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Abstracts 

Paddy management practices greatly influence arsenic biogeochemistry. For 

sustainable rice production, rice needs to be free from arsenic. Different soil 

amendments such as animal manure in flooded paddy soil could enhance arsenic 

reductive mobilization, biomethylation, and volatilization which could be a useful 

option for the arsenic detoxification process. Also, arsM genes in composting 

manure could enhance arsenic methylation. Furthermore, cattle manure also 

enhances arsenic mobilization and increased arsenic assimilation in rice grain in 

some regions. However, the application of biomass ash, a source of silicon (Si) could 

be beneficial for rice growth, as silicate competes with arsenite for root uptake and 

hence has the potential to decrease translocation of arsenic into the rice grain. In 

contrast, the application of chemical fertilizer is not sustainable and could lead to 

long-run problems. As such, it is hypothesized “do different fertilizers affect the rice 

paddy microbiome and influence arsenic biogeochemistry, arsenic speciation, 

methylation and ultimately assimilation of arsenic into rice grain?” Thus, the 

objectives of this research were to ascertain the effect of different soil amendments 

on arsenic methylation and mobility in paddy soil and rice arsenic accumulation 

over time. In addition, how soil amendments affect the abundance and diversity of 

the arsM, 16S rRNA bacterial and ITS1 fungal genes in the rice microbiome was also 

investigated. Therefore, the research approach was to set up a rice microcosm 

experiment in a growth cabinet with a rice cultivar, ‘Yongyou12’ (a Japonica 

indica hybrid) with application of five different treatments- mineral fertilizers, full-

slurry, half-slurry, ash and no application (four replicates per treatment), were 

applied to study the arsenic biogeochemistry and microbial population in rice paddy 

microbiome. Rice soil porewater chemical characterization at 7, 14, 28, 56, 84 d, 

during heading (99-126 d), grain fill (107-134 d) and dry stage (145-170 d) showed a 

highly significant effect of time on overall soil and arsenic biogeochemistry, while 

different soil treatments resulted in a significant response only for pH, Eh, Asi, B, Zn, 

Rb, Pb. Rice porewater arsenic species (Asi and MMA, DMA and TMAO) showed a 

strong correlation with different porewater properties, B, P, Mn, Fe, Co, Cu, Zn, Se, 

Rb, Sr, Mo, Cd and Pb. In rice shoot, overall treatments had a significant response 



   
  Abstracts 

iii 
 

for B, P, Cr, Mn, Fe, Co, Ni, Zn, Rb, Cd, S, K, Na and Sn; while in rice grain, the effects 

were not pronounced. The 16SrRNA and arsM bacterial abundance in rice 

rhizosphere soil at 14 d, 56 d, grain fill (107-134 d) and dry stage (145-170 d) 

revealed a significant increase in both arsM and 16S rRNA gene copy number over 

time. The highest bacterial abundance was observed during the grain fill (107-134 

d) compared to other time points. For treatments, a significant increase in 16S 

rRNA gene copy number was identified in response to the full slurry treatment. 

Amplicon sequencing at the grain fill stage of both the bacterial 16S rRNA and 

fungal ITS1 genes showed that diversity significantly varied among the three 

compartments, rice rhizosphere soil, root and shoot. Soil showed the highest level 

of richness and diversity, followed by the rice root, while a low level of richness and 

diversity was seen in the shoot. The most pronounced treatment effects on 

microbial operational taxonomic units (OTU’s) were observed for soil bacterial 

OTU’s. In most instances, copy number was increased in response to full-slurry 

and/or half-slurry treatment or decreased in response to ash, full-slurry and/or half-

slurry, while mineral fertiliser had no or little effect. For bacterial 

OTU’s, Clostridium was the most relatively abundant genus in rhizosphere soil and 

shoot and Geobacter was the most relatively abundant in rice root. Geobacter, 

Clostridium, Anaeromyxobacter, Opitutus, Desulfocapsa, 

Methylocystis and Gemmatimonas were relatively abundant in all three 

compartments. Some of these have arsenic detoxification and methylation and 

could control the N, C and Fe cycling. The statistical analysis identified a significant 

increase in response to the manure treatment for several genus-level bacterial 

OTU’s in soil (Sarcina, unclassified genera within the phylum Cyanobacteria, 

Bacteroidetes, the order Clostridiales and the family Rhodothermaceae). These 

could be involved in arsenic methylation and volatilization as found in the 

literature. For fungal ITS1, Ascomycota annotated OTU’s was identified as the most 

abundant phylum in all three compartments. Pseudeurotium, Talaromyces, 

Cladosporium and Mortierella were relatively abundant genus in rhizosphere soil, 

Cladosporium, Fusarium, Pseudeurotium, Sarocladium, Talaromyces and Zopfiella in 

root and Cladosporium, Penicillium, Pseudeurotium in the shoot. Statistical analysis 

identified only a small number of fungal OTU’s with significant treatment effect.  



   
  Abstracts 

iv 
 

Application of full-slurry, half-slurry, and ash showed much stronger effect 

compared to the chemical fertilizer in controlling rice arsenic chemistry and could 

be applied after filed trial. It is clear that the manure, ash, and half-slurry had some 

significant effect and could be beneficial to increase arsenic methylating bacteria 

and fungi in rice microbiome.   
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Chapter 1 

Introduction 

 

1.1 Arsenic (As) a potential problem in rice environment 

Contamination of the food-chain with arsenic is a serious issue in some regions of 

the world, especially in some rice-producing areas (Meharg and Zhao, 2012, Chain, 

2009). Because arsenic and inorganic arsenic (Asi) compounds could be the reason 

for skin, lungs, kidneys and other organs cancer (Organization, 2019). Chronic 

inorganic arsenic poisoning is problematic in Bangladesh and West Bengal, India 

(Bhattacharjee and Rosen, 2007), where arsenic contaminated groundwater is 

widely used for irrigating rice, adding >1,000 metric tons of arsenic to soil per year 

in Bangladesh alone, and resulting in arsenic accumulation in soils and elevated 

arsenic assimilation by rice (Meharg and Rahman, 2003, Ali et al., 2003, Abedin et 

al., 2002a). Arsenic speciation in rice was identified to vary among different regions  

(Williams et al., 2005), and further investigation also found elevated arsenic in rice 

in Bangladesh (Williams et al., 2006), US (Williams et al., 2007b), EU (Williams et al., 

2007c) and in China (Zhu et al., 2008). The reasons for the high arsenic content in 

paddy rice is that anaerobic soil conditions lead to increase arsenic mobilization in 

soil (Xu et al., 2008).  

 

The main pathway of arsenic to the human body is by ingestion of arsenic 

containing food predominantly from the rice grain (Meharg et al., 2009a). Human 

arsenic intake from rice consumption can be substantial because rice is particularly 

efficient in assimilating arsenic (Ma et al., 2008), and accumulates arsenic in shoot 

and grain at much higher concentrations compared to other cereals (Su et al., 2010, 

Williams et al., 2007c). Rice grain contains both inorganic and organic forms of 

arsenic, inorganic arsenic being much more toxic than the organic arsenic. Around 

the world rice grain varies in its organic and inorganic arsenic content. It was found 

that rice from China contain much more inorganic arsenic, ranged from 0.009 to 

0.13 mg/kg (69 %) out of the total 0.01-0.19 mg/kg arsenic (Chen et al., 2018a) and 
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Bangladeshi rice contain <0.05 mg/kg of organic arsenic species out of the total 

arsenic of 0.02 to 0.33 mg/kg (Williams et al., 2005, Meharg et al., 2009b). In 

contrast, rice from the USA contains more organic arsenic than the inorganic 

fraction. (Zavala et al., 2008).  

 

1.2 Sources and forms of Arsenic 

Arsenic originates naturally and from diverse anthropogenic sources. It primarily 

exists in soils and the geosphere (Bissen and Frimmel, 2003). There are 

approximately 568 known minerals containing arsenic as a critical component 

(Punshon et al., 2017); many of which exist as sulfide minerals such as- 

arsenopyrites (FeAsS), realgar (As4S4), orpiment (As2S3) (Smedley and Kinniburgh, 

2002). Many rock forming minerals contain arsenic and can substitute for chemical 

elements such as phosphorus (P), silicon (Si), aluminium (Al), iron (Fe) and titanium 

(Tn) (Punshon et al., 2017). Weathering of arsenic containing bedrocks (mechanical, 

chemical and biological weathering) and inputs from deposition are the dominating 

natural source of arsenic (Saunders et al., 2005) while the leaching, soil erosion and 

biovolatilization are the outputs or loss of arsenic (Smedley and Kinniburgh, 2002, 

Mestrot et al., 2011). Among the different anthropogenic sources, and application 

of sewage sludge, industrial pollution; phosphate fertilizers, chemical fertilizers, 

organic manures polluted with arsenic, arsenic based pesticides, herbicides, wood 

preservatives, feed additives, seaweed fertilizers, mining, smelting, and 

groundwater irrigation contaminated with natural arsenic (Meharg and Zhao, 2012, 

Punshon et al., 2017).  

 

Arsenic exists in four oxidation states: −3, 0, +3, and +5. Arsenite [As(III)] and 

arsenate [As(V)] are environmentally dominant inorganic forms, while 

monomethylarsonic acid [MMA: CH3AsO(OH)2], dimethylarsinic acid [DMA: 

(CH3)2AsOOH] and trimethylarsine oxide [TMAO: (CH3)3AsO] are the common 

organic species (Huang and Matzner, 2006, Takamatsu et al., 1982).  
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1.3 The biogeochemistry of arsenic in paddy soil 

Flooding of soil, a paddy management practice, greatly influences the 

biogeochemistry of major and trace elements principally by the reduction and 

oxidation processes (Meharg and Zhao, 2012, Kirk, 2004). Immediately after 

flooding, top layer soil oxygen rapidly decreases, causing a decrease in redox 

potential (Eh), leading to a series of redox reactions. Initially, nitrate reduction 

occurs followed by the reduction of manganese dioxide (MnO2), iron oxyhydroxides 

(FeOOH), sulphate reduction and, finally, production of methane through 

methanogenesis (Kögel-Knabner et al., 2010, Meharg and Zhao, 2012, 

Ponnamperuma, 1972). Many of these redox reactions are catalysed by the specific 

group of soil microbes (Kirk, 2004), mediating electron transfer (Meharg and Zhao, 

2012). During the redox reactions, indirect effects made additional elements 

soluble and bioavailable, such as P and arsenic (Meharg and Zhao, 2012). In 

submerged soil arsenite [As(III)] predominates, while its oxidized form arsenate [As 

(V)] predominates in aerobic condition. However the biogeochemistry of arsenic in 

flooded paddy soil include one or more of the following processes. 

  

1.3.1 Flooding induced arsenic mobilization 

In flooded paddy soil, arsenite is the dominant form that leads to high arsenic 

content (Xu et al., 2008, Takahashi et al., 2004, Arao et al., 2009). The two main 

reasons for increased arsenic solubility due to the flooded anaerobic conditions in 

paddy soil are:  

 When Fe oxyhydroxides are reduced they release associated arsenic into the 

solution, a process called ‘reductive dissolution’. While the reductive 

dissolution and mobilization of arsenic are strongly influenced by the type 

and properties of Fe oxides/hydroxides (Fendorf et al., 2008, Tufano et al., 

2008, Weber et al., 2010).  

 Reduction of strongly adsorbed arsenate to arsenite, which is less strongly 

sorbed and as such enhance partition of arsenic from the soil solid to 
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solution-phase (Takahashi et al., 2004, Fendorf et al., 2008, Yamaguchi et al., 

2011). 

 

Other soil factors could affect the mobilization of arsenic in submerged soils 

including an increase in pH on flooding leading to a corresponding increase in 

arsenite but less arsenate in solution, and an increase in phosphate and dissolved 

organic matter in the soil solution by substituting adsorbed arsenate or arsenite 

into the soil solution. The opposite is true for alkaline soils where a pH decline could 

cause a subsequent decrease in arsenite concentration in solution (Hamon et al., 

2004). 

 

1.3.2 Arsenate reduction  

Reduction of arsenate is the key process for mobilization of arsenic in flooded soil 

which might occur biotically or abiotically. Abiotic reduction of arsenate involves 

reduction with dissolved sulphides which is more prominent in acid soil and very 

slow at neutral or high pH (Newman et al., 1997, Rochette et al., 2000). On the 

other hand, biotic reduction of arsenate is mediated by the soil microbes, which is a 

key process in soil (Jones et al., 2000, Macur et al., 2004, Macur et al., 2001, 

Ahmann et al., 1994). Microbial reduction of arsenic involves two main mechanisms 

such as ‘dissimilatory reduction’ when arsenate acts as a terminal electron acceptor 

during anaerobic respiration (Ahmann et al., 1994, Newman et al., 1997); and 

‘detoxification’, when arsenate is reduced and converted to arsenite by arsenate 

reductase enzyme (Bhattacharjee and Rosen, 2007, Stolz et al., 2006, Inskeep et al., 

2002). The first process occurs only in anaerobic soil, while detoxification takes 

place in both aerobic and anaerobic soil involving a diverse group of microbes and 

plays a more significant role in the paddy soil chemistry (Meharg and Zhao, 2012). 
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1.3.3 Arsenite oxidation 

Oxidation of arsenite involves both abiotic and biotic processes. During rice 

maturity stage rice soil water needs to dry out, which results in oxidation of iron [Fe 

(II)] and arsenite and a corresponding decrease in rice porewater arsenic 

concentration (Arao et al., 2009, Li et al., 2009b, Reynolds et al., 1999). Microbes 

efficient in oxidizing arsenite are ubiquitous in soil (Macur et al., 2004, Cai et al., 

2009), involving chemolithoautotrophy, i.e. gaining energy from the oxidation of 

arsenite (Garcia-Dominguez et al., 2008, Santini et al., 2000), and others which 

oxidize arsenite simply for detoxification or for unknown reasons (Anderson et al., 

1992). 

