoxification via reduction of As(V) (Silver and Phung, 2005; 

Bhattacharjee and Rosen, 2007). The arsC gene sequences are mainly associated 

with root rhizosphere bacteria such as Rhizobiales, Pseudomonadales, Burkholeriales 

(Jia et al., 2014; Zhang et al., 2015a; Xiao et al., 2016).  In our study we also 

observed some typical rhizosphere bacteria such as Rhizobium, Mesorhizobium, 

Pseudomonas, Rhodopseudomonas, which could all contribute to detoxification via 
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reduction of As(V) and increase the mobilization of arsenic in paddy soil under both 

aerobic and anaerobic condition. 

 In addition to the arsC gene, we observed some other arsenic resistance genes (arsA-

arsB, arsH. arsR, arsD and ACR3) in the metagenome data. The arsC gene mediates 

As(V) reduction in the cytoplasm and the arsenic resistance genes arsA-arsB efflux 

pump and ACR3, subsequently aid the excretion of the resultant As(III) from the 

cytoplasm (Oremland and Stolz, 2005). Hence, due to their fundamental importance, 

this may explain why arsC, arsA-arsB efflux pump and ACR3 were the most 

abundant arsenic resistance genes in our metagenomics data. It is noteworthy, that 

the ACR3 gene, which mediate As(III) export and the arsD gene, which increase 

affinity of arsA for As(III) (with arsA being the catalytic unit of the arsA-arsB efflux 

pump, (Walmsley et al., 2001), were both significantly more abundant in Holocene 

paddy soil, when compared to Pleistocene and non-paddy soil. On the other hand, 

arsD is a metallochaperone and increases the affinity of arsA for As(III), thereby 

increasing resistance of bacteria to arsenic (Yang et al., 2010). It is also noteworthy 

in this context that genome sequenced arsenate respiring Geobacter species have 

been show to contain arsA-arsB, arsH. arsR, arsD and ACR3 (Ehara et al., 2019) and 

have been shown to require ACR3 to be able to grow in presence of oxidized or 

reduced arsenic (Dang et al., 2017). As Holocene paddy soil not only shows higher 

levels of arsenic, but also higher pH and lower Eh (more reducing environment) 

compared to Pleistocene paddy soil and non-paddy soils, hence here, anaerobic 

bacteria such as Geobacter, with arsenic reduction coupled with effective arsenic 

excretion capacity may be particularly important.  

 

4.6. Conclusion 

In this study the abundance and distribution of microbial community and arsenic 

related functional genes in higher versus lower level arsenic paddy and non-paddy 

soils was investigated via metagenome sequencing. The result revealed that 

Proteobacteria are the most abundant phylum in the higher arsenic low Eh Holocene 

paddy soils and Actinobacteria in the lower arsenic high Eh Pleistocene non-paddy 

soil. At genus level, within these 2 phyla, anaerobic arsenic resistant Geobacter were 

shown to be particularly abundant in the Holocene paddy soils and aerobic 

Streptomyces in the Pleistocene non-paddy soil. Functional genes related to arsenic 
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reduction and resistance were shown to occur in all soils, but the arsenic resistance 

gene ACR3 and arsD were most abundant in the Holocene paddy soil. These results 

indicate that while microorganisms harboring arsenic resistant genes appear to be 

generally abundant and widely distributed, their metabolic potential may differ with 

respect to some key metabolic functions in higher versus lower level arsenic paddy 

soils. In particular the ACR3 and the arsD gene may be important for survival of 

bacteria in higher level arsenic paddy soils with lower Eh. Within this context, 

arsenic resistant Geobacter species, as have previously been shown to harbour these 

genes, and have been shown to be particularly abundant in the Bangladeshi Holocene 

paddy soil, appear to be potential candidates worth further investigation with respect 

to their functional role in these soils. 

Further investigation should also include manipulation of pH and Eh via soil 

amendments and water management practices in Holocene and Pleistocene soils to 

identify if arsenic dynamics, microbial diversity and metabolic potential can be 

manipulated in this way. If so, this may pave the way to the design of paddy soil 

management practices that help reduce the level of arsenic in rice grain. 
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Chapter 5: General Discussion 
 

 

5.1. Summary of the key findings  

In Chapter 2, we investigated the influence of root rhizosphere along with manuring 

on arsenic speciation, subsequent assimilation of arsenic from rice roots and 

translocation to shoot and diversity of bacterial arsM gene in Spanish paddy soil. The 

results revealed that, the concentration of soil arsenic and soil solution arsenic 

species (iAs, MMA, DMA and TMAO) decreased in the planted treatment due to 

increase of soil solution Eh in presence of rice roots. The relative copy number of 

bacterial 16S rRNA gene remained unchanged due to planting but the copy number 

of certain bacterial genera such as Clostridium, Tumebacillus and Streptomyces was 

increased. In contrast, planting decreased the copy number of Acidobacteria_GP1 

and arsenic methylating (arsM) Rhodopseudomonas plaustris BisB5. On the other 

hand, manuring increased the concentration of soil solution species arsenic by 

changing the redox potential of the soil solution. The copy number of bacterial 16S 

rRNA (Geobacter) and arsM gene (R. palustris TIE-1) was increase due to 

manuring. Overall, bacterial abundance and diversity increased due to manuring, but 

the bacteria capable of arsenic methylation (arsM) decreased due to increased redox 

changes in the rhizosphere from root oxygenation. 

In chapter 3 and 4 we investigated the microbial and functional gene diversity in 

Holocene and Pleistocene paddy and adjacent nonpaddy soils in Bangladesh along 

with soil and pore water chemical analysis. The Holocene paddy soils had 

significantly higher concentration of arsenic and other elements compared to 

Pleistocene soils. The soil solution arsenic species, dominated by iAs were also 

higher in Holocene soils. The Holocene soil solution had higher pH and low Eh; 

while the Pleistocene soil had low pH (acidic) and high Eh. There was significant 

linear relationship between soil properties (OM, pH and Eh) with soil arsenic, arsenic 

species. The relative abundance of bacterial 16S was higher in Holocene soil than in 

Pleistocene soil. Compared to paddy soils, nonpaddy soils had low relative 

abundance of bacterial 16S. High pH and low Eh in Holocene paddy soil increase the 

relative abundance of bacterial 16S. The diversity analysis of bacterial 16S based on 

amplicon sequencing showed higher species richness (Chao 1) and diversity (Shanon 
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index) in Holocene compared to Pleistocene soil. Bacterial diversity did not vary 

significantly between paddy and nopaddy soil. The soils were represented by 

Acidobacteria, Proteobacteria, Actinobacteria, Bacteroidetes and Firmicutes as the 

dominant bacterial phyla. Holocene soils had relatively higher abundance of 

Acidobacteria, Proteobacteria, while the Actinoobacteria was higher in Plesitocene 

soil. The relative abundance of Geobacter was increased in Holocene paddy. Soil 

solution pH and Eh were the main factors controlling microbial diversity in the 

paddy soil. 

Microbial community composition of Holocene and Pleistocene paddy versus 

nonpaddy soil based on metagenomic analysis revealed bacteria as the dominant 

microbial domain, comprising more than 95% of total reads. Archaea, eukaryotes 

and viruses exhibited very low relative abundance in the present study. Metagenomic 

sequencing also revealed Proteobacteria, Actinobacteria, Acdiobacteria, Chloroflexi 

and firmicutes as the abundant bacterial phyla in the soil. were also found in the soils 

with detected. The relative abundance of Proteobacteria was higher in Holocene 

soils, while the Actinobacteria was higher in Pleistocene soil. Holocene soils were 

dominated by Geobcater, Pseudomonas, Anaeromyxobacter, Bacillus and 

Myxococcus. On the other hand, Candidatus Solibacter, Candidatus Koribacter, 

Frankia, Bradyrhizobium, Rhodopseudomonas and Methylobacterium dominates in 

Pleistocene soil. The functional genes related to arsenic reduction and resistant 

(arsC, arsA-arsB complex, ACR3) were widely distributed in Holcenee paddy soil 

due to anaerobic condition of Holocene paddy, which favors release of arsC gene by 

anaerobic microbe and mediates arsenic reduction.  

 
5.2. General discussion 

The biotransformation of arsenic in paddy soils depends on soil properties, arsenic 

concentration, chemical forms as well as the abundance and diversity of microbes 

present in the soil (Huang et al., 2014). The anaerobic conditions of flooded paddy 

soils favour arsenic mobilization because of the reductive dissolution of iron 

oxyhydroxides and microbial reduction of of arsenate to arsenite (malasarn et al., 

2007). Soil amendments with organic matter also increase the mobilization of arsenic 

by lowering the redox potentaial (Eh) of soil (Norton et al., 2013). The planted 

condtion of Spanish paddy soils used in our study increased the redox potential in the 
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soil solution due to oxygenation thorugh rice roots and decreased the concentration 

of inorganic and organic arsenic species in the rhizosphere. The presence of lower 

methylated arsenic species in the rhizosphere than bulk soil could be explained by 

the lower abundance of arsM gene in the rhizosphere due to higher Eh. Because 

arsM gene is redox sensitive and increased in copy number under low redox 

condition (Jia et al., 2013). Our study with Spanish paddy soil also showed higher 

diversity of arsM gene which is linked to increased methylation in the soil, 

translocation of mrthylatated species in the shoot and accumulation in rice grain  

The present study using Holocene and Pleistocene soils of Bangladesh showed 

significant variation in total arsenic in soil and arsenic species concentration in pore 

water. The baseline level of arsenic in different geographic location depends on their 

geological formation, parent material and soil texture (Huang et al., 1994). The 

baseline level of arsenic in Holocene soils and sediments are higher compared to 

Pleistocene soils because of their mineralogical composition (Willams et al., 2011). 

The Holocene soils and sediments are formed from the less weathered arsenic 

bearing minerals, while the Pleistocene soils are highly weathered (BGS and DPHE, 

2001; Ravenscroft, 2001, Ravenscroft et al., 2005). The Holocene paddy soils had 

higher pH, OM, other element concentration and lower Eh compared to Pleistocene 

paddy soils which are correlated with the higher arsenic content in Holocene soils. 