 

1.3.4 Arsenic methylation, volatilisation and demethylation 

Arsenic methylation, a biological process (Turpeinen et al., 2002) transforms 

inorganic arsenic to mono-, di-, and trimethyl arsenic compounds, and finally 

generates volatile trimethylarsine (TMAs) (Qin et al., 2006b, Qin et al., 2009). 

Arsenite S-adenosylmethionine methyltransferase (arsM) enzyme catalyse the 

process, which involves the transfer of methyl from S-adenosyl-L-methionine (SAM) 

to Arsenite (Qin et al., 2006b, Yin et al., 2011, Qin et al., 2009). Microbe-mediated 

arsenic biotransformation in paddy soil determines the fate of arsenic and its 

availability to rice plants, yet little is known about the microbial communities 

involved in the process (Zhang et al., 2015b). Microbes capable of arsenic 

reduction, oxidation and methylation in paddy soil and their relative abundance 

and activity determine the bioavailability of arsenic to plants (Jia et al., 2014, Zhao 

et al., 2013b). Microbial arsenic metabolism involves different types of genes 

encoding protein facilitating its biotransformation and transportation processes 

(Xiao et al., 2016).  

 

Although inorganic arsenic is predominantly found in paddy soil, organic arsenic 

species such as DMA, MMA and to a lesser extent other organic species have also 

been found (Takamatsu et al., 1982, Abedin et al., 2002b). Among the volatile 
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compounds, trimethylarsine was detected as a major species along with arsine 

(AsH3), while monomethylarsine, and dimethylarsine were also found in paddy field 

(Mestrot et al., 2011, Mestrot et al., 2009). The pattern of arsenite and DMA 

dynamics were quite similar to each other, indicating flooding might be conducive 

to arsenic methylation, whilst MMA was relatively stable (Takamatsu et al., 1982). 

Flooding increases the reductive mobilisation of inorganic arsenic and thus 

enhances arsenic biomethylation and volatilisation (Meharg and Zhao, 2012). Also, 

methylation of arsenic is stronger in periods when the abundance of microbial 

activity is high (Huang and Matzner, 2006). 

 

Microorganisms can demethylate methylated arsenic species through reductive 

conversion to form volatile organo-arsine compounds (DMA and TMAs) and 

predominantly found in anaerobic soil (Woolson and Kearney, 1973). 

Biomethylation is considered as a detoxification process in bacteria and fungi as 

methylation and subsequent volatilization of trimethylarsine reduces the cellular 

burden of arsenic (Qin et al., 2006a). 

 

1.4 Arsenic uptake pathways in rice 

Arsenate and arsenite, both are efficiently taken up by rice because they are 

chemical analogues of phosphate (PO₄³⁻) and silicate (SiO3) and both P and Si are 

important nutrients for the growth of rice (Zhao et al., 2010a). Rice arsenic uptake, 

and subsequent transformation in paddy soil, is controlled by both genetic and 

environmental factors, as shown in (Kumarathilaka et al., 2018a) Figure 1.1. Rice 

plant usually deploy 2-types of transporters for arsenite and arsenate uptake and 

transportation, these are silicic acid transporter and phosphate transporter.  

 

1.4.1 Silicic acid transporters 

In anaerobic soil, the major transport pathway of arsenite in rice includes Lsi1 

(OsNIP2;1), a nodulin26-like intrinsic protein (NIPs), commonly known as aquaporin 
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and Lsi2 (OsLsi2),. In rice roots, from external solution to root exodermis and 

endodermis, the influx of silicic acid (Ma et al., 2006) and arsenite (Ma et al., 2008) 

is mediated by Lsi1.The efflux of arsenite to xylem has been mediated by Lsi2 

transporter. The effect of Lsi1 on arsenic accumulation in rice shoots is 

comparatively little (Ma et al., 2008). When arsenate is available to rice root, which 

is mainly taken up by phosphate transporters, is reduced to arsenite and a smaller 

amount of it effluxes by the rice Lsi1 mutant (Zhao et al., 2010b). Lsi1 in distal sides 

of rice root exodermis and endodermis mediates the influx of arsenite into the 

roots (Ma et al., 2006). The uptake of pentavalent MMA, DMA are also carried out 

by Lsi1(Li et al., 2009a). DMA and MMA have a lower dissociation constant than 

inorganic arsenic and as such uptake of these organic species increases with the 

decrease in pH of the medium (Li et al., 2009a). In contrast, inorganic arsenic the 

organic species MMA and DMA are taken up from the external soil solution to 

internal root cells less efficiently but it is more readily transported through the 

xylem and phloem (Li et al., 2009a, Abedin et al., 2002a, Raab et al., 2007, Carey et 

al., 2010, Marin et al., 1993). Moreover, it was found that translocation of DMA 

from rice shoot to grain is extremely efficient (Carey et al., 2010, Carey et al., 2011).  

 

Figure 1.1. Arsenic accumulation controlled by environmental and genetic factors 

(Kumarathilaka et al., 2018a) 
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1.4.2 Phosphate transporters 

The second important pathway by which rice roots take up arsenate includes 

phosphate (Pi) transporters. Arsenic and phosphorus belonging to the same group, 

Group VB in the Periodic Table and arsenate (AsO3−) with pKa1 2.2, and pKa2 6.9 is 

a structural analog to phosphate (PO₄³⁻) withpKa1 2.1, and pKa2 7.1 (Kerl et al., 

2018). As such rice plant cannot differentiate between arsenate and phosphate and 

uptake arsenic (Meharg and Zhao, 2012). In the rice genome there are 13 genes 

encoding for the putative high-affinity phosphate transporter proteins, named 

OsPht1;1 – OsPht1;13 (Paszkowski et al., 2002). Out of these genes in rice root 

epidermis and cortical cells OsPht1;6 plays a major function in phosphate uptake 

and translocation, while OsPht1;2 was found in rice roots stele and might involve in 

P loading to the xylem (Ai et al., 2009). After the uptake, arsenate is immediately 

reduced to arsenite in rice roots when arsenate reductases, OsHAC1;1 (dominant in 

the epidermis, root hairs, and pericycle cells) and OsHAC1;2 (dominant in the 

epidermis, outer layers of cortex, and endodermis cells) controlled the reduction of 

arsenate (Shi et al., 2016, Xu et al., 2007). OsHAC1;1 and OsHAC1;2 are arsenate 

reductases that play an important role in restricting arsenic accumulation in rice 

shoots and grain (Shi et al., 2016). Also, the OsPht1;8 gene was found to possess a 

high affinity to uptake and long-distance transport of both arsenate and phosphate 

in rice (Jia et al., 2011, Wu et al., 2011). 

 

1.5 Microbes and their role in arsenic dynamics in paddy soil 

There are several heterotrophic and chemoautotrophic microorganisms that 

control arsenate reduction pathways by arrA genes (Malasarn et al., 2004) and arsC 

genes (Villegas-Torres et al., 2011) and also arsenite oxidation pathways by aioA 

and aioB genes (Slyemi and Bonnefoy, 2012). Upon flooding of paddy soil, microbial 

arsenic methylation is enhanced (Mestrot et al., 2011, Mestrot et al., 2009). Many 

microorganisms can methylate inorganic arsenic, and some are also able to 

volatilize arsenic via conversion to methylated arsine gases (Bentley and Chasteen, 

2002). Genes encoding arsM appear to be abundant in paddy soils (Zhang et al., 

2015b, Zhao et al., 2013b) but, to date, only a few studies have investigated 
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microbial isolates from paddy soils for their arsenic methylation abilities. In both 

laboratory and field studies, methylarsine gases, especially TMAs (III) have been 

detected from paddy soils (Mestrot et al., 2011, Mestrot et al., 2009), but the 

specific microorganisms mediating arsenic biovolatilization remain unknown. In rice 

rhizosphere soil and roots, the arsM gene was found to be phylogenetically-diverse, 

with Actinobacteria, Gemmatimonadales, α-Proteobacterales, β-Proteobacterales, 

δ-Proteobacterales, Firmicutes, Archaea, and other organisms all reported to 

harbour this gene (Jia et al., 2013a). However different rice rhizosphere bacteria 

were also found to play a crucial role in lowering arsenic accumulation in rice by 

secreting chelating agents, Siderophores that enhances the precipitation of Fe 

oxides/hydroxides on root and the adsorption processes (Lakshmanan et al., 2015).  

Therefore, arsM is one of the gene we targeted to study the diversity of arsM 

bacteria in paddy soil. In addition, molecular retrieval of 16S rRNA gene is widely 

used as a molecular marker which allows identification of the bacterial population 

in paddy soil (Chin et al., 1999). As such, 16S rRNA is our second targeted gene of 

interest to study the bacterial diversity in rice microbiome. 

 

There is also a diverse group of fungi that play a significant role in reducing the 

toxicity of arsenic in contaminated soil. Fungal species such as Aspergillus glaucum, 

Candida humicola, Scopulariopsis brevicaulis, Gliocladium roseum, Penicillium 

gladioli and Fusarium sp. were reported to transform arsenic to volatile 

trimethylarsine by the reductive methylation (Srivastava et al., 2011, Cullen and 

Reimer, 1989, Lin, 2008). The mechanisms of arsenic resistance and arsenic removal 

by fungi were investigated in arsenic contaminated sites by Srivastava et al. (2011). 

During this study the authors also isolated arsenic-tolerant fungi, as could be useful 

for bioremediation of arsenic. Moreover, rice growth experiment using engineered 

yeast as a growth promoter showed that the soil fungus Westerdykella 

aurantiaca expresses the WaarsM gene, which encodes an arsenic 

methyltransferase and could remove arsenic from soil by methylation and bio-

volatilization as well as reducing rice grain arsenic and promoting growth of rice 

(Verma et al., 2019, Verma et al., 2016). In addition, fungal endophytes such as 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/chelating-agent
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/siderophore
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Pantoea sp., Aspergillus sp. and Penicillium sp. could also abate rice grain arsenic 

(Batista et al., 2016). 

 

 1.6 Microbial interaction and function in paddy soil  

The oxic-anoxic interface in rice soil is a hotspot that could support dynamic 

biogeochemical cycles controlled by different groups of microbial populations (Ding 

et al., 2019). Apart from the direct influence in arsenic biotransformation, and 

transport pathways microbes could indirectly modulate and influence arsenic 

mobility and uptake in rice by multiple processes related to cycles of C, N and Fe 

(Duan et al., 2013, Zhu et al., 2017). Absorbed arsenic by iron oxides/hydroxides is 

released, when ferric iron [Fe(III)] is reduced, which enhances mobility of arsenic in 

soil (Wang et al., 2017b). However, arsenic sequestration in Fe plaque surrounding 

the rice roots surface and their co-precipitation with arsenic could decrease arsenic 

availability to rice roots (Syu et al., 2013, Liu et al., 2006). During denitrification, 

bacteria also oxidize arsenite to arsenate which immobilizes and reduces arsenic 

(Chen et al., 2008). Therefore, favouring the growth of nitrate reducing ferrous iron 

[Fe(II)] oxidizers (by application of Fe(II) and NO3
− ) in rice soil could gradually 

reduce arsenic accumulation (Wang et al., 2018).  

 

The paddy soil also favours the growth and functioning of diverse bacteria such as 

Geobacter and Desulfococcus genera, belonging to the Deltaproteobacteria class 

which dominate in rhizosphere soil and reduce ferric iron [Fe(III)] and/or sulfate 

(Sun et al., 2015, Ding et al., 2015). In addition, some endophytic bacteria such as 

Azospirillum sp. was seen to control phytohormonal balance in rice root and shoot 

(Moronta-Barrios et al., 2018, Sahoo et al., 2014); while Rhodoferax sp. facilitated 

nitrate reduction in rice soil, root and shoot (Hougardy and Klemme, 1995, 

Moronta-Barrios et al., 2018). In contrast , some bacterial interactions were found 

pathogenic to rice causing reduced growth and yield, such as Pseudomonas 

fuscovaginae causing rice sheath rot (Kim et al., 2015) and Xanthomonas oryzae 

causing panicle blight of rice (Laha et al., 2003). 
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In addition, beneficial fungal mycorrhizal interactions with plants have shown to 

provide organic carbon (C) to the fungi, while the fungus supplies P and/or N to the 

plant (Smith and Read, 2010, Johnson et al., 1997). In rice, interaction by arbuscular 

mycorrhizal fungi (AMF) was found as beneficial for rice growth through their 

symbiotic effects (Colard et al., 2011). The gene OsPht1;11 was isolated from rice 

which was found to play an important role in phosphate acquisition during the root-

mycorrhizal symbiosis in aerobic soil (Paszkowski et al., 2002). Both mycorrhizal and 

mutualistic fungal endophytic associations have been shown to increase plant 

biomass (Redman et al., 2011, Jogawat et al., 2013), and tolerance to both biotic 

(Mejía et al., 2008, Chadha et al., 2015) and abiotic stress (Hubbard et al., 2014, 

Yang et al., 2014). These associations also enhance plant defence against 

phytopathogens (Jung et al., 2012), and can increase crop growth and yield 

(Gianinazzi et al., 2010).  

 

Pathogenic fungal interaction on the other hand adversely affect plant fitness, crop 

growth and yield. Because of their economic impact, pathogenic fungal-plant 

relationships have been investigated in a number of staple cereal crops (rice, 

wheat, maize etc.). For example, in USA pathogenic fungal interaction in rice caused 

rice blast disease resulting in 30 % of production losses globally (Wang and Valent, 

2009, Nalley et al., 2016). 

 

1.7 Effects of soil amendments 

Different types of organic materials like animal manure, crop residues and ashes 

from combustion of biomass are the oldest form of fertilizers in the world 

(Schiemenz and Eichler-Löbermann, 2010). The use of wood ash has been well 

documented in the USA and Europe (Vance, 1996, Patterson et al., 2004), which 

increases yield in different crops by supporting plant nutrients, increased microbial 

processes and improvement in physical properties of soils (Demeyer et al., 2001, 

Saarsalmi et al., 2001). Rice yield has been reported to increase with the application 
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of ash (Prakash et al., 2007, Nwite et al., 2011). Soil enzyme activities and organic C 

content also have been increased by biomass ashes (Sharma et al., 2015). Rice husk 

ash in combination with manure could be used to replace continuous application 

mineral fertilizer to supply different macro- and micro-nutrients including carbon 

(C), hydrogen (H), nitrogen (N) and sulphur (S) sodium (Na), potassium (K), calcium 

(Ca) and copper (Cu) and firm yard manure also supply some additional aluminium 

(Al), phosphorus (P), sulphur (S), chlorine (Cl) and iron (Fe) (Singh et al., 2019). Rice 

husk and ash are also rich in silicon (Si) and had shown as beneficial for rice growth 

and causes competitive inhibition with arsenite uptake and thus could reduce 

either total or inorganic arsenic in rice grain (Meharg and Meharg, 2015, Seyfferth 

et al., 2016).  

 

Application of cattle manure in flooded paddy soil enhances arsenic reductive 

mobilisation, favours arsenic biomethylation and volatilisation (Mestrot et al., 2009, 

Mestrot et al., 2011) and could be a useful option for arsenic detoxification process. 

In composting manure many arsM genes were found that are related to known 

arsenic methylating microbes, such as Streptomyces sp., Amycolatopsis 

mediterranei and Sphaerobacter thermophiles (Zhai et al., 2017). Also, organic 

matter like- dried distillers grain could significantly enhance arsenic methylation 

(Huang et al., 2012, Jia et al., 2012). In contrast, cattle manure in the Bengal region 

contained high arsenic as the animals are fed on rice straw which is elevated in 

arsenic (Pal et al., 2009). Moreover, Williams et al. (2011) found that arsenic 

mobilization in the rice influenced by the organic matter applications with 

increased arsenic assimilation in rice grain. On the other hand, chemical or mineral 

fertilizers could also increase the arsenic level in soil and long run use of fertilizer 

could lead to arsenic enrichment in cropland (Charter et al., 1995, Macedo et al., 

2009). For example, use of phosphate fertilizers at a field application rate of 50 kg 

phosphorus pentoxide (P2O5) was found to add 3-30 mg/kg of arsenic to soil 

(Meharg and Zhao, 2012).  
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1.8 Thesis objectives and hypothesis 

For the sustainable production of rice, rice needs to be free from arsenic and 

research needs to identify the best management options so that rice production 

can meet the global food demand while minimizing arsenic assimilation into grain. 

Within this context, the focus of the research was to study the effect of different 

soil management options on microbes and arsenic dynamics in the rice paddy 

system. 

 

Arsenic speciation and methylation in paddy soil are dynamic as the redox potential 

vary temporally and spatially (Dittmar et al., 2007, Takahashi et al., 2004). As such, 

arsenic dynamics need to be studied over the full life cycle of rice. Also, different 

organic and mineral fertilizers could greatly influence arsenic speciation, uptake 

and methylation and could also control other elements availability to rice. 

Moreover, arsenic methylation and assimilation in rice is affected by a diverse 

group of microbes (Qin et al., 2006b, Jia et al., 2013b) and different soil 

amendments could impact on their abundance and diversity, and could therefore 

play a significant role in microbial mediated arsenic methylation in paddy soil. 

Therefore the objectives of the thesis undertaken here were: 

  

1. To study the biogeochemistry, speciation and assimilation of arsenic, along 

with other elements, in rice over time, and in response to different soil 

amendments. This will ascertain the effect of different treatments and time on 

arsenic methylation and mobility in paddy soil and rice arsenic accumulation.  

2. To investigate the abundance of the bacterial 16S rRNA and arsM gene in 

response to different fertilizers.  

3. To assess the bacterial diversity in rice paddy soil, root and shoot in response to 

different fertilizers. 

4. To assess the fungal diversity in rice paddy soil, root and shoot in response to 

different fertilizers. 
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The thesis hypothesis was: “do different fertilizers affect the rice paddy microbiome 

and influence arsenic biogeochemistry, arsenic speciation, methylation and 

ultimately assimilation of arsenic into rice grain?” 

 

1.9 Outline of the thesis and chapters 

The outline of the thesis is: 

Chapter 1. Literature review. 

Chapter 2. Rice microcosm experimental setup and growing conditions.  

Chapter 3. Arsenic biogeochemistry and bacterial abundance in paddy soil in 

response to different fertilizers and time. For this rice porewater and rice shoot-

grain chemistry was studied. Alongside real time qPCR was employed to identify the 

relative copy number of the bacterial 16S rRNA (to assess abundance of all bacteria) 

and the arsM gene (to assess abundance of bacteria with arsenic methylation 

capacity).  

Chapter 4. Analysis of bacterial abundance and diversity in paddy soil-root-shoot 

microbiome under different fertilizer application.  

Chapter 5. Analysis of fungal abundance and diversity in paddy soil-root-shoot 

microbiome under different fertilizer regime.  

Chapter 6. Summary, conclusion and future direction.  
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Chapter 2 

Rice microcosms 

 

2.1 Introduction  

Arsenic, a human carcinogen (NRC, 2001, IARC, 2004) comes into the soil from 

geogenic origin (Majzlan et al., 2014, Zhao et al., 2010a). Paddy soils, however, may 

become contaminated with arsenic from different anthropogenic sources such as 

application of arsenic based pesticides (Williams et al., 2007a), metal mining and 

processing (Lee, 2006, Williams et al., 2009b), irrigation with arsenic contaminated 

water (Meharg and Rahman, 2003, Williams et al., 2006) and fertilization 

(Bhattacharyya et al., 2003). In addition, rice soil under traditional management 

practices is subjected to anaerobic condition, an environment conducive to the 

mobilization and bioavailability of redox sensitive arsenic to rice plants (Xu et al., 

2008). In flooded paddy soil, arsenic mobilization and bioavailability are caused by 

the reductive dissolution of iron oxides/hydroxides, and reduction of relatively 

insoluble arsenate to more soluble to arsenite (Xu et al., 2008, Stroud et al., 2011, 

Yamaguchi et al., 2011, Takahashi et al., 2004). While in aerobic condition, arsenate 

is strongly adsorbed by oxides/hydroxides of Fe and Al and as such present at very 

low concentrations (<1 μM) in soil solution (Fitz and Wenzel, 2002). Paddy soil 

anaerobic conditions also enhance arsenic methylation, a microbial process that 

transforms inorganic arsenic to mono, di, and tri methylated species such as mono 

methylarsonic acid (MMA), dimethylarsinic acid (DMA), and finally to the volatile 

trimethylarsine oxide (TMAO) (Mestrot et al., 2011, Mestrot et al., 2009) thereby 

acting as a detoxification process (Qin et al., 2006b).  

 

Soil management practices also affect arsenic mobilization and transformation, 

particularly the use of inorganic fertilizers versus organic manures, as it has been 

suggested that organic matter addition leads to both arsenic mobilization and 

methylation in comparison to inorganic fertilizers (Mestrot et al., 2009). Also, there 

is a need to return to more widespread use of organic matter in rice cultivation as 
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N-fertilizers are both unsustainable (as they rely on the Haber process, and thus 

fossil fuels for production), and lead to widespread soil acidification (Matsuyama et 

al., 2005). Silicon (Si) is thought to affect both mobility of arsenic in soils and 

translocation to grain (Ma et al., 2008), and silica fertilization is often suggested as a 

way of mitigating arsenic in grain (Meharg and Meharg, 2015). Also, phenology, 

particularly the onset of anaerobism, will effect elemental biogeochemical cycling 

(Bao et al., 2018, Kögel-Knabner et al., 2010)  

 

Given the complexity of microbial interactions with soil conditions, one approach to 

reducing variability is to conduct experiments under controlled growth conditions. 

Field experiments are exposed to fluctuating environmental changes in 

temperature, light intensity, day-length and precipitation (Collins et al., 1995). The 

present chapter describes the experimental set up for plant growth for the core 

experiment central to this, as well as recording phenology and details of harvesting 

when soil was managed with differing fertilization strategies, and microbiology and 

biogeochemistry of the soil followed over time.  

 

2.2 Collection of soil for the experiment  

2.2.1 Location and topography of sampling 

Soils were collected from a rice farmers field in the Ningbo (120°55”-122°16” E and 

28°51”-30°33” N), China catchment. Ningbo lies in the middle of the coastal line of 

the Chinese Mainland and near the Hangzhou Bay of Zhejiang Province. Ningbo is 

characterised by a subtropical monsoon climate, which shows slight to medium 

temperature with moderate humidity and distinct seasons. The annual average 

temperature is nearly 16.4℃, the maximum temperature appears in July when the 

average temperature is around 28℃ and lowest temperature appears in January 

with 4.7℃ on average. The annual average precipitation is around 1,480 mm, of 

which the precipitation in the months from May to September accounts for 60 %. 

The average annual sunshine time reaches 1850 hours. 
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The rice cultivar named ‘Yongyou12’ (a japonica indica hybrid) that were cultivated 

in the same sampling location of Ningbo by the local farmers were also collected for 

the experiment. Ningbo soil has a ‘sandy loam’ texture with CEC of 13.76 cm/kg. 

The nitrogen (N), phosphors (P) and potassium (K) content of the soil were 0.023 %, 

1476 mg/kg and 22445 mg/kg. The background information of the collected soil 

was summarised in Chapter 3, Table 3.2.  

 

2.3 Experimental design 

The rice cultivar Yongyou12, takes about 154 d in field condition to complete its life 

cycle. It is usually pre-germinated and then planted in the field as seedlings in 

Ningbo, China.  

 

Rice seeds were cleaned and pre-soaked for germination on Petri dishes (Figure 2.1 

a) using double layers of white roll pre-soaked with deionized distilled water. For 

this, 50 - 60 seeds were spread and then placed in the dark at 30˚ C on the growth 

cabinet. After 48 hours, most of the seeds were germinated (Figure 2.1 a). The 

germinated seeds were planted into the seedbed tray (Figure 2.1 b). Rice nursery 

beds were prepared in cup seed trays, measuring 3.7 cm x 3.7 cm x 4.5 cm, 

containing 24 cells per tray (ASDA, UK). For one tray, about 1 kg of the experimental 

soil was used. Ground soils were first sieved using a 2 mm sieve. The soil was 

fertilized with urea [CO (NH2)2] at a rate of 1.125 g/kg and potassium chloride (KCl) 

at 1.125 g/kg of soil and mixed uniformly. The puddled soils were then distributed 

into the cups and two seedlings were planted in each cup. The tray was placed in 

growth cabinet (Memmert, Germany) under a 14 hour day and 10 hour night cycle 

and a corresponding temperature of 28˚ C day and 23˚ C night. The seedlings were 

monitored daily and irrigated time to time as per requirement.  

 

The rice plants were transplanted into the plastic pot after allowing 15 d of nursery 

condition. Rectangular plastic pots, measuring 21 cm x 15 cm x 10 cm (Lakeland, 

Amazon.co.uk), were used for growing rice. Each pot was filled with 1.2 kg d. wt. 
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(Calculated from w.wt. by oven drying) as field moist 2 mm sieved soil. Deionized 

water was added every day to saturate the pot for 3 d maintaining a 2 cm standing 

head of water on top of the soil. The soil was puddled by hand in preparation for 

planting.  

 

There were five treatments, with four replications per treatment, which made a 

total of 20 pots. For fertilizer additions, it was assumed a soil bulk density of 1 

g/cm3 and depth of fertilization was to 10 cm. N, P and K were balanced, as 

possible, across the treatments, except for the control. Total amount of N, P and K 

added across the entire experiment were circa: 178 kg N/ha, 21 kg P/ha and 135 kg 

K/ha respectively. The treatments were as follows: 

 control, nothing was applied except the irrigation water. 

 household ash (collected from Mymensing, Bangladesh), as a Si supplement. 