 Higher abundance and diversity of microbial community was observed in Holocene 

soils compared to Pleistocene soil with Proteobacteria, Acidobcateria as the most 

abundant Phyla. These microorganisms have the capability to evolve resistance 

mechanisms in higher arsenic environment by driving arsenic biotransformation and 

affects arsenic mobilization, subsequent assimilation by rice roots and accumulation 

in rice grain (Jia et al., 2013, 2014; Zhao et al., 2013). The diversity analysis of 

bacterial community suggests the paddy soils from different geographic locations 

had wide distribution of arsenic reduction (arsC) and resistance genes. The 

geochemical properties (pH, Eh and OM) of paddy soils from different geographic 

locations (Holocene and Pleistocene paddy from Bangladesh) might result in 

variation in microbes mediated arsenic biotransformation abilities and 

biogeochemical cycling of arsenic in paddy soils (Koegel-Knabner et al., 2010, 

Yamaguchi et al., 2011). In our study, the clear separation of Holocene paddy soils 

from Pleistocene soils was associated with microbes mediated redox changes in 



 
 

142 
 

paddy soils. The presence of anaerobic bacteria, for example Geobacter showed 

higher abundance and wide distribution in Holocene paddy soils compared to 

Pleistocene soils which could be due the low redox potential of Holocene paddy soil. 

The presence of Geobacter might involve in microbial reduction As(V) to As(III) 

and increase the bioavailability of arsenic in soil solution (Malasarn et al., 2004; 

Hoeft et al., 2004)). The resultant As(III), the main substrate for arsenic methylation 

can be methylated via arsM gene and produce less toxic methylated species (Qin et 

al., 2006). The arsM gene is also widely distributed in the paddy soil (Zhang et al., 

2015b; Xiao et al., 2016) and have significant role in arsenic methylation, 

accumulation of methylated arsenic species in rice (Lomax et al., 2012) and 

subsequent volatilization of arsenic from paddy soil (Mestrot et al., 2012).  

Diverse group of microorganisms are present in the arsenic contaminated Holocene 

paddy soils. High abundance and diversity of some specific bacterial genera indicates 

their resistance to arsenic contamination and have significant influence in 

biogeochemical cycling of arsenic in paddy soil. The diversity analysis of arsenic 

related functional genes revealed that the paddy soils are dominated with arsenic 

reductase (arsC) and arsenic metylation (arsM) gene due to prevailing anaerobic 

condition of paddy soil. SOM have also significant influence on the abundance and 

diversity of arsM and arsC gene by manipulation of redox potential in the paddy 

soils. Thus, paddy soils should be managed carefully with soil amendments as it 

could drive the distribution of arsenic biotransformation genes in paddy soils. 

5.3. Recommendation for future research 

Based on the results presented in this thesis, future research should be carried out to 

further explore the diversity of arsenic metabolism genes using more samples from 

paddy fields of different geographical locations. Soil amendments with various types 

of organic matter (cowdung, rice straww, biochar) can be done to enhance the 

abundance of microbial population in arsenic contaminated paddy fields. Amplicon 

sequencing can be used to study the diversity of all arsenic related functional genes 

(arsC, arrA, arsA, arsM, aioA). In this study, we analyzed the metagenomic 

sequences in MG-RAST online tool to explore the microbial community composition 

and functional diversity of arsenic metabolism gene, which only revealed the genes 

related to arsenic resistance and reduction. The functional genes involved in arsenic 

methylation (arsM gene) and oxidation (aioA and aioB) were not detected by MG-
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RAST analysis. The database for arsenic related functional genes could be 

constructed from NCBI database and the metagenome sequences could be compared 

with those databases to get more in-depth result. Some phylogenetically important 

microbes could be isolated from the soil to investigate their role in arsenic 

biotransformation. Microbial inoculant can be prepared from the isolated microbes 

having significant role in arsenic biotransformation and can be distributed to the 

farmers to apply in the arsenic contaminated paddy field.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



 
 

144 
 

References 
 
Abbas, M. H. H. and Meharg, A. A. (2008) 'Arsenate, arsenite and dimethyl arsinic 
acid (DMA) uptake and tolerance in maize (Zea mays L.)', Plant and Soil, 304(1), 
pp. 277-289. 
Abedin, M. J., Cotter-Howells, J. and Meharg, A. A. (2002a) 'Arsenic uptake and 
accumulation in rice (Oryza sativa L.) irrigated with contaminated water', Plant and 

Soil, 240(2), pp. 311-319. 
Abedin, M. J., Feldmann, J. and Meharg, A. A. (2002b) 'Uptake kinetics of arsenic 
species in rice plants', Plant Physiology, 128(3), pp. 1120-1128. 
Adriano, D.C. (2001) 'Trace Elements in the Terrestrial Environments: 
Biogeochemistry Bioavailability, and Risks of Metals'. Springer-Verlag: New York, 
pp. 47–71.  
Afroz, H., Su, S., Carey, M., Meharg, A. A. and Meharg, C. (2019) 'Inhibition of 
Microbial Methylation via arsM in the Rhizosphere: Arsenic Speciation in the Soil to 
Plant Continuum', Environmental Science & Technology, 53(7), pp. 3451-3463. 
Ahmed, K. M., Bhattacharya, P., Hasan, M., Akhter, S., Alam, S. M. M., Bhuiyan, 
A., Imam, B., Khan, A. and Sracek, O. (2004) 'Arsenic Enrichment in Groundwater 
of the Alluvial Aquifers in Bangladesh: An Overview', Applied Geochemistry, 19, 
pp. 181-200. 
Ahmed, Z., Panaullah, G., Gauch, H., McCouch, S., Tyagi, W., Kabir, M. and 
Duxbury, J. (2011) 'Genotype and environment effects on rice (Oryza sativa L.) grain 
arsenic concentration in Bangladesh', Plant and Soil, 338, pp. 367-382. 
Akter, K. F., Owens, G., Davey, D. E. and Naidu, R. (2005) 'Arsenic speciation and 
toxicity in biological systems', Rev Environ Contam Toxicol, 184, pp. 97-149. 
Andrews, S. (2010), 'FASTQC. A quality control tool for high throughput sequence 
data'. Available online at: http://www.bioinformatics. babraham.ac.uk/projects/fastqc  
Aronesty, E. (2010), ea-utils: Command-line tools for processing biological 
sequencing data. Available online at: https:// expressionanalysis.github.io/ea-utils/ 
ATSDR (Agency for Toxic Substances and Disease Registry) (2007). Arsenic 
Toxicological Pro le. Atlanta, GA: ATSDR. Available: 
http://www.atsdr.cdc.gov/ToxProfiles/tp.asp?id=22&tid=3 [accessed 2 October 
2012]  
Banerjee, M., Banerjee, N., Bhattacharjee, P., Mondal, D., Lythgoe, P., Martinez-
Araya, M., Pan, J., Polya, D. and Giri, A. (2013) 'High arsenic in rice is associated 
with elevated genotoxic effects in humans', Scientific reports, 3, pp. 2195. 
Benson, D. A., Cavanaugh, M., Clark, K., Karsch-Mizrachi, I., Lipman, D. J., Ostell, 
J. and Sayers, E. W. (2013) 'GenBank', Nucleic acids research, 41(Database issue), 
pp. D36-D42. 
Bentley, R. and Chasteen, T. G. (2002) 'Microbial methylation of metalloids: 
Arsenic, antimony, and bismuth', Microbiology and Molecular Biology Reviews, 
66(2), pp. 250-+. 
Bertin, P. N., Heinrich-Salmeron, A., Pelletier, E., Goulhen-Chollet, F., Arsène-
Ploetze, F., Gallien, S., Lauga, B., Casiot, C., Calteau, A., Vallenet, D., Bonnefoy, 



 
 

145 
 

V., Bruneel, O., Chane-Woon-Ming, B., Cleiss-Arnold, J., Duran, R., Elbaz-
Poulichet, F., Fonknechten, N., Giloteaux, L., Halter, D., Koechler, S., Marchal, M., 
Mornico, D., Schaeffer, C., Smith, A. A. T., Van Dorsselaer, A., Weissenbach, J., 
Médigue, C. and Le Paslier, D. (2011) 'Metabolic diversity among main 
microorganisms inside an arsenic-rich ecosystem revealed by meta- and proteo-
genomics', The ISME Journal, 5(11), pp. 1735-1747. 
BGS and DPHE (2001) Arsenic contamination of groundwater in Bangladesh. In: 
Kinniburgh, DG.; Smedley, PL., (ed.). British Geological Survey Technical Report 
WC/00/19.4 Volumes). British Geological Survey, Keyworth: Nottingham, UK: 
2001.  
Bhattacharjee, H. and Rosen, B. (2007) 'Arsenic Metabolism in Prokaryotic and 
Eukaryotic Microbes', pp. 371-406. 
Bhattacharya, P., Samal, A., Majumdar, J. and Santra, S. (2010) 'Accumulation of 
arsenic and its distribution in rice plant (Oryza sativa L.) in Gangetic West Bengal, 
India', Paddy and Water Environment, 8, pp. 63-70. 
Bissen, M. and Frimmel, F. (2003) 'Arsenic   a Review. Part I: Occurrence, Toxicity, 
Speciation, Mobility', Acta Hydrochimica Et Hydrobiologica, 31, pp. 9-18. 
Bogdan, K. and Schenk, M. (2008) 'Arsenic in Rice (Oryza sativa L.) Related to 
Dynamics of Arsenic and Silicic Acid in Paddy Soils', Environmental science & 

technology, 42, pp. 7885-90. 
Boshoff, M., De Jonge, M., Dardenne, F., Blust, R. and Bervoets, L. (2014) 'The 
impact of metal pollution on soil faunal and microbial activity in two grassland 
ecosystems', Environmental Research, 134, pp. 169-180. 
Bowles, T., Acosta-Martinez, V., Calderón, F. and Jackson, L. (2014) 'Soil Enzyme 
Activities, Microbial Communities, and Carbon and Nitrogen Availability in Organic 
Agroecosystems Across an Intensively-Managed Agricultural Landscape', Soil 

Biology and Biochemistry, 68, pp. 252–262. 
Brammer, H. (1996) The Geography of the Soils of Bangladesh. Dhaka: The 
University Press. 
Brammer, H. (2012) The Physical Geography of Bangladesh. Dhaka: The University 
Press. 
Bravin, M. N., Travassac, F., Le Floch, M., Hinsinger, P. and 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 and Soil, 312(1-2), pp. 207-218. 
Burgess, W. and Ahmed, K.M. (2006) Arsenic in aquifers of the Bengal basin. In: 
Naidu, R., Smith, E., Qwens, G., Bhattacharya, P. and Nadebaum, P. (eds.), 
Managing Arsenic in the Environment: From Soil to Human Health. Collingwood: 
CSIRO Publishing, pp. 31-56. 
Cai, L., Liu, G., Rensing, C. and Wang, G. (2009) 'Genes involved in arsenic 
transformation and resistance associated with different levels of arsenic-
contaminated soils', Bmc Microbiology, 9, pp. 4-4. 
Cai, L., Yu, K., Yang, Y., Chen, B.-w., Li, X.-d. and Zhang, T. (2013) 'Metagenomic 
exploration reveals high levels of microbial arsenic metabolism genes in activated 
sludge and coastal sediments', Applied Microbiology and Biotechnology, 97(21), pp. 