In Bangladesh, farmers typically apply 1 ton of ash per hectare (1000 kg per 

1,000,000 kg soil) (Guide, 2012). Therefore, we applied 1.2 g mixed 

household ash per 1.2 kg soil; considering its nutrient content which was 

0.012 g P per g, 0.05017 g K per g of ash and 0.264 g Si per g ash based on a 

dry mass basis.  

 mineral fertilizers, urea [CO(NH2)2], Calcium dihydrogen phosphate 

[Ca(H2PO4)2] and potassium chloride (KCl) were applied. Fertilizers were 

applied in two different growth stages; at 15 d post transplanting N, 92 

kg/ha; P, 21 kg/ha and K, 17 kg/ha. The second fertilization was conducted 

at heading stage when application was: N, 86 kg/ha; and K, 118 kg/ha.  

 full-slurry /pig slurry, sourced AFBI Hillsborough experimental farm, was 

applied. The slurry contained N, 2.1 g/L; P, 0.57 g/L and K 3.0 g/L of the 

liquid slurry. The treatment required 99.4 ml of liquid slurry, and no other 

additional fertilizer was used. 

 half-slurry, this treatment consisted of 49.7 ml of the slurry supplemented 

with: N 89 kg/ha, P 10 kg/ha and K 67 kg/ha as mineral fertilizer. 
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Ash, half-slurry and full-slurry treatments were added into soil and left for seven 

days in the growth cabinet to enable the treatments to settle (Figure 2.1 c). Into 

each pot a 12 cm long and 0.15 µm pore size Rhizon sampler with a female Luer 

lock (Rhizosphere Research Products, Netherlands) were placed at an angle of 30 to 

45°. One healthy per pot seedlings were transplanted, and the rice pots were 

placed into two growth cabinets, at 25/23˚ C for 14/10 hour day-night cycle 

respectively. The pots were arranged using a randomized block design, split across 

two growth cabinets, with two replicates of each treatment being present in each 

cabinet (Table 2.1). Half of the mineral fertilizer (termed as half-slurry treatment) 

and mineral fertilizer were split into 15 d of post transplanting and the heading (99-

126 d). Plants fertilised at ‘heading’ as each individual plant entered the stage, 

rather than fertilising all plants at once. As plants started entering anthesis, 

differently coloured wool was tied to each tiller, with each colour indicating the 

order of flowering (red colour for the first tiller that entered anthesis etc). For each 

plant the date that each head entered anthesis was noted, with detailed flowering 

information presented in Table 2.2. Flooding was stopped when the grain panicle of 

the 1st panicle to enter anthesis had completed grain fill and was completely dry 

and golden. For rice plant phenology and different growth stages see Figure 2.2. 

 

Table 2.1. Rice pot arrangement in growth cabinet, where the letters indicates R, 

rice plant; C, control; A, ash; Fs, full-slurry; Hs, half-slurry; Mf, mineral fertilizer. 

Cabinet 1 

block 1 R-Hs-1 R-A-1 R-Fs-1 R-C-1 R-Mf-1 
block 2 R-Fs-2 R-C-2 R-Hs-2 R-Mf-2 R-A-2 

Cabinet 2 

block 1 R-A-3 R-Mf-3 R-C-3 R-Fs-3 R-Hs-3 
block 2 R-C-4 R-Hs-4 R-Mf-4 R-A-4 R-Fs-4 
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Figure 2.1. Rice seedling and seed bed preparation as part of rice cultivation in 

microcosm; a, seed germination; b, seedbed preparation; c, rice pots prepared for 

transplanting; d, transplanted seedlings into experimental treatments.  
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Figure 2.2. Plant phenology; a, tillering; b, stem elongation; c, panicle initiation; d, 

heading and flowering; e, grain formation; f, grain fill.
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Table 2.2. Rice plant’s flowering information. Plant ID= R, rice; C, control; A, ash; Fs, full-slurry; Hs, half-slurry; Mf, mineral fertilizer. 

 Plant ID 
1st 
head in 
flower 

2nd 
head in 
flower 

3rd 

head in 
flower 

4th 
head in 
flower 

5th 
head in 
flower 

6th 
head in 
flower 

7th 
head in 
flower 

8th 
head in 
flower 

9th head 
in flower 

10th 
head in 
flower 

11th 
head in 
flower 

12th 
head in 
flower 

 total 
no. of 
heads 

R-Fs-1 09 Aug 09 Aug 12 Aug 14 Aug 16 Aug 16 Aug 20 Aug 21 Aug 25 Aug 27 Aug     10 
R-C-4 10 Aug 23 Aug 31 Aug                   3 
R-A-4 10 Aug 17 Aug 20 Aug 20 Aug 20 Aug               5 
R-C-3 11 Aug 13 Aug 15 Aug 19 Aug 19 Aug 21 Aug 21 Aug 22 Aug 29 Aug 30 Aug 01 Sep   11 
R-Mf-4 12 Aug 15 Aug 15 Aug 26 Aug 26 Aug 28 Aug 29 Aug           7 
R-A-2 12 Aug 13 Aug 21 Aug 22 Aug 23 Aug 23 Aug 31 Aug           7 
R-Fs-3 14 Aug 16 Aug 18 Aug 21 Aug 22 Aug 29 Aug 29 Aug 31 Aug 04 Sep       9 
R-Hs-4 14 Aug 16 Aug 16 Aug 17 Aug 26 Aug               5 
R-C-1 14 Aug 16 Aug 20 Aug 21 Aug 22 Aug 23 Aug 23 Aug 27 Aug 27 Aug 08 Sep     10 
R-Hs-2 16 Aug 16 Aug 16 Aug 17 Aug 17 Aug 18 Aug 22 Aug 23 Aug 26 Aug 02 Sep     10 
R-Mf-1 18 Aug 20 Aug 24 Aug 24 Aug 27 Aug 30 Aug 1 Sep           7 
R-A-3 18 Aug 21 Aug 23 Aug 25 Aug 27 Aug               5 
R-Mf-3 18 Aug 23 Aug 26 Aug 27 Aug 27 Aug 3 Sep             6 
R-Fs-4 19 Aug 22 Aug 23 Aug 23 Aug 23 Aug 27 Aug 28 Aug           7 
R-Mf-2 20 Aug 21 Aug 22 Aug 23 Aug 24 Aug 30 Aug 1 Sep 02 Sep 04 Sep       9 
R-A-1 21 Aug 23 Aug 24 Aug 24 Aug 24 Aug 27 Aug 29 Aug 04 Sep         8 
R-Hs-3 23 Aug 26 Aug 30 Aug 01 Sep 02 Sep 4 Sep 4 Sep 10 Sep         8 
R-C-2 24 Aug 27 Aug 28 Aug 29 Aug 31 Aug 1 Sep 2 Sep 06 Sep 11 Sep       9 
R-Hs-1 24 Aug 27 Aug 27 Aug 29 Aug 30 Aug 1 Sep 2 Sep 03 Sep 03 Sep 07 Sep 07 Sep 07 Sep 12 
R-Fs-2 5 Sep 8 Sep 13 Sep 17 Sep 17 Sep               5 



 
  Chapter 2 

23 
 

2.4 Collection and storage of samples 

From every single pot porewater was collected at 8 different time points in an 

approximate logarithmic progression at 7, 14, 28, 56, 84 d and also during the 

heading stage at 99-126 d, grain fill stage at 107-134 d and dry stage at 145-170 d 

(before harvest) counting 5 d after the transplanting of rice into the soil (detail 

sampling schedule was outlined in Table 2.3). Immediately after the collection of 

the porewater pH and Eh were measured and 5 ml porewater was acidified by using 

50 µl concentrated nitric acid which was then stored in a fridge at 4˚ C for the 

analysis of arsenic species and total element. The remaining non-acidified 

porewater was stored in the -80˚ C freezers. 

 

Immediately after the collection of the porewater soil samples were collected from 

four sides of the pot, mid-way along the diagonals from the centre, using a 2.5 cm 

wide Cork borer, evenly spaced. The core samples were combined and mixed 

thoroughly and 0.5 g soil was preserved for moisture content and chemical analysis. 

For molecular work, 2.0 g soil was preserved in 1.5 ml Eppendorf tube and snap-

frozen in liquid N2 and then placed in a - 80˚ C freezer. Soil samples for molecular 

work were collected counting 5 d after the transplanting of rice into pots, at day 14 

d, 56 d, grain fill stage (107-134 d, in subsequent chapters plots referred to as grain 

fill (GF), plots referred to as 124), and soil dry stage before the harvest (145-170 d, 

in subsequent chapters referred to as soil drying (SD), plots referred to as 158), of 

rice into pots. Remaining soil was returned to the pot. Rice leaf and root samples 

were collected into 1.5 ml Eppendorf tubes during the grain fill stage (107-134 d, on 

the 12th day after anthesis), and snap-frozen in liquid N for subsequent storage at - 

80˚ C. For leaf sampling, the flag leaf and the most basal leaf of the first panicle 

were collected. If the most basal leaf was dead, then the 2nd most basal leaf was 

taken. Before snap freezing, leaf samples were cleaned with deionized water, 

excess water was dried by the paper towel and then cut into small pieces with clean 

scissors and 100 mg of subsamples placed into 1.5 ml Eppendorf tubes for snap 

freezing. For root sampling, root samples were collected from the rhizosphere by 

inserting the 2 cm Cork borer at grain fill close to the base of the plant and pushed 
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to the bottom of the tub. Roots were carefully separated from the soil and placed 

into a sieve. Soil was washed off the roots with running tap water. Roots were then 

transferred to 2 successive beakers filled with deionized water and rinsed. 

Following this they were patted dry with a paper towel, cut into small pieces and 

into 1.5 ml Eppendorf tubes for snap freezing. 

  

At harvesting biomass information of rice was collected. This included assessment 

of number of tillers and panicles, weight of individual panicles, the weight of all 

grains per plant, the weight of filled and unfilled grain grains. Individual treatments 

biomass information was summarised in Table 2.4. After harvesting, the dried soil 

was soaked in water for overnight and then held under running water, while 

agitating the root mass, until the water ran clear. Roots were then further washed 

in deionized water, and then excess water was removed patting dry with a paper 

towel. Roots fresh weight was recorded, and the whole root per plant was 

preserved in labelled zip lock bag. 
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     Table 2.3. Rice plant’s detail sampling schedule. 

Germinated 
seeds 
planted in 
seedbed on 
14-Apr 

Sampling 
point 

7 d  14 d  28 d  56 d  84 d  
Heading 
stage, 99-
126 d  

Grain fill 
stage, 107-
134 d  

Dry stage 
145-170 d  

Seedlings 
transplanted 
29-Apr 
 

Porewater 
Chemical 
analysis 

Chemical 
analysis 

Chemical 
analysis 

Chemical 
analysis 

Chemical 
analysis 

Chemical 
analysis 

Chemical 
analysis 

Chemical 
analysis 

 

Soil 
Chemical 
analysis 

Chemical 
analysis, 
DNA 
extraction 

Chemical 
analysis 
 

Chemical 
analysis, 
DNA 
extraction 

Chemical 
analysis 

Chemical 
analysis 

Chemical 
analysis, 
DNA 
extraction 

Chemical 
analysis, 
DNA 
extraction 

 

Root 

      
DNA 
extraction 

Biomass  

 

Shoot 

      

Chemical 
analysis, 
DNA 
extraction 

Biomass and 
chemical 
analysis 
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Grain 

       
Biomass and 
chemical 
analysis 

R-Fs-1  11-May 18-May 01-Jun 29-Jun 27-Jul 11-Aug 19-Aug 25-Sep 
R-C-4  11-May 18-May 01-Jun 29-Jun 27-Jul 12-Aug 20-Aug 05-Oct 
R-A-4  11-May 18-May 01-Jun 29-Jun 27-Jul 12-Aug 20-Aug 06-Oct 
R-C-3  11-May 18-May 01-Jun 29-Jun 27-Jul 13-Aug 21-Aug 25-Sep 
R-Mf-4  11-May 18-May 01-Jun 29-Jun 27-Jul 14-Aug 22-Aug 28-Sep 
R-A-2  11-May 18-May 01-Jun 29-Jun 27-Jul 14-Aug 22-Aug 28-Sep 
R-Fs-3  11-May 18-May 01-Jun 29-Jun 27-Jul 16-Aug 24-Aug 27-Sep 
R-Hs-4  11-May 18-May 01-Jun 29-Jun 27-Jul 16-Aug 24-Aug 29-Sep 
R-C-1  11-May 18-May 01-Jun 29-Jun 27-Jul 16-Aug 24-Aug 28-Sep 
R-Hs-2  11-May 18-May 01-Jun 29-Jun 27-Jul 18-Aug 26-Aug 25-Sep 
R-Mf-1  11-May 18-May 01-Jun 29-Jun 27-Jul 20-Aug 28-Aug 30-Sep 
R-A-3  11-May 18-May 01-Jun 29-Jun 27-Jul 20-Aug 28-Aug 01-Oct 
R-Mf-3  11-May 18-May 01-Jun 29-Jun 27-Jul 20-Aug 28-Aug 26-Sep 
R-Fs-4  11-May 18-May 01-Jun 29-Jun 27-Jul 21-Aug 29-Aug 26-Sep 
R-Mf-2  11-May 18-May 01-Jun 29-Jun 27-Jul 22-Aug 30-Aug 03-Oct 
R-A-1  11-May 18-May 01-Jun 29-Jun 27-Jul 23-Aug 31-Aug 29-Sep 
R-Hs-3  11-May 18-May 01-Jun 29-Jun 27-Jul 25-Aug 02-Sep 04-Oct 
R-C-2  11-May 18-May 01-Jun 29-Jun 27-Jul 26-Aug 03-Sep 07-Oct 
R-Hs-1  11-May 18-May 01-Jun 29-Jun 27-Jul 26-Aug 03-Sep 04-Oct 
R-Fs-2  11-May 18-May 01-Jun 29-Jun 27-Jul 07-Sep 15-Sep 20-Oct 
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Table 2.4. Rice biomass and other information on harvesting. 