 
 

146 
 

9579-9588. 
Caporaso, J. G., Bittinger, K., Bushman, F. D., DeSantis, T. Z., Andersen, G. L. and 
Knight, R. (2010b) 'PyNAST: a flexible tool for aligning sequences to a template 
alignment', Bioinformatics, 26(2), pp. 266-267. 
Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., 
Costello, E. K., Fierer, N., Pena, A. G., Goodrich, J. K., Gordon, J. I., Huttley, G. A., 
Kelley, S. T., Knights, D., Koenig, J. E., Ley, R. E., Lozupone, C. A., McDonald, D., 
Muegge, B. D., Pirrung, M., Reeder, J., Sevinsky, J. R., Tumbaugh, P. J., Walters, 
W. A., Widmann, J., Yatsunenko, T., Zaneveld, J. and Knight, R. (2010a) 'QIIME 
allows analysis of high-throughput community sequencing data', Nature Methods, 
7(5), pp. 335-336. 
Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Huntley, J., Fierer, 
N., Owens, S. M., Betley, J., Fraser, L., Bauer, M., Gormley, N., Gilbert, J. A., 
Smith, G. and Knight, R. (2012) 'Ultra-high-throughput microbial community 
analysis on the Illumina HiSeq and MiSeq platforms', Isme Journal, 6(8), pp. 1621-
1624. 
Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Lozupone, C. A., 
Turnbaugh, P. J., Fierer, N. and Knight, R. (2011) 'Global patterns of 16S rRNA 
diversity at a depth of millions of sequences per sample', Proceedings of the National 

Academy of Sciences, 108(Supplement 1), pp. 4516. 
Carey, A.M., Norton, G. J., Deacon, C., Scheckel, K. G., Lombi, E., Punshon, T., 
Guerinot, M. L., Lanzirotti, A., Newville, M., Choi, Y., Price, A. H. and Meharg, A. 
A. (2011) 'Phloem transport of arsenic species from flag leaf to grain during grain 
filling', New Phytologist, 192(1), pp. 87-98. 
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 (Oryza sativa L.). Plant Physiology 152, pp. 
309– 319. 
Catarecha, P., Segura, M., Franco-Zorrilla, J., García-Ponce, B., Lanza, M., Solano, 
R., Paz-Ares, J. and Leyva, A. (2007) 'A Mutant of the Arabidopsis Phosphate 
Transporter PHT1;1 Displays Enhanced Arsenic Accumulation', The Plant cell, 19, 
pp. 1123-33. 
Chao, A. (1984) 'Nonparametric-Estimation of the Number of Classes in a 
Population', Scandinavian Journal of Statistics, 11(4), pp. 265-270. 
Chen, C., Huang, K., Xie, W.-Y., Chen, S.-H., Tang, Z. and Zhao, F.-J. (2017) 
'Microbial Processes Mediating the Evolution of Methylarsine Gases from 
Dimethylarsenate in Paddy Soils', Environmental science & technology, 51(22), pp. 
13190-13198. 
Chen, C., Li, L., Huang, K., Zhang, J., Xie, W.-Y., Lu, Y., Dong, X. and Zhao, F.-J. 
(2019) 'Sulfate-reducing bacteria and methanogens are involved in arsenic 
methylation and demethylation in paddy soils', The ISME Journal, 13(10), pp. 2523-
2535. 
Chen, J., Qin, J., Zhu, Y.-G., de Lorenzo, V. and Rosen, B. P. (2013) 'Engineering 
the Soil Bacterium Pseudomonas putida for Arsenic Methylation', Applied and 

Environmental Microbiology, 79(14), pp. 4493-4495. 



 
 

147 
 

Chowdhury, M. T. A. (2016). Arsenic in Bangladesh soils related to physiographic 

regions, paddy management, and geochemical cycling. PhD thesis, University of 
Aberdeen, United Kingdom. 

Chowdhury, M. T. A., Deacon, C. M., Jones, G. D., Huq, S. M. I., Williams, P. N., 
Hoque, A. F. M. M., Winkel, L. H. E., Price, A. H., Norton, G. J. and Meharg, A. A. 
(2017) 'Arsenic in Bangladeshi soils related to physiographic region, paddy 
management, and mirco- and macro-elemental status', Science of the Total 

Environment, 590, pp. 406-415. 
Coby, A. J., Picardal, F., Shelobolina, E., Xu, H. and Roden, E. E. (2011) 'Repeated 
Anaerobic Microbial Redox Cycling of Iron', Applied and Environmental 

Microbiology, 77(17), pp. 6036. 
Cullen, W. R. (2005) 'The toxicity of trimethylarsine: an urban myth', J Environ 

Monit, 7(1), pp. 11-5. 
Cullen, W. R. and Reimer, K. J. (1989) 'Arsenic speciation in the environment', 
Chemical Reviews, 89(4), pp. 713-764. 
Curtis, T. P., Sloan, W. T. and Scannell, J. W. (2002) 'Estimating prokaryotic 
diversity and its limits', Proceedings of the National Academy of Sciences, 99(16), 
pp. 10494. 
Dang, Y., Walker, D. J. F., Vautour, K. E., Dixon, S. and Holmes, D. E. (2017) 
'Arsenic Detoxification by Geobacter Species', Appl Environ Microbiol, 83(4). 
Das, S., Bora, S. S., Yadav, R. N. S. and Barooah, M. (2017) 'A metagenomic 
approach to decipher the indigenous microbial communities of arsenic contaminated 
groundwater of Assam', Genomics Data, 12, pp. 89-96. 
Das, S., Liu, C.-C., Jean, J.-S., Lee, C.-C. and Yang, H.-J. (2016) 'Effects of 
microbially induced transformations and shift in bacterial community on arsenic 
mobility in arsenic-rich deep aquifer sediments', Journal of Hazardous Materials, 
310, pp. 11-19. 
Degnan, P. H. and Ochman, H. (2012) 'Illumina-based analysis of microbial 
community diversity', Isme Journal, 6(1), pp. 183-194. 
DeSantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L., Keller, K., 
Huber, T., Dalevi, D., Hu, P. and Andersen, G. L. (2006) 'Greengenes, a chimera-
checked 16S rRNA gene database and workbench compatible with ARB', Applied 

and Environmental Microbiology, 72(7), pp. 5069-5072. 
Duxbury, J. M., Mayer, A. B., Lauren, J. G. and Hassan, N. (2003) 'Food chain 
aspects of arsenic contamination in Bangladesh: Effects on quality and productivity 
of rice', Journal of Environmental Science and Health Part a-Toxic/Hazardous 

Substances & Environmental Engineering, 38(1), pp. 61-69. 
Edgar, R. C. (2010) 'Search and clustering orders of magnitude faster than BLAST', 
Bioinformatics, 26(19), pp. 2460-2461. 
Ehara, A., Suzuki, H. and Amachi, S. (2015) 'Draft Genome Sequence of Geobacter 
sp. Strain OR-1, an Arsenate-Respiring Bacterium Isolated from Japanese Paddy 
Soil', Genome Announc, 3(1). 
Emerson, D., Weiss, J. V. and Megonigal, J. P. (1999) 'Iron-oxidizing bacteria are 
associated with ferric hydroxide precipitates (Fe-plaque) on the roots of wetland 



 
 

148 
 

plants', Applied and environmental microbiology, 65(6), pp. 2758-2761. 
Escudero, L. V., Casamayor, E. O., Chong, G., Pedrós-Alió, C. and Demergasso, C. 
(2013) 'Distribution of Microbial Arsenic Reduction, Oxidation and Extrusion Genes 
along a Wide Range of Environmental Arsenic Concentrations', PLOS ONE, 8(10), 
pp. e78890. 
EU Commission Regulation 2015/1006 of 25 June 2015 amending Regulation (EC) 
No 1881/2006 as regards maximum levels of inorganic arsenic in foodstuffs. 
http://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=uriserv%3AOJ.L_.2015.161.01.0014.01. ENG. 
European Food safety Authority, (2009) Panel on Contaminants in the Food Chain 
(CONTAM)/Scientific opinion on arsenic in food. EFSA J 7:1351 
Faith, D. P. (1992) 'Conservation Evaluation and Phylogenetic Diversity', Biological 

Conservation, 61(1), pp. 1-10. 
Fayiga, A. and Zhou, Q. (2007) 'Effects of plant arsenic uptake and heavy metals on 
arsenic distribution in an arsenic-contaminated soil', Environmental pollution 