Plant 
ID 

total 
biomass(root  
+ shoot)  
biomass (g) 

root 
biomass 
(g) 

shoot 
biomass 
(g) 

dry 
weight of 
straw (g) 

total 
no. of 
tiller 

total 
no. of 
panicle 

branches 
in each 
panicle 

weight of 
all 
panicle 
(g) 

weight of 
all filled 
grain (with 
husk) (g) 

weight 
of all 
unfilled 
grain (g) 

total 
no. of 
filled 
grain 

total 
weight of 
dehusked 
grain (g) 

R-C-1 65.5 15.4 50.1 35.4 12.0 10.0 95.0 14.7 10.9 2.51 596 9.30 
R-C-2 60.7 12.9 47.7 31.6 10.0 9.00 87.0 16.1 13.4 1.32 647 10.4 
R-C-3 67.4 14.9 52.5 37.0 12.0 11.0 92.0 15.5 12.1 1.91 585 9.89 
R-C-4 34.6 8.89 25.7 22.5 7.00 3.00 22.0 3.23 2.74 0.24 135 1.80 
R-A-1 71.5 23.9 47.6 32.7 10.0 8.00 94.0 14.9 12.3 1.29 571 9.21 
R-A-2 50.4 13.5 36.8 26.1 8.00 7.00 63.0 10.7 8.54 1.23 406 6.67 
R-A-3 46.0 9.90 36.1 26.5 7.00 5.00 54.0 9.60 7.68 1.11 344 5.99 
R-A-4 37.5 11.0 26.4 20.2 6.00 5.00 44.0 6.26 4.45 1.15 216 3.37 
R-FS-1 90.1 23.1 67.0 47.3 12.0 10.0 108.0 19.7 15.3 2.72 756 11.4 
R-FS-2 39.5 6.30 33.2 19.9 5.00 5.00 54.0 13.3 11.9 0.52 548 9.10 
R-FS-3 69.1 13.7 55.4 40.6 9.00 9.00 90.0 14.8 12.0 1.54 562 9.62 
R-FS-4 68.6 17.1 51.5 37.7 8.00 7.00 74.0 13.8 10.9 1.61 516 8.62 
R-HS-1 78.9 13.1 65.8 45.9 14.0 12.0 115.0 19.8 16.6 1.15 825 12.6 
R-HS-2 85.4 20.2 65.2 43.4 11.0 10.0 107.0 21.8 18.9 1.21 868 14.4 
R-HS-3 61.4 14.8 46.6 35.1 8.00 8.00 77.0 11.5 8.34 1.85 403 6.39 
R-HS-4 38.9 7.84 31.1 19.1 7.00 5.00 58.0 12.0 8.91 2.32 603 9.13 
R-MF-1 34.1 9.62 24.5 18.7 7.00 7.00 56.0 5.74 5.01 0.08 220 2.28 
R-MF-2 63.2 17.4 45.8 34.4 10.0 9.00 91.0 11.5 8.58 2.21 421 4.43 
R-MF-3 46.1 11.6 34.6 22.2 7.00 6.00 59.0 12.3 10.9 -1.63 499 8.36 
R-MF-4 58.9 16.4 42.5 30.4 9.00 7.00 71.0 12.1 10.7 2.20 486 8.19 
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The current chapter outlines the experimental design and sampling strategy for 

the overall experiment that forms the basis of this thesis. Subsequent chapters 

will provide further detail on the chemical and molecular analysis of these 

samples.  
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Chapter 3 

Impact of soil management and time on arsenic biogeochemical cycling of paddy 

soils 

 

3.1 Introduction 

Rice, a staple diet for 50 % of the world’s population, is elevated in arsenic content, 

approximately ten-times more than other major cereal crops (Meharg et al., 

2009a). For paddy rice, arsenic is a major problem, due to high grain content 

(Williams et al., 2007c). Arsenic is nonessential, occurs naturally and as an 

anthropogenic contaminant (Smedley and Kinniburgh, 2002); as arsenate, arsenite, 

elemental arsenic, and arsine, respectively (Zhao et al., 2010a). The pentavalent 

arsenate [As(V)] predominates in aerobic soils, and trivalent arsenite [As(III)] 

dominates in anaerobic soils such as submerged paddy soils (Zhao et al., 2010a). 

Interconversion between the arsenic species in the soil is determined by both biotic 

(Bhattacharjee and Rosen, 2007, Villegas-Torres et al., 2011) and abiotic processes 

(Oscarson et al., 1981, Rochette et al., 2000), and particularly by the soil solution 

redox potential and pH (Zhao et al., 2010a).  

 

The biotic process of arsenic transformation occurs via the ‘respiratory pathway’ of 

microbes that harbour the arrA and arsC genes when arsenate is used as an 

electron acceptor, reducing arsenate to arsenite (Bhattacharjee and Rosen, 2007, 

Villegas-Torres et al., 2011). Microbes containing the arsM gene are highly diverse 

in paddy soil (Jia et al., 2013a). Moreover, Fe oxidizing-reducing bacteria (Zecchin et 

al., 2017), SO₄²- reducing and oxidizing bacteria (Jia et al., 2015) play an important 

role in arsenic transformation. Besides, under anoxic condition, arsenic methylation 

is carried out by soil microbes that harbour the arsM gene. Arsenic methylation is a 

sequential transformation of inorganic arsenic, arsenate plus arsenite, to 

monomethylarsonic acid (MMA), dimethylarsinic acid (DMA), trimethylarsenic 

oxide (TMAO) and tetramethyl arsonium ions (TETRA) (Qin et al., 2006b, Wang et 

al., 2014).  
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The abiotic processes regulating arsenic biogeochemistry include complexation of 

arsenate by reaction with iron oxyhydrooxide (FeOOH) and manganese oxide 

(MnO) in aerobic soil (Oscarson et al., 1981, Chen et al., 2005), and complexation of 

arsenite with sulphides, such as arsenopyrites, in reduced and acidic soil (Rochette 

et al., 2000, Smedley and Kinniburgh, 2002). Arsenic speciation in rice soil is, 

therefore, highly dynamic (Meharg and Zhao, 2012). Redox potential is one of the 

important factors, that varies spatially and temporarily during the paddy life cycle 

(Takahashi et al., 2004, Dittmar et al., 2007). As such, the study of the rice 

porewater chemistry throughout the rice growth cycle is important. Also, the 

presence of P, Fe, Si, and S strongly control the biogeochemistry of arsenic (Zhao et 

al., 2010a). P and Si both are in high demand by rice (Meharg and Meharg, 2015). 

More importantly, arsenate and arsenite are chemically analogous to phosphate 

and silicate (Zhao et al., 2010a) and therefore act as arsenate and arsenite 

transporters respectively (Shin et al., 2004, Ma et al., 2006, Ma et al., 2008). 

Because of the similar molecular size of arsenite and silicic acid, arsenic is taken up 

by the silicic acid transporters while arsenate, as shows analogous structure with 

phosphate, enters rice roots through phosphate transporters (Ma et al., 2008, 

Abedin et al., 2002a, Ma and Yamaji, 2008). Also, Fe plaque is formed around the 

rice roots, due to oxidation of Fe by radial oxygen loss by roots in anoxic soils 

(Colmer, 2002), with arsenic sequestered into Fe plaques, thereby limiting uptake 

into plants (Kumarathilaka et al., 2018b, Chen et al., 2005).  

 

Rice grain contains inorganic arsenic, DMA, and occasionally a minor component of 

MMA (Zhao et al., 2010a) and TETRA (Hansen et al., 2011, Williams et al., 2005, 

Meharg and Zhao, 2012). Rice grain DMA content varies highly round the world 

(Meharg et al., 2009a), and the reason for this is unknown (Zhao et al., 2010a). 

While rice plants lack the ability to produce DMA (Lomax et al., 2012), its 

metabolism is carried out by soil microbes expressing the arsM gene (Qin et al., 

2006b, Mestrot et al., 2011). Methylated arsenic species are transported into roots 

by rice aquaporin Lsi1 (Li et al., 2009a). Compared to the uptake of inorganic 
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arsenic, rice root is inefficient in DMA uptake but translocation of DMA to rice grain 

is quite efficient and faster than inorganic arsenic (Raab et al., 2007).  

 

Rice soil arsenic chemistry is complex and varies with frequent redox cycles and 

with different sampling time (Chen et al., 2008, Zhao et al., 2013b). During different 

growth stages, accumulation of arsenic in rice plants varies. Rice grain accumulates 

DMA before flowering, while inorganic arsenic was taken up during the rice grain 

filling stage, indicating the importance of different time or growth stages on arsenic 

species accumulation (Zheng et al., 2011). Also, with time the bacterial populations 

change in rice soil after flooding (Rui et al., 2009, Noll et al., 2005). Different soil 

fertilization regimens greatly influence arsenic biogeochemistry. Application of N 

fertilizer such as urea was seen to influence Fe-N cycling in paddy soil forming Fe 

plaque and, subsequently, altering uptake of arsenic by rice (Chen et al., 

2008). Under strictly anoxic conditions some biological processes use ferric Fe as an 

electron accepter and oxidize ammonia sequentially for energy production 

(Clément et al., 2005). Application of organic manures, such as-rice straw which is 

rich in silica, enhanced arsenic uptake (Ma et al., 2014, Gutekunst et al., 2017), 

while rice husk and husk ash could decrease plant arsenic concentration (Teasley et 

al., 2017).  

 

16S rRNA gene, which is present in almost of the bacteria and arsM gene which is 

widespread in paddy soil were used as targeted gene to study the bacterial diversity 

in the paddy microbiome. This chapter reports an investigation of the 

biogeochemistry, speciation and assimilation of arsenic, along with other elements 

in paddy soil in response to different fertilization at different times throughout the 

rice life-cycle. This will focus on the effect of different treatments and time on 

porewater chemistry, arsenic methylation and mobility in paddy soil, and rice 

arsenic accumulation. In addition, the relative abundance of the bacterial 16S rRNA 

and bacterial arsM gene in soil will also be investigated to identify the effect of 

treatments and time on the overall bacterial community and on the subset of 

bacteria that harbour the arsM gene. 
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3.2 Materials and methods 

A microcosm experiment was conducted under controlled condition, as outlined in 

detail in Chapter 2. Briefly, a japonica-indica rice variety Yongyou12 was used. 

Seeds were germinated in growth cabinet at 30˚ C using wet paper towel lined Petri 

dishes. Germinated seeds were planted into seed trays, two seedlings per plug and 

at a temperature of 28/23˚ C for a 14/10 hour day-night cycle in a Fitotron plant 

growth cabinet. After 15 d one seedling per pot was transplanted into each 

polypropylene container using 1.2 kg soil and placed in the plant growth cabinet at 

25/23˚ C for 14/10-hour day-night cycle. The soils were supplied with five different 

treatments with four replicates per treatment, making a total of 20 pots and one 

plants per pot were allowed to grow. The five treatments included mineral 

fertilizer, ash, half-slurry, full-slurry and control. All treatments were calculated at a 

field application rate of 178 kg N/ha, 21 kg P/ha and 135 kg K/ha, where slurry and 

ash represented pig slurry and mixed biomass ash. Plants were watered regularly 

until the grain filling stage and allowed to dry up to maturity. Porewater, 

rhizosphere soil, rice leaf and root samples were collected from each of the 20 pots 

at different growth stages throughout the rice life cycle (170 d). Detail experimental 

setup and sampling procedure were described in Chapter 2. 

 

3.2.1 Porewater characterisation 

3.2.1.1 Determination of pH and Eh 

Immediately after the collection of the porewater in sterile weighed 50 ml 

centrifuge tubes (VWR, UK), pH and Eh were measured by using a calibrated pH 

meter, pHenomenal PH 1000 H (VWR International, UK). The electrode was placed 

in the porewater tube until the meter stabilised, pH and Eh were noted for each 

sample, counting three consecutive records, and the average was taken. The probe 

was washed carefully with standard deionised water after every pH and Eh 

measurement.  
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3.2.1.2 Porewater processing 

An aliquot of 5 ml per sample was transferred to weighed sterile 15 ml Falcon tubes 

(VWR, UK), to which 50 µl of 69 % HNO3 (Merck, Sigma Aldrich, Germany) was 

added. Acidified samples were stored at 4˚ C and remaining unacidified samples 

were stored at - 80° C, which were later used to measure the Total Organic Carbon 

(TOC). For samples, with relatively little porewater collected, the exact volume was 

noted, and the samples were diluted to make a volume of 5 ml by adding the 

required deionised water, Millipore Milli-Q Gradient porewater system (> 18.2 

MΩ.cm at 25˚ C). The exact weight of porewater and deionised water in each case 

was noted and the dilution factor was calculated accordingly.  

 

3.2.1.3 Determination of Total Organic Carbon (TOC) 

Pore-water samples collected at 8 time points of the rice life cycle were used for 

the determination of TOC. Unacidified porewater, which was preserved at - 80˚ C 

until analysis, was used for the determination of TOC. An aliquot, 30 ml, of 

porewater was placed into 40 ml TOC glass vials (Shimadzu, UK) and the precise 

weight of the water was noted. Where necessary, dilutions were made with 

deionised water. For each batch, the standard was made from TOC standard (5000 

mg/L) solution (Reagecon, Ireland), and a series of dilutions with 0, 5, 10, 50 and 

100 mg/L standards made. All the samples and standards were run through a 

Teledyne LOTIX TOC combustion analyser (USA).  

 

3.2.1.4 Speciation of arsenic in rice porewater 

An aliquot, 0.5 ml, of acidified rice porewater sample was diluted 10-times by 

adding 4.5 ml of 1 % HNO3, made from 69 % HNO3 and the precise weight was 

recorded. Three blank tubes contained 5 ml of 1 % HNO3 were taken for each batch 

of porewater to detect the percentage recoveries. From each of the diluted 

samples, 700 µl was taken into a 1 ml polypropylene vial (VMW, UK) and 7 µl of 

(AnalaR Normapur) hydrogen peroxide 30 % (Prolabo, UK) was added to convert all 

arsenite to arsenate for facilitating the chromatographic detection. The vials were 
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placed into trays following a random order (randomization was predetermined and 

noted along with the sample ID). A series of standards such as 0, 0.1, 0.5, 1.0, 5.0 

µg/L were prepared from 100 µg/L DMA standard stock solution. Samples were 

analysed in comparison to the standards (Signes-Pastor et al., 2016, Savage et al., 

2017, Carey et al., 2018). 