(Barking, Essex: 1987), 147, pp. 737-42. 
FDA, (2016). FDA proposes limit for inorganic arsenic in infant rice cereal.  
http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm493740.htm. 
Fendorf, S., Herbel, M. J., Tufano, K. and Kocar, B. (2007) 'Biogeochemical 
Processes Controlling the Cycling of Arsenic in Soils and Sediments', pp. 313-338. 
Finnegan, P. and Chen, W. (2012) 'Arsenic Toxicity: The Effects on Plant 
Metabolism', Frontiers in Physiology, 3(182). 
Fish, J. A., Chai, B., Wang, Q., Sun, Y., Brown, C. T., Tiedje, J. M. and Cole, J. R. 
(2013) 'FunGene: the functional gene pipeline and repository', Frontiers in 

microbiology, 4, pp. 291-291. 
Fitz, W. J. and Wenzel, W. W. (2002) 'Arsenic transformations in the soil-
rhizosphere-plant system: fundamentals and potential application to 
phytoremediation', J Biotechnol, 99(3), pp. 259-78. 
Fu, Y., Chen, M., Bi, X., He, Y., Ren, L., Xiang, W., Qiao, S., Yan, S., Li, Z. and 
Ma, Z. (2011) 'Occurrence of arsenic in brown rice and its relationship to soil 
properties from Hainan Island, China', Environmental Pollution, 159(7), pp. 1757-
1762. 
Garcia-Dominguez, E., Mumford, A., Rhine, E. D., Paschal, A. and Young, L. Y. 
(2008) 'Novel autotrophic arsenite-oxidizing bacteria isolated from soil and 
sediments', FEMS Microbiology Ecology, 66(2), pp. 401-410. 
González, E., Solano, R., Rubio, V., Leyva, A. and Paz-Ares, J. (2005) 
'PHOSPHATE TRANSPORTER TRAFFIC FACILITATOR1 is a plant-specific 
SEC12-related protein that enables the endoplasmic reticulum exit of a high-affinity 
phosphate transporter in Arabidopsis', The Plant cell, 17(12), pp. 3500-3512. 
Gu, Y., D. Van Nostrand, J., Wu, L., He, Z., Qin, Y., Zhao, F.-J. and Zhou, J. (2017) 
'Bacterial community and arsenic functional genes diversity in arsenic contaminated 
soils from different geographic locations', PLOS ONE, 12(5), pp. e0176696. 
Guan, X., Yan, X., Li, Y., Jiang, B., Luo, X. and Chi, X. (2017) 'Diversity and 
arsenic-tolerance potential of bacterial communities from soil and sediments along a 



 
 

149 
 

gold tailing contamination gradient', Can J Microbiol, 63(9), pp. 788-805. 
Haas, B. J., Gevers, D., Earl, A. M., Feldgarden, M., Ward, D. V., Giannoukos, G., 
Ciulla, D., Tabbaa, D., Highlander, S. K., Sodergren, E., Methe, B., DeSantis, T. Z., 
Petrosino, J. F., Knight, R., Birren, B. W. and Human Microbiome, C. (2011) 
'Chimeric 16S rRNA sequence formation and detection in Sanger and 454-
pyrosequenced PCR amplicons', Genome research, 21(3), pp. 494-504. 
Hamamura, N., Macur, R. E., Korf, S., Ackerman, G., Taylor, W. P., Kozubal, M., 
Reysenbach, A. L. and Inskeep, W. P. (2009) 'Linking microbial oxidation of arsenic 
with detection and phylogenetic analysis of arsenite oxidase genes in diverse 
geothermal environments', Environmental microbiology, 11(2), pp. 421-431. 
Hansen, H. R., Raab, A., Price, A. H., Duan, G., Zhu, Y., Norton, G. J., Feldmann, J. 
and Meharg, A. A. (2011) 'Identification of tetramethylarsonium in rice grains with 
elevated arsenic content', Journal of Environmental Monitoring, 13(1), pp. 32-34. 
Harvey, C. F., Swartz, C. H., Badruzzaman, A. B. M., Keon-Blute, N., Yu, W., Ali, 
M. A., Jay, J., Beckie, R., Niedan, V., Brabander, D., Oates, P. M., Ashfaque, K. N., 
Islam, S., Hemond, H. F. and Ahmed, M. F. (2002) 'Arsenic mobility and 
groundwater extraction in Bangladesh', Science, 298(5598), pp. 1602-1606. 
Hassan, Z., Sultana, M., Westerhoff, H. V., Khan, S. I. and Röling, W. F. M. (2016) 
'Iron Cycling Potentials of Arsenic Contaminated Groundwater in Bangladesh as 
Revealed by Enrichment Cultivation', Geomicrobiology Journal, 33(9), pp. 779-792. 
Hedrich, S., Schlömann, M. and Johnson, D. B. (2011) 'The iron-oxidizing 
proteobacteria', Microbiology (Reading), 157(Pt 6), pp. 1551-1564. 
Héry, M., Van Dongen, B. E., Gill, F., Mondal, D., Vaughan, D. J., Pancost, R. D., 
Polya, D. A. and Lloyd, J. R. (2010) 'Arsenic release and attenuation in low organic 
carbon aquifer sediments from West Bengal', Geobiology, 8(2), pp. 155-68. 
Hoeft, S. E., Kulp, T. R., Stolz, J. F., Hollibaugh, J. T. and Oremland, R. S. (2004) 
'Dissimilatory Arsenate Reduction with Sulfide as Electron Donor: Experiments with 
Mono Lake Water and Isolation of Strain MLMS-1, a Chemoautotrophic Arsenate 
Respirer', Applied and Environmental Microbiology, 70(5), pp. 2741. 
Hoffman, G. E. and Schadt, E. E. (2016) 'variancePartition: interpreting drivers of 
variation in complex gene expression studies', BMC Bioinformatics, 17(1), pp. 483. 
Hong, S., Bunge, J., Leslin, C., Jeon, S. and Epstein, S. S. (2009) 'Polymerase chain 
reaction primers miss half of rRNA microbial diversity', The ISME Journal, 3(12), 
pp. 1365-1373. 
Huang, H., Jia, Y., Sun, G.-X. and Zhu, Y.-G. (2012) 'Arsenic Speciation and 
Volatilization from Flooded Paddy Soils Amended with Different Organic Matters', 
Environmental science & technology, 46(4), pp. 2163-2168. 
Huang, J.H. (2014). Impact of microorganisms on arsenic biogeochemistry: a review. 
Water Air Soil Pollut. 225, pp. 1848.  
 

Huang, K., Chen, C., Zhang, J., Tang, Z., Shen, Q., Rosen, B. P. and Zhao, F.-J. 
(2016) 'Efficient Arsenic Methylation and Volatilization Mediated by a Novel 
Bacterium from an Arsenic-Contaminated Paddy Soil', Environmental science & 

technology, 50(12), pp. 6389-6396. 
Hughes, M. F. (2002) 'Arsenic toxicity and potential mechanisms of action', Toxicol 



 
 

150 
 

Lett, 133(1), pp. 1-16. 
Huq, S. M. I., Hoque, A. M., Joardar, J. and Shoaib, J. Arsenic movement in 
Huq, S.M.I. and Shoaib, J.U.M. (2013). The Soils of Bangladesh. World soils book 
series. Dordrecht: Springer. 
IARC (International Agency for Research on Cancer) (2012). A Review of Human 
Carcinogens: Arsenic, Metals, Fibres, and Dusts. Lyon: World Health Organization 
Press. Available: http://monographs.iarc.fr/ENG/Monographs/vol100C/ [accessed 2 
October 2012].  
Inskeep, W. P., Macur, R. E., Hamamura, N., Warelow, T. P., Ward, S. A. and 
Santini, J. M. (2007) 'Detection, diversity and expression of aerobic bacterial arsenite 
oxidase genes', Environmental microbiology, 9(4), pp. 934-943. 
Islam, A. B., Maity, J. P., Bundschuh, J., Chen, C. Y., Bhowmik, B. K. and Tazaki, 
K. (2013) 'Arsenic mineral dissolution and possible mobilization in mineral-microbe-
groundwater environment', J Hazard Mater, 262, pp. 989-96. 
Islam, F. S., Gault, A. G., Boothman, C., Polya, D. A., Charnock, J. M., Chatterjee, 
D. and Lloyd, J. R. (2004) 'Role of metal-reducing bacteria in arsenic release from 
Bengal delta sediments', Nature, 430(6995), pp. 68-71. 
Jackson, C. R. and Dugas, S. L. (2003) 'Phylogenetic analysis of bacterial and 
archaeal arsC gene sequences suggests an ancient, common origin for arsenate 
reductase', Bmc Evolutionary Biology, 3, pp. 18-18. 
Jackson, C. R., Dugas, S. and Harrison, K. (2005) 'Enumeration and characterization 
of arsenate-resistant bacteria in arsenic free soils', Soil Biology & Biochemistry, 37, 
pp. 2319-2322. 
Jia, Y., Huang, H., Chen, Z. and Zhu, Y.-G. (2014) 'Arsenic Uptake by Rice Is 
Influenced by Microbe-Mediated Arsenic Redox Changes in the Rhizosphere', 
Environmental science & technology, 48(2), pp. 1001-1007. 
Jia, Y., Huang, H., Zhong, M., Wang, F.-H., Zhang, L.-M. and Zhu, Y.-G. (2013) 
'Microbial Arsenic Methylation in Soil and Rice Rhizosphere', Environmental 

science & technology, 47(7), pp. 3141-3148. 
Jiao, Y. and Newman, D. K. (2007) 'The pio operon is essential for phototrophic 
Fe(II) oxidation in Rhodopseudomonas palustris TIE-1', J Bacteriol, 189(5), pp. 
1765-73. 
Jiao, Y., Kappler, A., Croal, L. R. and Newman, D. K. (2005) 'Isolation and 
Characterization of a Genetically Tractable Photoautotrophic Fe(II)-Oxidizing 
Bacterium, Rhodopseudomonas palustris Strain TIE-1', Applied and Environmental 

Microbiology, 71(8), pp. 4487. 
Joshi, N. A. and Fass, J. N. (2011) 'Sickle: A sliding-window, adaptive, quality-based 
trimming tool for FastQ files (Version 1.33) '. Available at 
https://github.com/najoshi/sickle. 
Ju, L.-K. and Trivedi, H. K. (1992) 'Monitoring of denitrification by Pseudomonas 

aeruginosa using on-line fluorescence technique', Biotechnology Techniques, 6(6), 
pp. 549-554. 
Kamiya, T., Islam, R., Duan, G., Uraguchi, S. and Fujiwara, T. (2013) 'Phosphate 
deficiency signaling pathway is a target of arsenate and phosphate transporter OsPT1 



 
 