 

For arsenic speciation in pore water the samples were analysed using a Thermo 

Dionex IC5000 Ion Chromatograph system that included a Dionex IonPac AS7 RFIC 

analytical column (2x250 mm) and a Dionex AG7 guard column with a gradient 

mobile phase interfaced with a Thermo ICAP Q ICP-MS. The mobile phase ‘A’ 

contained 20 mM ammonium carbonate and the mobile phase ‘B’ contained 200 

mM ammonium carbonate in deionised water. The flow rate for the run was 0.3 

ml/min using the gradient programme- starting at 100 % mobile phase A followed 

by a linear change to 100 % mobile phase B for and finally in a linear gradient over 

15 min., using He gas in collision cell mode. Finally the resulting chromatogram 

generated was compared with the authentic standards; DMA, arsenate, 

monomethylarsonic acid, tetramethylarsonium and arsenobetaine. The arsenic 

present under each chromatographic peak was calibrated using a DMA 

concentration series. To check the QA/QC, each batch of pore water analysis 

included 3 replicates of rice CRM (NIST 1568b Rice flour). In addition, the limit of 

detection (LoD) was calculated as the mean of blank concentrations plus three 

times the standard deviation of the blank concentrations multiplied by the dilution 

factor. When samples were below the LoD a value of ½ LoD was assigned for 

statistical analyses of the data. 

 

3.2.1.5 Total elemental analysis of rice porewater  

An aliquot of 0.5 ml of acidified porewater sample was diluted 10 times with 1 % 

HNO3, made from 69 % HNO3 and the precise weight was recorded for calculating 

the dilution factor. Three blank tubes, composed with 5 ml of 1 % HNO3, were taken 

for each batch of porewater. Internal standard rhodium, 5 µg (10 ppb) (Fluka 
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Analytical, Sigma-Aldrich, USA) was added to each centrifuge tube and mixed 

thoroughly and was placed into the auto-sampler (Cetak ASX-520 Auto Sampler) 

with randomization. Samples included a blank which contained the internal 

standard.  

 

The calibration standards used were ‘Multi-Element 2’ (SPEX CLMS-2 Multi-Element 

Solution 2, matrix: 5 % HNO3) and ‘Multi-Element 4’ (SPEX CLMS-4 Multi-Element 

Solution 4, matrix: water/Tr-HF), ranging in concentration from 0-100 μg/L. The 

standards were prepared by adding the required amount of standard material and 

making a volume up to a final weight of 50 g by adding 1 % HNO3 made from 69 % 

HNO3. Internal standard rhodium, 5 µg (10ppb) (Fluka Analytical Rhodium internal 

ICP-MS standard) was also added to all standards. Precise weights for all internal 

standard additions and final weights for samples were recorded. All the standards 

and samples were run using an ICP-MS (Thermo Scientific iCap Q ICP-MS). The ICP-

MS run conditions were as follows: forward RF power- 1550 W; nebuliser gas flow- 

~ 1 L/min, nebuliser sample flow rate- ~ 0.35 ml/min. Helium was used as a collision 

gas at a flow rate of 5 ml/min.) Samples were analysed by comparison to the 

standards, with the exact weights used to correct the measurements (Signes-Pastor 

et al., 2017). 

 

3.2.2 Rice biomass information 

After harvesting, individual plants’ root and shoot weights recorded, and the total 

number of tillers, panicles and grains counted. The grain and shoot/straw were 

freeze-dried, and the total weight of grain and shoot were recorded after oven 

drying to a constant weight at 70o C. Grains were dehusked manually and the 

weight recorded.  
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3.2.3 Rice grain and shoot characterisation 

3.2.3.1 Processing of samples 

Flag leaf rice grains and shoot were harvested at grain fill soil drying phases of the 

experiment (Chapter 2). They were freeze-dried for 24 hours at ~ - 50˚ C using a 

Christ Alpha 1-4 LD Plus freeze dryer. Freeze-dried samples were powdered under a 

Retsch PM100 Ball Mill (Retsch, Germany) using zirconium dioxide cups and 

grinding balls. 

 

3.2.3.2 Speciation of arsenic in rice grain and shoot  

i) Digestion of rice grain and shoot 

Ground plant samples, ~100 mg, were weighed using a four-digit scale (OHAUS-

Discovery digital weighing scale, USA) into labelled 50 ml polypropylene centrifuge 

tubes (VWR, UK), and precise weights were recorded. For each digestion batch 3 

replicates of 100 mg certified reference material (CRM) were included: rice flour 

NIST SRM 1568b (Merck, Sigma Aldrich, Germany) and mixed Polish Herb CRM-

INCT-MPH-2 (INCT, Poland). A 10 ml aliquot of 1 % HNO3 (Merck, Sigma Aldrich, 

Germany) was pipetted into each centrifuge tube, the tubes were swirled gently 

and were left for overnight soaking with the acid. A total of 4 batch digestion were 

required for speciation of arsenic for rice grain and shoot samples. The sample 

tubes were placed in carrousel for digestion using a CEM Mars 6, 1800 W 

microwave digester (Microwave Technology, USA) and the DV50’s digestion 

programme for a 50 min. cycle as described in Table 3.1.  

 

Table 3.1. Detail of digestion programme used by microwave digester. 

Digestion stage 
Power 
(W) 

Temperature 

(˚C) 

Ramp time  

(min) 

Holding time 

 (min) 

First stage 300 55 5 10 

Second stage 300 75 5 10 

Final stage 600 95 5 30 
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After finishing the run, the digestate was allowed to cool to the room temperature 

and was centrifuged under a Sorvall Legend RT at 3500 rpm for 15 min. After 

cooling, each tube was diluted to make up a final weight of 10 g with 1 % HNO3, and 

the final weight was recorded precisely. 

 

ii) Determination of arsenic species  

From each centrifuge tubes, 700 µl digestate was taken into a 1 ml polypropylene 

vial and 7 µl of 30 % hydrogen peroxide (Prolabo, UK) was pipetted into each of the 

vials were mixed thoroughly. The preparation of the series of standards and the 

determination of arsenic speciation in rice grain and shoot digest were  the same as 

described in section 3.2.1.4 for the porewater arsenic speciation (Signes-Pastor et 

al., 2016, Savage et al., 2017, Carey et al., 2018).  

 

3.2.3.3 Total elemental analysis of rice grain and shoot  

For total elemental analysis, the same amount of 100 mg samples were taken along 

with 3 certified reference material (3 CRM, rice flour NIST SRM 1568b (Merck, 

Sigma Aldrich, Germany) for rice grain and 3 CRM, mixed Polish Herb CRM-INCT-

MPH-2 (INCT, Poland) for rice shoot)) followed by addition of 2 ml of 69 % HNO3 in 

each to popypropylene centrifuge tube, and then left to sit overnight. Then 2 ml of 

30 % hydrogen peroxide (Prolabo, UK) was added to each tube and tubes were left 

open for 15-20 min before microwave digestion. The sample tubes were placed for 

digestion using a CEM Mars 6, 1800 W microwave digester (Microwave Technology, 

USA) using the DV50,s digestion programme for a 50 min cycle as described in Table 

3.1. On cooling, to each sample, 30 µg (10 ppb) of rhodium internal standard (Fluka 

Analytical, Sigma-Aldrich, USA) was added. Each tube was then made up to a final 

volume equivalent to 30 ml with deionised water. Total elemental analysis was then 

conducted by ICP-MS as per pore waters. Also soil, ash and pig slurry (100 mg 

powdered samples), were digested following the same protocol except using 

closed-cap Teflon vessel for digestion of the samples (Mars 6 240150, CEM 
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Microwave technology) and run through the ICP-MS (Thermo Scientific iCap Q ICP-

MS) for total elemental following the same protocol detailed in section 3.2.1.5. 

Each batch of samples included 3 reagent blanks and 3 rice CRM (NIST 1568b, rice 

flour) as a measure to detect the QA/QC. 

 

3.2.3.4 Total elemental analysis by XRF   

Benchtop Energy Dispersive X-ray Fluorescence (EDXRF) (Rigaku NEX CG, Japan) 

elemental analyser gives a wide elemental coverage and was used for the detection 

of some total elements which could not be detected by the ICPMS. Only the rice 

straw samples and soil (for background analysis) were used for the XRF as rice grain 

samples were small compared to the amount needed to prepare the XRF sample 

cup.  

 

For XRF analysis, XRF sample cups were prepared using powdered samples, 

prepared by Ball Mill PM 100 (Retsch, Germany). The samples were compacted into 

32 mm cylindrical XRF cup (FLUXANA, Germany), with a minimum depth of 6 mm, 

that were sealed with polypropylene film base. The depth of the sample in the 

vessel was precisely noted. As reference standard, Mixed Polish Herb-INCT-MPH-2 

(INCT, Poland) was used. Before running the samples, XRF instruments are 

calibrated with a set of reference standards. After calibration with the reference 

standards, samples were run. 

 

In XRF analysis, samples are irradiated with high energy X-rays from a controlled x-

ray tube. When an atom in the sample is struck with an X-ray of sufficient energy 

(greater than the atom’s K or L shell binding energy), an electron from one of the 

atom’s inner orbital shells is dislodged. This causes electrons to transfer in and out 

of the shells, generates XRF peaks with varying intensities. Each of the elements 

present in a sample produces a set of characteristic fluorescent X-rays that is 

unique for that specific element. The peak energy identifies the element, and the 

peak height / intensity is indicative of its concentration. XRF instruments are 
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automated and after excitation of the sample elements by the X-ray, the resulting 

characteristic fluorescent X-rays are detected by the detector and results are 

displayed on a screen which can be exported for further analysis. 

 

3.2.3.5 Determination of C, H, N and S 

Powdered soil, ash and full-slurry samples were used for the C, H, N and S analysis. 

The PerkinElmer 2400 Series II CHNS/O Elemental Analyzer (PerkinElmer, USA) was 

used for the detection of C, H, N, S present in the samples and the results were 

expressed in percentages of the total elements. 

 

3.2.4 Real time PCR for the quantification of 16S rRNA gene and arsM copy 

number 

The 16S rRNA and arsM copy number were measured in DNA extracted from soil 

samples collected at time points 14 d, 56 d, grain fill (107-134 d) and soil drying 

(145-170 d).  

 

3.2.4.1 Extraction of DNA from soil 

DNA was extracted from 0.5 g of soil using the Powerlyser Power soil DNA 

extraction kit (Qiagen, UK) following the manufacturer’s protocol with some 

modifications (to get better quality and higher concentration DNA) which includes- 

0.5 g of soil homogenised (step 4) using a tissue homogenizer (Precellys 24, Bertin 

Technologies, France) at a rotation speed of 6000 rpm (rotation per minute) for a 

time of 40 s with 3 repeated cycles. In between cycles, the tubes were placed on ice 

for 1 min. A negative control (no sample) was extracted alongside the samples.  
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3.2.4.2 Quality check by gel electrophoresis  

Concentration and purity of the genomic DNA were checked on the NanoDrop 8000 

spectrophotometer (Thermo Fisher Scientific, UK). The molecular weight of the 

genomic DNA was checked by running it on a 0.8 % agarose gel (w/v) against the 

1kb DNA ladder (New England Biolabs, UK) and the bands visualized under UV light. 

Negative PCR control and negative DNA extraction control were also run into the 

gel alongside the DNA samples to check the DNA quality. 

 

3.2.4.3 Quantitative PCR  

Following the quality check of the soil genomic DNA extracted from 4 different time 

points, the relative copy number of the 16S rRNA and arsM gene was measured in 

optical 96-well plates on the real plex Master cycler epgradient S (Eppendorf, 

Germany) with precision PLUS SYBR Green qPCR Master Mix (Primer Design, USA). 

The primers used for quantification of the 16S rRNA and arsM gene were 

16S_1369F : 5’-CGGTGAATACGTTCYCGG-3’ and 16S_1492R : 5’-

ACGGCTACCTTGTTACGACTT-3’ (Zhao et al., 2013b) and arsMF1:5’-

TCYCTCGGCTGCGGCAAYCCVAC0-3’ and arsMR2 : 5’-

CGWCCGCCWGGCTTWAGYACCCG-3’ (Jia et al., 2013b) respectively. For the 

generation of the qPCR standard curve, PCR products of both 16S rRNA (primer pair 

1369F/1492R) and arsM (primer pair arsMF1 arsMR2) were generated from 16 

representative samples and cleaned using Wizard® SV Gel and PCR Clean-Up 

System (Promega, UK). The size of the PCR products (16S rRNA- 123 bp, arsM- 350 

bp) was confirmed on 0.8 % agarose gels by gel electrophoresis against a 1 kb 

ladder (New England Biolabs). The concentration and purity of the cleaned PCR 

products were measured using Nanodrop 8000 Microvolume UV-Vis 

spectrophotometer (Thermo Fisher Scientific, USA). Following this, the cleaned and 

purified PCR products were mixed and 10 fold diluted with nuclease-free water. For 

the 16S rRNA gene, the 10 fold dilutions prepared ranged from 1: 103 to 1: 108 and 

for the arsM gene from 1: 104 to 1: 109. Following this standard curves for relative 

quantification using the standard curve method were generated for both genes and 

run alongside the samples on each plate. Each qPCR reaction mixture (20 µl) 
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contained 10 µl precision PLUS SYBR Green qPCR Master Mix, 0.5 µl of each 10 µM 

forward and reverse primer pairs and 1 µl of the DNA template. For the 16S rRNA 

gene the qPCR cycling parameters were as follows: initial denaturation at 94° C for 

1 min, followed by 40 cycles of denaturing at 94° C for 30 s, annealing at 60° C for 

30 s and extension at 72° C for 1 min. For the arsM gene the qPCR cycling 

parameters were as follows: initial denaturation at 94° C for 1 min, followed by 35 

cycles of denaturing at 94° C for 30 s, annealing at 70.1° C for 30 s and extension at 

72° C for 1 min. The negative control sample for DNA extraction (DNA extraction 

with no sample) and a second negative control for PCR (where DNA was substituted 

for with nuclease-free water) were included on each plate. All samples, standards 

and negative control samples were run in triplicate on each plate and a melting 

curve was generated at the end of the qPCR run to confirm specific amplification of 

each gene. At the end of the run, the relative copy-number was exported into MS-

Excel for downstream statistical analysis. 

 

3.2.5 Statistical analysis 

As the data were not normally distributed ranking was done followed by the 

General Linear Modelling (GLM) and Two way-ANOVA using Minitab 19 (Minitab, 

USA) on chemical data that were collected during the 8 time points (with four 

replications for each of the five treatments). Where any concentration was below 

the Limit of Detection (LoD), the value of half-LoD was used in statistical analysis. 

The associated plots were generated using the GraphPad Prism 8.0. To examine soil 

porewater time series, Principal Component Analysis (PCA) was used (Minitab, 

USA). Spearman rank correlations and the linear relations among the porewater pH, 

Eh and TOC and arsenic species with other soil properties for all the time points 

were conducted using Minitab. 

 

For rice biomass analysis, GLM and ONEWAY-ANOVA on the ranked data were 

made in Minitab 19. Data analysis on rice grain-shoot speciation and total 

elemental analysis were also made on ranked data, as the data were not normally 
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distributed and GLM and ONEWAY-ANOVA were performed in Minitab 19. Linear 

regression (the GraphPad Prism 8.0) was used to investigate the relationships 

between the porewater arsenic species and the rice shoot-grain arsenic species 

during the grain fill stage (107-134 d).  

 

For qPCR analysis, the mean results (out of 3 technical replicate) were calculated for 

each treatment and for four-time points (14 d, 56 d, 107-134 d and 145-170 d) and 

all the qPCR data were summarised for further statistical analysis. Testing of the 

qPCR data for normality was carried out using the Anderson-Darling test using 

Minitab 19. As the data were not normally distributed, GLM on ranked qPCR data 

was conducted (Minitab 19). For analysis between the qPCR data and the 

corresponding porewater chemical data time series, pairwise Spearman 

correlations and linear regression analysis was conducted.  

 

3.3 Results 

3.3.1 Soil, manure analysis 

The background chemical characterization of the soil, ash and manure used for the 

experiment were summarized in Table 3.2. The average concentration of N were 

0.023 % and 0.10 % in Ningbo soil and in pig slurry; the P content were 1477, 16499 

and 11800 mg/kg, while the K content was 22445, 50550 and 50167 mg/kg in 

Ningbo soil, pig slurry and in biomass ash respectively. 

 



   
   
         
        Chapter 3 

43 
 

Table 3.2. Properties of soil and manure used to set up the experiment. 

 

Sample  

 

Total N Total P Total K 

(mg/kg) 

 Total S Total Fe  Total Mn  Total Zn 

 (mg/kg) 

Total As 

(mg/kg) (%)  (mg/kg) (%) (mg/kg) (mg/kg) 

Ningbo soil 0.023±0.02 1477±19.5 22445±45 < 0.30 374±0.003 426±4.95 67.1±5.01 4.66±0.15 

pig slurry 0.10±0.07 16499±1140 50550±1650 0.46±0.16 427±54.2 516±75.0 1050±116 0.36±0.03 

ash - 11800±57.7 50167 ±367 0.48±0.004 12067±120 2153±37.1 706±16.0 ND 



 
  Chapter 3 

44 
 

3.3.2 Characterization of rice porewater 

3.3.2.1 pH, Eh and total organic carbon of rice porewater 

Initially, porewater pH fluctuated to 28 d, followed by a steady increase over time. 

The pH varied from 6.7 to 6.9 at day 7, and increased from 7.0 to7.57 before the 

harvesting time. Over time, the pH of soil porewater significantly increased (P < 

0.001, Table 3.3). Different treatments also influenced the pH of soil, full-slurry 

treatment increased the pH most significantly, while mineral fertilizer decreased 

porewater pH (Figure 3.1 a). The overall treatment effect was highly significant (P < 

0.001, Table 3.3, GLM analysis), while further analysis showed full-slurry and 

mineral fertilizer treatment were significantly different in their effect on pH change.  

 

Initially, Eh of the porewater varied between - 4.97 to 7.95 mV at 7 d. After that it 

decreased for all treatments. During soil drying, the redox potential of the rice 

porewater reduced to a minimum, varying from - 14.2 to - 43.5 mV for different 

treatments. The effect of time and different treatments over the decrease in Eh of 

porewater were highly significant (P < 0.001, Table 3.3). Full-slurry treatment 

showed highest significant response and all the 8 time points were significantly 

different in changing the redox potential of soil (Figure 3.1 b). 

 

At 7 d, TOC of the soil solution was 83.2 - 101 mg/L which decreased sharply until 

28 d for all treatments, then TOC of the porewater increased sharply until 84 d. 

After the rice grain fill stage TOC decreased which continued prior to the 

harvesting. The greatest TOC of 311 mg/L was recorded for the half-slurry (Hs) 

treatment during the rice heading stage (99-126 d), while the lowest of 30.1 mg/L 

was recorded at 28 d for mineral fertilizer addition (Figure 3.1 c). The GLM in 

Minitab 19 showed that the effect of time over the response of porewater TOC was 

highly significant (P < 0.001, Table 3.3) and time points 107-134 d, 99-126 d, 84 d, 

28 d and 7 d were significantly different. However, the treatments did not show any 

significant response. 
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3.3.2.2 Concentration of different arsenic species in rice porewater 

The highest inorganic arsenic soil porewater concentration was detected at 14 d 

(19.5 µg/L), while the lowest of (0.586 µg/L) was recorded during the soil drying 

before harvest (Figure 3.1 d). For all treatments, samples collected at 7 and 14 d 

had the highest inorganic arsenic. After 14 d to 28 d, inorganic arsenic decreased, 

followed by a small fluctuation with the time between 56 d to grain fill, and finally, 

it decreased to the lowest concentration at soil drying stage. However, among all 

treatments, full-slurry treatment gave maximum increase in porewater inorganic 

arsenic, and mineral fertilization had the lowest response. General Linear Modelling 

found that the effect of time on porewater inorganic arsenic content was highly 

significant (P < 0.001, Table 3.3), and that time points 14 d, 28 d and 158 d were 

significantly different than the others. Different fertilization treatments also had a 

significant effect (P < 0.05, Table 3.3).  



 
  Chapter 3 

46 
 

6.5

7.0

7.5

8.0

pH

pH

control

mineral

ash

half-slurry

full-slurry

-60

-40

-20

0

20

E
h
 (

m
v)

Eh

0 40 80 120 160

0

100

200

300

400

500

co
n

c.
 (

m
g

/L
)

TOC

Time (d)

0

10

20

30

c
o

n
c
. 

(
g
L


Asi

0.0

0.5

1.0

1.5

2.0

c
o

n
c
. 

(
g
L


MMA

0

2

4

6

8

c
o

n
c
. 

(
g
L


DMA

0 40 80 120 160

0

1

2

3

4

5

c
o

n
c
. 

(
g
L


TMAO

Time (d)

a(a)

(c)

(b)

(a) (e)

(f)

(g)

(d)

 

Figure 3.1. Rice porewater chemical characterisation showing the mean and 

standard error for the 5 different treatments with 4 replicates; a, pH; b, Eh; c, TOC; 

d, Asi ; e, MMA; f, DMA; g, TMAO. The graphs showing the mean and error bars.  
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Table 3.3. General Linear Modelling (GLM)  of soil porewater speciation and total 

elemental analysis, ‘P’ values expressing the level of significance, as indicated by P < 

0.05, P < 0.01 and P < 0.001 respectively. 

 

Responses 

 

Time 

 

Treatment 

 

Time × 
Treatment 

 

pH < 0.001 < 0.001 0.888 

Eh < 0.001 < 0.001 0.898 

TOC < 0.001 0.169 0.999 

Asi < 0.001 < 0.05 0.181 

MMA < 0.001 0.091 0.978 

DMA < 0.001 0.116 0.946 

TMAO < 0.001 0.703 0.909 

Total B < 0.001 < 0.05 0.846 

Total P < 0.001 0.480 0.829 

Total Mn < 0.001 0.083 0.959 

Total Fe < 0.001 0.186 0.074 

Total Co < 0.001 0.477 0.957 

Total Cu < 0.001 0.086 0.301 

Total Zn < 0.001 < 0.01 < 0.001 

Total As < 0.001 0.532 0.932 

Total Se < 0.001 0.23 0.806 

Total Rb < 0.001 < 0.001 < 0.001 

Total Sr < 0.001 0.405 < 0.05 

Total Mo < 0.001 0.197 0.096 

Total Cd < 0.001 0.231 0.185 

Total Pb < 0.001 < 0.001 0.264 

  

Rice porewater had a relatively little amount of MMA (0.19 - 1.20 µg/L). All 

treatments resulted in highest concentrations of MMA in porewater between 113 
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to 124 d, i.e. during grain fill, when MMA concentration was relatively stable. A 

maximum of 1.20 µg/L MMA was found at 113 d (rice heading) for the half-slurry 

treatment; while at the same time, 0.95 µg/L of MMA was detected for the full-

slurry, followed by 0.90 and 0.89 µg/L between 113 to 124 d for the fertilizer and 

ash treatment respectively. The lowest concentration of MMA, 0.19 µg/L was found 

in porewater at 14 d for ash treatment (Figure 3.1 e). The effect of time on the 

availability of MMA, in porewater was highly significant (GLM, P < 0.001, Table 3.3) 

while the response of different treatments was not pronounced (P > 0.05). 

 

DMA concentration in soil porewater decreased after 7 d, and depending on the 

soil treatment, it peaked between 84 to 124 d, during when the DMA concentration 

was relatively stable. The peak concentrations of species were: DMA (5.36 µg/L) 

was detected for the half-slurry treatment at 124 d; 3.82 µg/L was found for 

mineral fertilizer at 124 d; 3.78 µg/L was found for ash treatment at 84 d, and 3.71 

µg/L was found for the full-slurry at 113 d of porewater sampling. Except for full-

slurry, the lowest concentration of DMA 1.03, 1.23 and 2.44 µg/L were found at 158 

d for the mineral fertilizer, ash and half-slurry respectively (Figure 3.1 f).  

 

Compared to the other methylated arsenic species, relatively little TMAO was found 

in rice porewater (0.01-2.05 µg/L). At 113 d the highest concentration of 2.05 µg/L 

TMAO was found for the full-slurry treatment, while 2.03, 1.71 and 1.62 µg/L TMAO 

were found for the ash, half-slurry and mineral fertilizer treatment (Figure 3.1 g). 

However, during the soil drying (145 d) nearly all porewater samples had shown the 

lowest content of TMAO. The statistical analysis showed that the effect of time on 

the availability of methylated arsenic species- MMA, DMA and TMAO in porewater 

was highly significant (GLM, P < 0.001, Table 3.3). However, the effect of different 

soil amendments was not significant. 
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3.3.2.3 Total elements in rice porewater 

Total elements identified in soil porewater are presented in Figure 3.2. The highest 

concentration of B, 22.7 mg/L, was noted during 28 d for all treatments. After 28 d 

B rapidly decreased which continued to 84 d, then remained steady until grain fill 

and increased slightly at soil drying. The maximum concentration of P, 2573 mg/L, 

and arsenic, 30.7 mg/L, were found at day 7 for the full and half-slurry treatment, 

respectively. Except for the mineral fertilizer, all treatments had highest increase in 

porewater P at 7 d, decreasing to the lowest during at soil drying. For arsenic, all 

the treatments have shown to increase at 7 d. Mineral fertilizer suppressed both P 

and arsenic content of porewater to their lowest at 28 d. Like P, Mn concentration 

was also found highest during 7 d for all the treatments, decreasing from 7 to 28 d, 

and then over time (from 28 d to soil drying) there was a slight increase. The 

highest concentration of Mn was 23132 mg/L, measured for the half-slurry 

treatment at 7 d, and the lowest of 880 mg/L was recorded for mineral fertilizer 

during the soil drying. Highest of Fe was 24148 mg/L, detected at 56 d for the 

mineral fertilizer treatment, while the lowest of 131 mg/L was found for the control 

treatment. Cu and Zn concentration were highest during the heading to grain filling 

time. The GLM analysis found that, total B, P, Mn, Fe, Co, Cu, Zn, As, Se, Rb, Sr, Mo, 

Cd, and Pb were highly significant (P < 0.001, Table 3.3) affected with-respect-to 

time. Treatment effects were significant for the B, Zn, Rb and Pb (P < 0.05 to P < 

0.001, Table 3.3). The interaction between time and treatment was significant for 

the Zn, Rb, Sr (P < 0.05 to P < 0.001, Table 3.3).  
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Figure 3.2. Rice porewater chemical characterisation, showing the mean and 

standard error for the 5 different treatments with 4 replicates; total B, P, Mn, Fe, 

Co, Cu, Zn, As, Se, Rb, Sr, Mo, Cd and Pb over time. 
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3.3.2.4 Relationship between soil porewater variables 

Soil porewater data were further analysed by PCA and factor analysis. The PCA 

score plot (Figure 3.3 a) showed a clustering of the samples dependent on sampling 

time. The 8 different sampling times formed individual clusters, indicating a strong 

effect of time. Moreover, the scores for 7 d to 84 d, 99 d and 107 d of sampling 

were separated compared to the others. However, the effect of different soil 

treatments was not pronounced. 