151 
 

is involved in As accumulation in shoots of rice', Soil Science and Plant Nutrition, 
59(4), pp. 580-590. 
Khan, M. M., Sakauchi, F., Sonoda, T., Washio, M. and Mori, M. (2003) 'Magnitude 
of arsenic toxicity in tube-well drinking water in Bangladesh and its adverse effects 
on human health including cancer: evidence from a review of the literature', Asian 

Pac J Cancer Prev, 4(1), pp. 7-14. 
Kile, M. L., Houseman, E. A., Breton, C. V., Smith, T., Quamruzzaman, Q., 
Rahman, M., Mahiuddin, G. and Christiani, D. C. (2007) 'Dietary arsenic exposure in 
bangladesh', Environ Health Perspect, 115(6), pp. 889-93. 
Kludze, H. K., Delaune, R. D. and Patrick, W. H. (1993) 'Aerenchyma Formation 
and Methane and Oxygen-Exchange in Rice', Soil Science Society of America 

Journal, 57(2), pp. 386-391. 
Koegel-Knabner, I., Amelung, W., Cao, Z., Fiedler, S., Frenzel, P., Jahn, R., Kalbitz, 
K., Koelbl, A. and Schloter, M. (2010) 'Biogeochemistry of paddy soils', Geoderma, 
157(1-2), pp. 1-14. 
Kulichevskaya, I. S., Danilova, O. V., Tereshina, V. M., Kevbrin, V. V. and Dedysh, 
S. N. (2014) 'Descriptions of Roseiarcus fermentans gen. nov., sp. nov., a 
bacteriochlorophyll a-containing fermentative bacterium related phylogenetically to 
alphaproteobacterial methanotrophs, and of the family Roseiarcaceae fam. nov', 
International Journal of Systematic and Evolutionary Microbiology, 64(Pt_8), pp. 
2558-2565. 
Kulp, T. R. (2014) 'Arsenic and primordial life', Nature Geoscience, 7(11), pp. 785-
786. 
Kuramata, M., Sakakibara, F., Kataoka, R., Abe, T., Asano, M., Baba, K., Takagi, K. 
and Ishikawa, S. (2015) 'Arsenic biotransformation by Streptomyces sp isolated from 
rice rhizosphere', Environmental microbiology, 17(6), pp. 1897-1909. 
Lakshmipathiraj, P., Narasimhan, B. R. V., Prabhakar, S. and Raju, G. B. (2006) 
'Adsorption of arsenate on synthetic goethite from aqueous solutions', Journal of 

hazardous materials, 136(2), pp. 281-287. 
Langille, M. G. I., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D., Reyes, 
J. A., Clemente, J. C., Burkepile, D. E., Thurber, R. L. V., Knight, R., Beiko, R. G. 
and Huttenhower, C. (2013) 'Predictive functional profiling of microbial 
communities using 16S rRNA marker gene sequences', Nature biotechnology, 31(9), 
pp. 814-+. 
Lauren, J. and Duxbury, J. (2005) 'Management Strategies to Reduce Arsenic Uptake 
by Rice'. In proceedings of the international Symposium on Behaviour of Arsenic in 
Acquifers, Soils and Plants: Implications for Management, Dhaka, Bangladesh (pp. 
16-18). 
Lett, M.-C., Muller, D., Lièvremont, D., Silver, S. and Santini, J. (2012) 'Unified 
nomenclature for genes involved in prokaryotic aerobic arsenite oxidation', Journal 

of bacteriology, 194(2), pp. 207-208. 
Lever, M. A. (2013) 'Functional gene surveys from ocean drilling expeditions – a 
review and perspective', FEMS Microbiology Ecology, 84(1), pp. 1-23. 
Li, R. Y., Stroud, J. L., Ma, J. F., McGrath, S. P. and Zhao, F. J. (2009) 'Mitigation 
of Arsenic Accumulation in Rice with Water Management and Silicon Fertilization', 



 
 

152 
 

Environmental science & technology, 43(10), pp. 3778-3783. 
Liao, X. Y., Chen, T. B., Xie, H. and Liu, Y. R. (2005) 'Soil As contamination and its 
risk assessment in areas near the industrial districts of Chenzhou City, Southern 
China', Environ Int, 31(6), pp. 791-8. 
Liesack, W., Schnell, S. and Revsbech, N. P. (2000) 'Microbiology of flooded rice 
paddies', FEMS Microbiology Reviews, 24(5), pp. 625-645. 
Limmer, M. A., Wise, P., Dykes, G. E. and Seyfferth, A. L. (2018) 'Silicon 
Decreases Dimethylarsinic Acid Concentration in Rice Grain and Mitigates 
Straighthead Disorder', Environmental Science & Technology, 52(8), pp. 4809-4816. 
Liu, W. J., Zhu, Y. G., Hu, Y., Williams, P. N., Gault, A. G., Meharg, A. A., 
Charnock, J. M. and Smith, F. A. (2006) 'Arsenic sequestration in iron plaque, its 
accumulation and speciation in mature rice plants (Oryza sativa L.)', Environmental 

science & technology, 40(18), pp. 5730-5736. 
Liu, W. J., Zhu, Y. G., Smith, F. A. and Smith, S. E. (2004) 'Do iron plaque and 
genotypes affect arsenate uptake and translocation by rice seedlings (Oryza sativa L.) 
grown in solution culture?', Journal of experimental botany, 55(403), pp. 1707-1713. 
Lo, K.-J., Lin, S.-S., Lu, C.-W., Kuo, C.-H. and Liu, C.-T. (2018) 'Whole-genome 
sequencing and comparative analysis of two plant-associated strains of 
Rhodopseudomonas palustris (PS3 and YSC3)', Scientific Reports, 8(1), pp. 12769. 
Logares, R., Lindström, E. S., Langenheder, S., Logue, J. B., Paterson, H., Laybourn-
Parry, J., Rengefors, K., Tranvik, L. and Bertilsson, S. (2013) 'Biogeography of 
bacterial communities exposed to progressive long-term environmental change', Isme 

j, 7(5), pp. 937-48. 
Lomax, C., Liu, W.-J., Wu, L., Xue, K., Xiong, J., Zhou, J., McGrath, S. P., Meharg, 
A. A., Miller, A. J. and Zhao, F.-J. (2012) 'Methylated arsenic species in plants 
originate from soil microorganisms', New Phytologist, 193(3), pp. 665-672. 
Lopes, L. D., Pereira E Silva, M. d. C. and Andreote, F. D. (2016) 'Bacterial Abilities 
and Adaptation Toward the Rhizosphere Colonization', Frontiers in microbiology, 7, 
pp. 1341-1341. 
Love, M. I., Huber, W. and Anders, S. (2014) 'Moderated estimation of fold change 
and dispersion for RNA-seq data with DESeq2', Genome Biology, 15(12), pp. 550. 
Lovley, D. R., Giovannoni, S. J., White, D. C., Champine, J. E., Phillips, E. J. P., 
Gorby, Y. A. and Goodwin, S. (1993) 'Geobacter metallireducens gen. nov. sp. nov., 
a microorganism capable of coupling the complete oxidation of organic compounds 
to the reduction of iron and other metals', Archives of Microbiology, 159(4), pp. 336-
344. 
Lu, H., Chen, J., Jia, Y., Cai, M. and Lee, P. K. H. (2016) 'Transcriptomic Responses 
of the Interactions between Clostridium cellulovorans 743B and Rhodopseudomonas 

palustris CGA009 in a Cellulose-Grown Coculture for Enhanced Hydrogen 
Production', Appl Environ Microbiol, 82(15), pp. 4546-4559. 
Lu, Y., Adomako, E. E., Solaiman, A. R. M., Islam, M. R., Deacon, C., Williams, P. 
N., Rahman, G. K. M. M. and Meharg, A. A. (2009) 'Baseline Soil Variation Is a 
Major Factor in Arsenic Accumulation in Bengal Delta Paddy Rice', Environmental 

science & technology, 43(6), pp. 1724-1729. 



 
 

153 
 

Luo, J., Bai, Y., Liang, J. and Qu, J. (2014) 'Metagenomic Approach Reveals 
Variation of Microbes with Arsenic and Antimony Metabolism Genes from Highly 
Contaminated Soil', PLOS ONE, 9(10), pp. e108185. 
Ma, J. F. and Yamaji, N. (2006) 'Silicon uptake and accumulation in higher plants', 
Trends in Plant Science, 11(8), pp. 392-397. 
Ma, J. F., Yamaji, N., Mitani, N., Xu, X.-Y., Su, Y.-H., McGrath, S. P. and 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(29), pp. 9931. 
Macur, R. E., Jackson, C. R., Botero, L. M., McDermott, T. R. and Inskeep, W. P. 
(2004) 'Bacterial populations associated with the oxidation and reduction of arsenic 
in an unsaturated soil', Environ Sci Technol, 38(1), pp. 104-11. 
Mahadevan, R., Bond, D. R., Butler, J. E., Esteve-Nuñez, A., Coppi, M. V., Palsson, 
B. O., Schilling, C. H. and Lovley, D. R. (2006) 'Characterization of Metabolism in 
the Fe(III)-Reducing Organism &lt;em&gt;Geobacter sulfurreducens&lt;/em&gt; by 
Constraint-Based Modeling', Applied and Environmental Microbiology, 72(2), pp. 
1558. 
Malasarn, D., Saltikov, W., Campbell, K. M., Santini, J. M., Hering, J. G. and 
Newman, D. K. (2004) 'arrA is a reliable marker for As(V) respiration', Science, 
306(5695), pp. 455-455. 
Mandal, U., Singh, P., Kundu, A. K., Chatterjee, D., Nriagu, J. and Bhowmick, S. 
(2019) 'Arsenic retention in cooked rice: Effects of rice type, cooking water, and 
indigenous cooking methods in West Bengal, India', Science of The Total 

Environment, 648, pp. 720-727. 
Martin, M., Stanchi, S., Jakeer Hossain, K. M., Imamul Huq, S. M. and Barberis, E. 
(2015) 'Potential phosphorus and arsenic mobilization from Bangladesh soils by 
particle dispersion', Sci Total Environ, 536, pp. 973-980. 
McArthur, J. M., Banerjee, D. M., Hudson-Edwards, K. A., Mishra, R., Purohit, R., 
Ravenscroft, P., Cronin, A., Howarth, R. J., Chatterjee, A., Talukder, T., Lowry, D., 
Houghton, S. and Chadha, D. K. (2004) 'Natural organic matter in sedimentary 
basins and its relation to arsenic in anoxic ground water: the example of West Bengal 
and its worldwide implications', Applied Geochemistry, 19(8), pp. 1255-1293. 
McCarty, K. M., Hanh, H. T. and Kim, K.-W. (2011) 'Arsenic geochemistry and 
human health in South East Asia', Reviews on environmental health, 26(1), pp. 71-
78. 
Meharg, A. A. and Hartley-Whitaker, J. (2002) 'Arsenic uptake and metabolism in 
arsenic resistant and nonresistant plant species', New Phytologist, 154(1), pp. 29-43. 
Meharg, A. A. and Rahman, M. M. (2003) 'Arsenic Contamination of Bangladesh 
Paddy Field Soils:  Implications for Rice Contribution to Arsenic Consumption', 
Environmental Science & Technology, 37(2), pp. 229-234. 
Meharg, A. A. and Zhao, F.-J. (2012) Arsenic and Rice. Dordrecht: Springer. 
Meharg, A. A., Williams, P. N., Adomako, E., Lawgali, Y. Y., Deacon, C., Villada, 
A., Cambell, R. C. J., Sun, G., Zhu, Y.-G., Feldmann, J., Raab, A., Zhao, F.-J., Islam, 
R., Hossain, S. and Yanai, J. (2009) 'Geographical Variation in Total and Inorganic 
Arsenic Content of Polished (White) Rice', Environmental science & technology, 
43(5), pp. 1612-1617. 



 
 

154 
 

Meharg, C. and Meharg, A. A. (2015) 'Silicon, the silver bullet for mitigating biotic 
and abiotic stress, and improving grain quality, in rice?', Environmental and 

experimental botany, 120, pp. 8-17. 
Mei, X. Q., Wong, M. H., Yang, Y., Dong, H. Y., Qiu, R. L. and Ye, Z. H. (2012) 
'The effects of radial oxygen loss on arsenic tolerance and uptake in rice and on its 
rhizosphere', Environmental Pollution, 165, pp. 109-117. 
Mestrot, A., Feldmann, J., Krupp, E. M., Hossain, M. S., Roman-Ross, G. and 
Meharg, A. A. (2011) 'Field Fluxes and Speciation of Arsines Emanating from Soils', 
Environmental science & technology, 45(5), pp. 1798-1804. 
Meyer, F., Paarmann, D., D'Souza, M., Olson, R., Glass, E. M., Kubal, M., Paczian, 
T., Rodriguez, A., Stevens, R., Wilke, A., Wilkening, J. and Edwards, R. A. (2008) 
'The metagenomics RAST server – a public resource for the automatic phylogenetic 
and functional analysis of metagenomes', BMC Bioinformatics, 9(1), pp. 386. 
Milton, A. H., Smith, W., Rahman, B., Hasan, Z., Kulsum, U., Dear, K., Rakibuddin, 
M. and Ali, A. (2005) 'Chronic arsenic exposure and adverse pregnancy outcomes in 
bangladesh', Epidemiology, 16(1), pp. 82-6. 
Mitra, A., Chatterjee, S., Datta, S., Sharma, S., Veer, V., Razafindrabe, B.H.M., 
Walther, C., and Gupta, D.K. (2014) Mechanism of metal transporter in plants In 
Heavy Metal Remediation: Transport and Accumulation in Plants; Gupta, D.K., 
Chatterjee, S., Eds.; Nova Science Publishers: Hauppauge, NY, USA, pp. 1–27.  
Mondal, D. and Polya, D. A. (2008) 'Rice is a major exposure route for arsenic in 
Chakdaha block, Nadia district, West Bengal, India: A probabilistic risk assessment', 
Applied Geochemistry, 23(11), pp. 2987-2998. 
Mu, Y., Zhou, L., Zeng, X.-C., Liu, L., Pan, Y., Chen, X., Wang, J., Li, S., Li, W.-J. 
and Wang, Y. (2016) 'Arsenicitalea aurantiaca gen. nov., sp. nov., a new member of 
the family Hyphomicrobiaceae, isolated from high-arsenic sediment', International 

Journal of Systematic and Evolutionary Microbiology, 66(12), pp. 5478-5484. 
Namiki, T., Hachiya, T., Tanaka, H. and Sakakibara, Y. (2012) 'MetaVelvet: an 
extension of Velvet assembler to de novo metagenome assembly from short sequence 
reads', Nucleic acids research, 40(20), pp. e155-e155. 
Naujokas, M. F., Anderson, B., Ahsan, H., Aposhian, H. V., Graziano, J. H., 
Thompson, C. and Suk, W. A. (2013) 'The broad scope of health effects from chronic 
arsenic exposure: update on a worldwide public health problem', Environmental 

health perspectives, 121(3), pp. 295-302. 
Nissen, P. and Benson, A. (2006) 'Arsenic metabolism in freshwater and terrestrial 
plants', Physiologia Plantarum, 54, pp. 446-450. 
Nookongbut, P., Kantachote, D. and Megharaj, M. (2016) 'Arsenic contamination in 
areas surrounding mines and selection of potential As-resistant purple nonsulfur 
bacteria for use in bioremediation based on their detoxification mechanisms', Annals 

of Microbiology, 66(4), pp. 1419-1429. 
Norton, G. J., Adomako, E. E., Deacon, C. M., Carey, A.-M., Price, A. H. and 
Meharg, A. A. (2013) 'Effect of organic matter amendment, arsenic amendment and 
water management regime on rice grain arsenic species', Environmental Pollution, 
177, pp. 38-47. 



 
 

155 
 

NRC (National Research Council) (2001) Arsenic in drinking water – 2001 update. 
National Academy Press: Washington, D.C. 
Nriagu, J. O. (1995) Arsenic in the environment part I: Cycling and characterization 

part II: Human health and ecosystem effects. John Wiley & Sons: New York,  
Oda, Y., Larimer, F. W., Chain, P. S. G., Malfatti, S., Shin, M. V., Vergez, L. M., 
Hauser, L., Land, M. L., Braatsch, S., Beatty, J. T., Pelletier, D. A., Schaefer, A. L. 
and Harwood, C. S. (2008) 'Multiple genome sequences reveal adaptations of a 
phototrophic bacterium to sediment microenvironments', Proceedings of the National 

Academy of Sciences, 105(47), pp. 18543. 
Ohno, K., Yanase, T., Matsuo, Y., Kimura, T., Rahman, M. H., Magara, Y. and 
Matsui, Y. (2007) 'Arsenic intake via water and food by a population living in an 
arsenic-affected area of Bangladesh', Science of the Total Environment, 381(1-3), pp. 
68-76. 
Oremland, R. and Stolz, J. (2005) 'Arsenic, microbes and contaminated aquifers'. 
Trends in microbiology, 13, pp. 45-9. 
Overbeek, R., Begley, T., Butler, R. M., Choudhuri, J. V., Chuang, H. Y., Cohoon, 
M., de Crécy-Lagard, V., Diaz, N., Disz, T., Edwards, R., Fonstein, M., Frank, E. D., 
Gerdes, S., Glass, E. M., Goesmann, A., Hanson, A., Iwata-Reuyl, D., Jensen, R., 
Jamshidi, N., Krause, L., Kubal, M., Larsen, N., Linke, B., McHardy, A. C., Meyer, 
F., Neuweger, H., Olsen, G., Olson, R., Osterman, A., Portnoy, V., Pusch, G. D., 
Rodionov, D. A., Rückert, C., Steiner, J., Stevens, R., Thiele, I., Vassieva, O., Ye, 
Y., Zagnitko, O. and Vonstein, V. (2005) 'The subsystems approach to genome 
annotation and its use in the project to annotate 1000 genomes', Nucleic Acids 

Research, 33(17), pp. 5691-702. 
Paez-Espino, D., Tamames, J., de Lorenzo, V. and Canovas, D. (2009) 'Microbial 
responses to environmental arsenic', Biometals, 22(1), pp. 117-130. 
Paikaray, S., Banerjee, S. and Mukherji, S. (2005) 'Sorption of arsenic onto 
Vindhyan shales: Role of pyrite and organic carbon', Current Science, 88. 
Pal, A., Chowdhury, U. K., Mondal, D., Das, B., Nayak, B., Ghosh, A., Maity, S. and 
Chakraborti, D. (2009) 'Arsenic Burden from Cooked Rice in the Populations of 
Arsenic Affected and Nonaffected Areas and Kolkata City in West-Bengal, India', 
Environmental Science & Technology, 43(9), pp. 3349-3355. 
Park, S.-G. and Butcher, D. J. (2010) 'Investigation of the interaction between arsenic 
species and thiols via electrospray ionization tandem mass spectrometry', 
Microchemical Journal, 95(1), pp. 57-66. 
Paszkowski, U., Kroken, S., Roux, C. and Briggs, S. P. (2002) 'Rice phosphate 
transporters include an evolutionarily divergent gene specifically activated in 
arbuscular mycorrhizal symbiosis', Proc Natl Acad Sci U S A, 99(20), pp. 13324-9. 
Philippot, L., Raaijmakers, J. M., Lemanceau, P. and van der Putten, W. H. (2013) 
'Going back to the roots: the microbial ecology of the rhizosphere', Nature Reviews 

Microbiology, 11(11), pp. 789-799. 
Plewniak, F., Koechler, S., Navet, B., Dugat-Bony, E., Bouchez, O., Peyret, P., Séby, 
F., Battaglia-Brunet, F. and Bertin, P. N. (2013) 'Metagenomic insights into 
microbial metabolism affecting arsenic dispersion in Mediterranean marine 
sediments', Mol Ecol, 22(19), pp. 4870-83. 



 
 

156 
 

Poirel, J., Joulian, C., Leyval, C. and Billard, P. (2013) 'Arsenite-induced changes in 
abundance and expression of arsenite transporter and arsenite oxidase genes of a soil 
microbial community', Res Microbiol, 164(5), pp. 457-65. 
Polizzotto, M. L., Kocar, B. D., Benner, S. G., Sampson, M. and Fendorf, S. (2008) 
'Near-surface wetland sediments as a source of arsenic release to ground water in 
Asia', Nature, 454(7203), pp. 505-U5. 
Pruitt, K. D., Tatusova, T., Brown, G. R. and Maglott, D. R. (2012) 'NCBI Reference 
Sequences (RefSeq): current status, new features and genome annotation policy', 
Nucleic Acids Research, 40(Database issue), pp. D130-D135. 
Qin, J., Rosen, B. P., Zhang, Y., Wang, G. J., Franke, S. and 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(7), pp. 2075-2080. 
Quazi, S., Datta, R. and Sarkar, D. (2011) 'Effects of soil types and forms of 
arsenical pesticide on rice growth and development', International Journal of 

Environmental Science & Technology, 8(3), pp. 445-460. 
Raab, A., Williams, P. N., Meharg, A. and Feldmann, J. (2007) 'Uptake and 
translocation of inorganic and methylated arsenic species by plants', Environmental 

Chemistry, 4(3), pp. 197-203. 
Rahaman, S., Sinha, A. C. and Mukhopadhyay, D. (2011) 'Effect of water regimes 
and organic matters on transport of arsenic in summer rice (Oryza sativa L.)', Journal 

of Environmental Sciences, 23(4), pp. 633-639. 
Ravenscroft, P, Brammer, H. and Richards, K. (2009) Arsenic Pollution: A Global 
Synthesis. John Wiley & Sons: West Sussex, UK. 
Ravenscroft, P., Burgess, W. G., Ahmed, K. M., Burren, M. and Perrin, J. (2005) 
'Arsenic in groundwater of the Bengal Basin, Bangladesh: Distribution, field 
relations, and hydrogeological setting', Hydrogeology Journal, 13(5), pp. 727-751. 
Ravenscroft, P., McArthur, J.M., Hoque, B.A., 2001. Geochemical and 
Rayyan, A., Meyer, T. and Kyndt, J. (2018) 'Draft Whole-Genome Sequence of the 
Purple Photosynthetic Bacterium Rhodopseudomonas palustris XCP', Microbiology 

resource announcements, 7(4), pp. e00855-18. 
Reid, M. C., Maillard, J., Bagnoud, A., Falquet, L., Phu Le, V. and Bernier-Latmani, 
R. (2017) 'Arsenic Methylation Dynamics in a Rice Paddy Soil Anaerobic 
Enrichment Culture', Environmental science & technology, 51(18), pp. 10546-10554. 
Rhine, E. D., Garcia-Dominguez, E., Phelps, C. D. and Young, L. Y. (2005) 
'Environmental Microbes Can Speciate and Cycle Arsenic', Environmental Science & 

Technology, 39(24), pp. 9569-9573. 
Röling, W. F., van Breukelen, B. M., Braster, M., Lin, B. and van Verseveld, H. W. 
(2001) 'Relationships between microbial community structure and hydrochemistry in 
a landfill leachate-polluted aquifer', Appl Environ Microbiol, 67(10), pp. 4619-29. 
Rosen, B. P. (1999) 'Families of arsenic transporters', Trends in microbiology, 7(5), 
pp. 207-212. 
Savage, L., Carey, M., Hossain, M., Islam, M. R., de Silva, P. M. C. S., Williams, P. 
N. and Meharg, A. A. (2017) 'Elevated Trimethylarsine Oxide and Inorganic Arsenic 



 
 

157 
 

in Northern Hemisphere Summer Monsoonal Wet Deposition', Environmental 

Science & Technology, 51(21), pp. 12210-12218. 
Schuchmann, K. and Müller, V. (2014) 'Autotrophy at the thermodynamic limit of 
life: a model for energy conservation in acetogenic bacteria', Nature Reviews 

Microbiology, 12(12), pp. 809-821. 
Shannon, C. E. (1949) 'Communication theory of secrecy systems', The Bell System 

Technical Journal, 28(4), pp. 656-715. 
Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., Amin, 
N., Schwikowski, B. and Ideker, T. (2003) 'Cytoscape: a software environment for 
integrated models of biomolecular interaction networks', Genome research, 13(11), 
pp. 2498-2504. 
Sheik, C. S., Mitchell, T. W., Rizvi, F. Z., Rehman, Y., Faisal, M., Hasnain, S., 
McInerney, M. J. and Krumholz, L. R. (2012) 'Exposure of soil microbial 
communities to chromium and arsenic alters their diversity and structure', PloS one, 
7(6), pp. e40059-e40059. 
Shin, H., Shin, H. S., Dewbre, G. R. and Harrison, M. J. (2004) 'Phosphate transport 
in Arabidopsis: Pht1;1 and Pht1;4 play a major role in phosphate acquisition from 
both low- and high-phosphate environments', Plant J, 39(4), pp. 629-42. 
Signes-Pastor, A. J., Carey, M. and Meharg, A. A. (2016a) 'Inorganic arsenic in rice-
based products for infants and young children', Food Chemistry, 191, pp. 128-134. 
Signes-Pastor, A. J., Carey, M., Carbonell-Barrachina, A. A., Moreno-Jimenez, E., 
Green, A. J. and Meharg, A. A. (2016b) 'Geographical variation in inorganic arsenic 
in paddy field samples and commercial rice from the Iberian Peninsula', Food 

Chemistry, 202, pp. 356-363. 
Signes-Pastor, A., Burló, F., Mitra, K. and 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(3), pp. 504-510. 
Silver, S. and Phung, L. T. (2005) 'Genes and enzymes involved in bacterial 
oxidation and reduction of inorganic arsenic', Appl Environ Microbiol, 71(2), pp. 
599-608. 

Simpson, E. H. (1949) 'Measurement of Diversity', Nature, 163(4148), pp. 688-688. 
Slyemi, D. and Bonnefoy, V. (2012) 'How prokaryotes deal with arsenic', 
Environmental Microbiology Reports, 4(6), pp. 571-586. 
Smedley, P. L. and Kinniburgh, D. G. (2002) 'A review of the source, behaviour and 
distribution of arsenic in natural waters', Applied Geochemistry, 17(5), pp. 517-568. 
Smith, E., Naidu, R. and Alston, A. (2002) 'Chemistry of Inorganic Arsenic in Soils: 
II. Effect of Phosphorus, Sodium, and Calcium on Arsenic Sorption', Journal of 

environmental quality, 31, pp. 557-63. 
Song, W.-Y., Yamaki, T., Yamaji, N., Ko, D., Jung, K.-H., Fujii-Kashino, M., An, 
G., Martinoia, E., Lee, Y. and Ma, J. F. (2014) 'A rice ABC transporter, OsABCC1, 
reduces arsenic accumulation in the grain', Proceedings of the National Academy of 

Sciences, 111(44), pp. 15699. 
Spain, A. M., Krumholz, L. R. and Elshahed, M. S. (2009) 'Abundance, composition, 
diversity and novelty of soil Proteobacteria', The ISME Journal, 3(8), pp. 992-1000. 



 
 

158 
 

Stachowicz, M., Hiemstra, T. and van Riemsdijk, W. H. (2008) 'Multi-competitive 
interaction of As(III) and As(V) oxyanions with Ca2+, Mg2+, PO3−4, and CO2−3 
ions on goethite', Journal of Colloid and Interface Science, 320(2), pp. 400-414. 
Streat, M., Hellgardt, K. and Newton, N. L. R. (2008) 'Hydrous ferric oxide as an 
adsorbent in water treatment: Part 3: Batch and mini-column adsorption of arsenic, 
phosphorus, fluorine and cadmium ions', Process Safety and Environmental 

Protection, 86, pp. 21–30. 
Stroud, J. L., Khan, M. A., Norton, G. J., Islam, M. R., Dasgupta, T., Zhu, Y.-G., 
Price, A. H., Meharg, A. A., McGrath, S. P. and Zhao, F.-J. (2011) 'Assessing the 
Labile Arsenic Pool in Contaminated Paddy Soils by Isotopic Dilution Techniques 
and Simple Extractions', Environmental Science & Technology, 45(10), pp. 4262-
4269. 
Sun, G. X., Williams, P. N., Carey, A. M., Zhu, Y. G., Deacon, C., Raab, A., 
Feldmann, J., Islam, R. M. and Meharg, A. A. (2008) 'Inorganic arsenic in rice bran 
and its products are an order of magnitude higher than in bulk grain', Environmental 

Science & Technology, 42(19), pp. 7542-6. 
Takahashi, Y., Minamikawa, R., Hattori, K. H., Kurishima, K., Kihou, N. and Yuita, 
K. (2004) 'Arsenic Behavior in Paddy Fields during the Cycle of Flooded and Non-
flooded Periods', Environmental Science & Technology, 38(4), pp. 1038-1044. 
Tang, B.-P., Yang, S.-J., Wang, D.-Z., Rao, W., Zhang, Y.-N., Wang, D. and Zhu, 
Y.-J. (2014) '[Effect of sulfur on the species of Fe and As under redox condition in 
paddy soil]', Huan jing ke xue= Huanjing kexue / [bian ji, Zhongguo ke xue yuan 

huan jing ke xue wei yuan hui "Huan jing ke xue" bian ji wei yuan hui.], 35(10), pp. 
3851-61. 
the profiles of some Bangladesh soils. Canadian Journal of Pure Applied Science, 
Thomas, T., Gilbert, J. and Meyer, F. (2012) 'Metagenomics - a guide from sampling 
to data analysis', Microbial informatics and experimentation, 2(1), pp. 3-3. 
Van Herreweghe, S., Swennen, R., Vandecasteele, C. and Cappuyns, V. (2003) 
'Solid phase speciation of arsenic by sequential extraction in standard reference 
materials and industrially contaminated soil samples', Environmental Pollution, 
122(3), pp. 323-342. 
Van, d. W., Laing, G. d. and Calatayud, M. (2015) 'Food Toxicology: Arsenic from 
food: biotransformations and risk assessment', Current Opinion in Food Science. 
Villegas-Torres, M. F., Bedoya-Reina, O. C., Salazar, C., Vives-Florez, M. J. and 
Dussan, J. (2011) 'Horizontal arsC gene transfer among microorganisms isolated 
from arsenic polluted soil', International Biodeterioration & Biodegradation, 65(1), 
pp. 147-152. 
Vriens, B., Lenz, M., Charlet, L., Berg, M. and Winkel, L. (2014). Natural Wetland 
emissions of methylated trace elements. Nat. Commun. 5, pp. 30-35.  
Walmsley, A. R., Zhou, T., Borges-Walmsley, M. I. and Rosen, B. P. (2001) 'A 
kinetic model for the action of a resistance efflux pump', J Biol Chem, 276(9), pp. 
6378-91. 
Walter, J. and Ley, R. (2011) 'The Human Gut Microbiome: Ecology and Recent 
Evolutionary Changes', Annual Review of Microbiology, 65(1), pp. 411-429. 
Wang, P., Zhang, W., Mao, C., Xu, G. and Zhao, F. J. (2016) 'The role of OsPT8 in 



 
 

159 
 

arsenate uptake and varietal difference in arsenate tolerance in rice', Journal of 

Experimental Botany, 67(21), pp. 6051-6059. 
Wang, P.-P., Bao, P. and 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). 
Wang, Q., Garrity, G. M., Tiedje, J. M. and Cole, J. R. (2007) 'Naive Bayesian 
classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy', 
Applied and Environmental Microbiology, 73(16), pp. 5261-5267. 
WHO (2014) Codex Alimentarius Commission Project document proposal for ew 
work on a maximum level for arsenic in rice. Available online at: 
http://www.fao.org/tempref/codex/Meetings/CCCF/cccf5/CRDs/ 
CRD%2024%20ARSENIC%20IN20RICE.pdf 
WHO (World Health Organization) (2004) IARC, Working Group on some drinking 
water disinfectants and contaminants, including arsenic, vol. 84, Lyon. Monograph 1 
Williams, P. N., Islam, M. R., Adomako, E. E., Raab, A., Hossain, S. A., Zhu, Y. G., 
Feldmann, J. and Meharg, A. A. (2006) 'Increase in rice grain arsenic for regions of 
Bangladesh irrigating paddies with elevated arsenic in groundwaters', Environmental 

Science & Technology, 40(16), pp. 4903-8. 
Williams, P. N., Lei, M., Sun, G., Huang, Q., Lu, Y., Deacon, C., Meharg, A. A. and 
Zhu, Y.-G. (2009) 'Occurrence and Partitioning of Cadmium, Arsenic and Lead in 
Mine Impacted Paddy Rice: Hunan, China', Environmental Science & Technology, 
43(3), pp. 637-642. 
Williams, P. N., Santner, J., Larsen, M., Lehto, N. J., Oburger, E., Wenzel, W., Glud, 
R. N., Davison, W. and Zhang, H. (2014) 'Localized Flux Maxima of Arsenic, Lead, 
and Iron around Root Apices in Flooded Lowland Rice', Environmental science & 

technology, 48(15), pp. 8498-8506. 
Williams, P. N., Villada, A., Deacon, C., Raab, A., Figuerola, J., Green, A. J., 
Feldmann, J. and Meharg, A. A. (2007) 'Greatly enhanced arsenic shoot assimilation 
in rice leads to elevated grain levels compared to wheat and barley', Environmental 

science & technology, 41(19), pp. 6854-6859. 
Williams, P. N., Zhang, H., Davison, W., Meharg, A. A., Hossain, M., Norton, G. J., 
Brammer, H. and Islam, M. R. (2011) 'Organic Matter-Solid Phase Interactions Are 
Critical for Predicting Arsenic Release and Plant Uptake in Bangladesh Paddy Soils', 
Environmental science & technology, 45(14), pp. 6080-6087. 
Wu, J., Zhang, R. and Lilley, R. M. (2002) 'Methylation of arsenic in vitro by cell 
extracts from bentgrass (Agrostis tenuis): effect of acute exposure of plants to 
arsenate', Functional plant biology: FPB, 29(1), pp. 73-80. 
Wu, Z., Ren, H., McGrath, S. P., Wu, P. and Zhao, F. J. (2011) 'Investigating the 
contribution of the phosphate transport pathway to arsenic accumulation in rice', 
Plant Physiol, 157(1), pp. 498-508. 
Xiao, K.-Q., Li, L.-G., Ma, L.-P., Zhang, S.-Y., Bao, P., Zhang, T. and Zhu, Y.-G. 
(2016) 'Metagenomic analysis revealed highly diverse microbial arsenic metabolism 
genes in paddy soils with low-arsenic contents', Environmental Pollution, 211, pp. 1-
8. 
Xiong, J., He, Z., Van Nostrand, J. D., Luo, G., Tu, S., Zhou, J. and Wang, G. (2012) 



 
 

160 
 

'Assessing the Microbial Community and Functional Genes in a Vertical Soil Profile 
with Long-Term Arsenic Contamination', PLoS ONE, 7(11), pp. e50507. 
Xiong, J., Wu, L., Tu, S., Van Nostrand, J. D., He, Z., Zhou, J. and Wang, G. (2010) 
'Microbial Communities and Functional Genes Associated with Soil Arsenic 
Contamination and the Rhizosphere of the Arsenic-Hyperaccumulating Plant Pteris 

vittata L', Applied and Environmental Microbiology, 76(21), pp. 7277. 
Xu, X. Y., McGrath, S. P., Meharg, A. A. and Zhao, F. J. (2008) 'Growing rice 
aerobically markedly decreases arsenic accumulation', Environmental science & 

technology, 42(15), pp. 5574-5579. 
Xue, S., Jiang, X., Wu, C., Hartley, W., Qian, Z., Luo, X. and Li, W. (2020) 
'Microbial driven iron reduction affects arsenic transformation and transportation in 
soil-rice system', Environmental Pollution, 260, pp. 114010. 
Yamaguchi, N., Nakamura, T., Dong, D., Takahashi, Y., Amachi, S. and Makino, T. 
(2011) 'Arsenic release from flooded paddy soils is influenced by speciation, Eh, pH, 
and iron dissolution', Chemosphere, 83(7), pp. 925-932. 
Yamamura, S., Yamashita, M., Fujimoto, N., Kuroda, M., Kashiwa, M., Sei, K., 
Fujita, M. and Ike, M. (2007) 'Bacillus selenatarsenatis sp. nov., a selenate- and 
arsenate-reducing bacterium isolated from the effluent drain of a glass-manufacturing 
plant', Int J Syst Evol Microbiol, 57(Pt 5), pp. 1060-1064. 
Yan, M., Zeng, X., Wang, J., Meharg, A. A., Meharg, C., Tang, X., Zhang, L., Bai, 
L., Zhang, J. and Su, S. (2020) 'Dissolved organic matter differentially influences 
arsenic methylation and volatilization in paddy soils', Journal of Hazardous 

Materials, 388, pp. 121795. 
Yang, J., Rawat, S., Stemmler, T. L. and Rosen, B. P. (2010) 'Arsenic Binding and 
Transfer by the ArsD As(III) Metallochaperone', Biochemistry, 49(17), pp. 3658-
3666. 
Ye, J., Rensing, C., Rosen, B. P. and Zhu, Y.-G. (2012) 'Arsenic biomethylation by 
photosynthetic organisms', Trends in plant science, 17(3), pp. 155-162. 
York, L. M., Carminati, A., Mooney, S. J., Ritz, K. and Bennett, M. J. (2016) 'The 
holistic rhizosphere: integrating zones, processes, and semantics in the soil 
influenced by roots', Journal of experimental botany, 67(12), pp. 3629-3643. 
Yoshinaga, M., Cai, Y. and Rosen, B. P. (2011) 'Demethylation of methylarsonic 
acid by a microbial community', Environ Microbiol, 13(5), pp. 1205-15. 
Zavala, Y. J. and Duxbury, J. M. (2008) 'Arsenic in Rice: I. Estimating Normal 
Levels of Total Arsenic in Rice Grain', Environmental Science & Technology, 
42(10), pp. 3856-3860. 
Zhang, J., Cao, T., Tang, Z., Shen, Q., Rosen, B. P. and Zhao, F.-J. (2015c) Arsenic 
methylation and volatilization by arsenite S-adenosylmethionine methyltransferase in 
Pseudomonas alcaligenes NBRC14159. Applied Environmental Microbiology. 81(8), 
pp. 2852−2860. 
Zhang, J., Zhou, W., Liu, B., He, J., Shen, Q. and Zhao, F.-J. (2015b) 'Anaerobic 
Arsenite Oxidation by an Autotrophic Arsenite-Oxidizing Bacterium from an 
Arsenic-Contaminated Paddy Soil', Environmental Science & Technology, 49(10), 
pp. 5956-5964. 



 
 

161 
 

Zhang, S.-Y., Zhao, F.-J., Sun, G.-X., Su, J.-Q., Yang, X.-R., Li, H. and Zhu, Y.-G. 
(2015a) 'Diversity and Abundance of Arsenic Biotransformation Genes in Paddy 
Soils from Southern China', Environmental science & technology, 49(7), pp. 4138-
4146. 
Zhao, F.-J., Harris, E., Yan, J., Ma, J., Wu, L., Liu, W., McGrath, S. P., Zhou, J. and 
Zhu, Y.-G. (2013) 'Arsenic Methylation in Soils and Its Relationship with Microbial 
arsM Abundance and Diversity, and As Speciation in Rice', Environmental science 

& technology, 47(13), pp. 7147-7154. 
Zhao, F.-J., Zhu, Y.-G. and Meharg, A. A. (2013) 'Methylated Arsenic Species in 
Rice: Geographical Variation, Origin, and Uptake Mechanisms', Environmental 

science & technology, 47(9), pp. 3957-3966. 
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. and Williams, P. N. (2008) 'High 
Percentage Inorganic Arsenic Content of Mining Impacted and Nonimpacted 
Chinese Rice', Environmental Science & Technology, 42(13), pp. 5008-5013. 
Zhu, Y.-G., Yoshinaga, M., Zhao, F.-J. and Rosen, B. P. (2014) 'Earth Abides 
Arsenic Biotransformations', Annual Review of Earth and Planetary Sciences, 42, pp. 
443-467. 

 

 