  

The first principal component of the factor loading plot (Figure 3.3 b) indicated the 

variables TOC, DMA, MMA, As, Se and B strongly influence soil porewater 

chemistry. While the second principal component denoted the variables Eh, Mn, Cu 

and Rb also had some influence on rice porewater chemistry. 

 

The cumulative effect of both components, PCA 1 and PCA 2 explained 49.2 % of 

the total variance, with, 26.9 % of the variance explained by the first component 

and 22.3 % of the variance explained by the second. The loading plot also indicated 

that the variables pH, TOC, MMA, DMA, MMA, Zn, Cu, Sr and Fe were inversely 

correlated to Eh, B, Pb and Cd. The separation was primarily dictated by the pH and 

Eh which have the opposite response. While the methylated species MMA, DMA 

and TMAO, inorganic arsenic and TOC were also separated showing their individual 

different response. 
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Figure 3.3. Principal component and factor analysis of soil porewater that received 

5 different treatments with 4 replicates; a, PCA score plot of the first two PCs 

calculated from the dataset for the different variables of porewater; the colours 

indicated the time of sampling in day (d) and shapes indicated different treatments, 

C = control, Fs = full-slurry, Hs = half-slurry, A = ash, Mf = mineral fertilizer; Figure b, 

factor loading plot of the first two principal components showing the effects of all 

variables in soil porewater characterization.  

 



 
  Chapter 3 

53 
 

 

The correlation of pH, Eh, TOC and different arsenic species (Asi, MMA, DMA, 

TMAO) with different porewater variables were presented in Table 3.4 and Table 

3.5. The linear relationship between porewater pH, Eh and TOC with different 

arsenic species throughout the rice life-cycle was represented in Figure 3.4. The 

porewater chemistry was primarily controlled by the Eh, pH and TOC. pH showed to 

have a significant positive relation with porewater TOC, MMA, DMA, Cu, Zn, Sr, and 

Cd, while having a negative relationship with Eh, B, Co, Rb, Mo and Pb (Table 3.4). 

Eh had a significant positive correlation with TMAO, B, Mn, Co, Rb, Mo, Pb and the 

opposite with TOC, DMA, MMA, Cu, Zn, Sr, and Cd. TOC had a positive relationship 

with porewater DMA, MMA, inorganic arsenic, P, Mn, Fe, Co, Cu, Zn, As, Se, Sr and 

Cd (Table 3.4). Significant positive correlations were found between the total 

arsenic and inorganic arsenic with the essential nutrient elements- P, Mn, Fe and Co 

(P < 0.001, Table 3.5). Methylated arsenic species, DMA and MMA, at different time 

points, had a significant positive correlation with essential nutrients P, Mn, Fe, Co, 

Cu and Zn, while except Zn and Cu, TMAO had similar correlations (Table 3.5). pH 

was also shown to maintain a significant linear relationship with porewater TOC, 

MMA and DMA content (P < 0.001), while Mn showed to reduce significantly with 

an increase in soil pH (P < 0.05, Figure 3.4). A decrease in Eh showed a significant 

linear response with an increase in pH, TOC, MMA and DMA content, (Figure 3.4), 

while Mn showed the opposite effect (Figure 3.4). TOC showed significant linear 

relation with pH, MMA, DMA, arsenic, and Fe content and opposite relation with Eh 

of soil porewater (P < 0.001). 
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Table 3.4. Spearman rank correlations of pH, Eh and TOC with other soil porewater properties; v, variables; r, the correlation coefficient and P, 

the level of significance, as indicated by P < 0.05, P < 0.01 and P < 0.001 respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

pH vs Eh vs TOC vs 

v r P v r P v r P 

Eh -0.995 < 0.001 TOC -0.563 < 0.001 DMA 0.616 < 0.001 
TOC 0.545 < 0.001 TMAO 0.174 < 0.05 MMA 0.756 < 0.001 
DMA 0.34 < 0.001 DMA -0.326 < 0.001 Asi V 0.249 < 0.01 
MMA 0.422 < 0.001 MMA -0.429 < 0.001 B -0.735 < 0.001 
B -0.429 < 0.001 B 0.45 < 0.001 P 0.25 < 0.01 
Co -0.216 < 0.01 Mn 0.164 < 0.01 Mn 0.214 < 0.01 
Cu 0.449 < 0.001 Co 0.247 < 0.01 Fe 0.52 < 0.001 
Zn 0.394 < 0.001 Cu -0.467 < 0.001 Co 0.22 < 0.01 
Rb -0.507 < 0.001 Zn -0.409 < 0.001 Cu 0.618 < 0.001 
Sr 0.553 < 0.001 Rb 0.545 < 0.001 Zn 0.573 < 0.001 
Mo -0.362 < 0.001 Sr -0.589 < 0.001 As 0.399 < 0.001 
Cd 0.248 < 0.01 Mo 0.392 < 0.001 Se 0.334 < 0.001 
Pb -0.45 < 0.001 Cd -0.274 < 0.01 Rb -0.654 < 0.001 
      Pb 0.488 < 0.001 Sr 0.588 < 0.001 
            Mo -0.605 <0.001 
            Cd 0.449 <0.001 
            Pb -0.339 <0.001 
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Table 3.5. Spearman rank correlations of total arsenic, inorganic arsenic, DMA, MMA and TMAO with other soil porewater properties; v, 

variables; r, is the correlation coefficient and P, indicated the level of significance as indicated by P < 0.05, P < 0.01 and P < 0.001 respectively. 

total As vs  Asi vs DMA vs MMA vs TMAO vs 

v r P v r P v r P v r P v r P 

DMA 0.704 < 0.001 DMA 0.497 < 0.001 MMA 0.747 < 0.001 B -0.631 < 0.001 DMA 0.579 < 0.001 
MMA 0.484 < 0.001 MMA 0.397 < 0.001 B -0.559 < 0.001 P 0.346 < 0.001 MMA 0.333 < 0.001 
TMAO 0.586 < 0.001 TMAO 0.615 < 0.001 P 0.425 < 0.001 Mn 0.276 < 0.001 P 0.414 < 0.001 
AsiV 0.772 < 0.001 P 0.706 < 0.001 Mn 0.533 < 0.001 Fe 0.722 < 0.001 Mn 0.539 < 0.001 
B -0.342 < 0.001 Mn 0.695 < 0.001 Fe 0.509 < 0.001 Co 0.361 < 0.001 Fe 0.292 < 0.001 
P 0.766 < 0.001 Fe 0.392 < 0.001 Co 0.546 < 0.001 Cu 0.467 < 0.001 Co 0.507 < 0.001 
Mn 0.778 < 0.001 Co 0.601 < 0.001 Cu 0.214 < 0.01 Zn 0.512 < 0.001 Se 0.261 < 0.01 
Fe 0.444 < 0.001 Se 0.372 < 0.001 Zn 0.23 < 0.01 Se 0.323 < 0.001 Sr -0.224 < 0.01 
Co 0.785 < 0.001 Sr -0.193 < 0.05 Se 0.553 < 0.001 Rb -0.614 < 0.001 Pb 0.335 < 0.001 
Se 0.745 < 0.001 Cd -0.214 < 0.01 Rb -0.235 < 0.01 Sr 0.583 < 0.001    

Cd -0.23 < 0.01 Pb 0.298 < 0.001 Sr 0.37 < 0.001 Mo -0.602 < 0.001    

            Mo -0.182 < 0.05 Cd 0.398 < 0.001       
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Figure 3.4. Significant linear relationship of soil porewater pH, Eh and TOC with 

porewater variables- DMA, MMA, arsenic, Mn and Fe throughout the rice life cycle, 

when porewater samples represented the 8 time point’s data, with 5 different 

treatments and 4 replicates. Regression lines are only shown for P < 0.001 to P < 

0.05. C = control, Fs = full-slurry, Hs = half-slurry, A = ash, Mf = mineral fertilizer.  
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3.3.3 Rice biomass 

Average rice root biomass weight was 12.8 to 14.7 g per plant producing average 8-

10 tillers per plant with 6-9 panicles per plant; average panicle weight per plant was 

10-16 g. The straw biomass accounted between 26-36 g per plant; the total number 

of full grains counted between 384-675 per plant, while the average dehusked grain 

weight per plant varied between 6-10 (g); as shown in Figure 3.5 a to Figure 3.5 e. 

There were no significant differences in rice biomass by treatment (P > 0.05), as 

ascertained by ONEWAY-ANOVA (Minitab 19, USA). 
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Figure 3.5. Rice biomass analysis showing the mean and standard error for the 5 

different treatments with 4 replicates; a, root biomass (%); b, panicle dry weight (g); 

c, total number of grains per plant; d, straw dry weight per plant; (g) e, grain dry 

weight per plant (g).  
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3.3.4 Characterization of rice shoot and grain 

3.3.4.1 Species of arsenic in rice shoot and grain 

Speciation of rice shoot and grain analysis showed the presence of inorganic arsenic 

and DMA in both shoot and grain, while MMA was only detectable in rice shoots 

(Figure 3.6, a-e). Soil drying grains showed relatively higher concentrations of 

different forms of arsenic species than the grain fill grains. The concentration of 

inorganic arsenic varied between 0.03-0.08 mg/kg in grain fill grains and 0.048-0.08 

mg/kg in soil drying grains in response to different treatment. However, shoot, 

inorganic arsenic concentration was between 1.50-3.31 mg/kg in grain fill grains 

and 2.19 - 4.30 mg/kg in soil drying grains. Rice grain contained more DMA, which 

was > 2 - 3 times (> 2.27 - 3.83 times) in soil drying grain and 1.20 - 3.36 times in soil 

drying grains than the shoot. DMA concentration was between 0.09 - 0.13 mg/kg in 

grain fill grain and 0.08-0.16 mg/kg in soil drying grains. While in the shoot, the 

same were ranged between 0.032 to 0.051 mg/kg in grain fill shoot and 0.048 to 

0.065 mg/kg in soil drying shoot. The concentration of MMA, that was only 

detected in rice shoots ranged between 0.013 to 0.023 mg/kg. 

 

Statistical analysis by GLM showed that the overall effect of treatment was 

insignificant for both rice shoot and grain inorganic arsenic and species-MMA and 

DMA (Table 3.6). However, porewater arsenic species showed significant linear 

relations with rice shoot and grain species (Figure 3.7 a, 3.7 b, 3.7 c). Porewater 

arsenic concentration was significantly related to rice shoot and grain DMA content 

during the maturity stage. In addition, porewater MMA also showed a significant  

relationship with rice shoot MMA and DMA and with the grain DMA (Figure 3.7 b). 

Porewater DMA concentration showed a significant linear relationship with rice 

grain DMA and shoot inorganic arsenic and MMA content (Figure 3.7 a).  
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Figure 3.6. Concentrations of different arsenic species found in rice shoot and in 

grain showing the mean and standard error for the 5 different treatments with 4 

replicates; a, inorganic arsenic (Asi) in shoot; b, inorganic arsenic (Asi) in grain; c, 

DMA in rice shoot; d, DMA in rice grain; e, MMA in rice shoot. The line graphs and 

error bars representing the mean and standard errors.  
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Figure 3.7. Significant relationships between the porewater arsenic species 

(DMA,MMA and Asi) and rice shoot and grain species; a, porewater DMA vs shoot 

inorganic arsenic, MMA and grain DMA; b, porewater MMA vs shoot MMA, DMA 

and grain DMA; c, porewater arsenic vs shoot DMA and grain DMA. SD for soil 

drying and GF for grain fill samples. C = control, Fs = full-slurry, Hs = half-slurry, A = 

ash, Mf = mineral fertilizer.  
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3.3.4.2 Total elements in rice shoot and grain 

The average concentration of total B, P, Mn, Fe, Cu, Zn, As, Rb, Mo, Cd, Na, Si, S, 

and Cl were higher in GF shoots, and Se, Sr, Mg, Al, K and Ca were higher in SD 

shoots (Figure 3.8). Grain samples total analysis showed that concentrations of B, P, 

Mn, Fe, Rb, Sr and Mo were higher in grain fill grains than the soil drying grains 

(Figure 3.9). GLM analysis revealed that, the overall effect of treatment on the 

concentration of B, P, Cr, Mn, Fe, Co, Ni, Zn, Rb, Cd, S, K, Na and Sn were significant 

in the shoot (P < 0.05, Table 3.6). While in grain, the treatment effect was 

significant only for the grain Rb content (P < 0.001, Table 3.6).  
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Figure 3.8. Rice shoot total elements, showing the mean and standard error for the 

5 different treatments with 4 replicates. The line graphs and error bars represent 

the mean and standard errors. 
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Figure 3.9. Total elements in rice grain, showing the mean and standard error for 

the 5 different treatments with 4 replicates. Grains were collected at harvesting 

from the tillers that were used to collect the flag leaf during the grain fill and soil 

drying stage. The line graphs and error bars representing the mean and standard 

errors. 
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Table 3.6. Rice shoot and grain characterization and effect of treatments by 

GLM, ‘P’ values expressing the level of significance, as indicated by P < 0.05, 

P < 0.01 and P < 0.001 respectively. 

 
Response 

Shoot Grain 

treatment treatment 

Asi 0.141 0.078 

MMA 0.955 - 

DMA 0.557 0.217 

B < 0.05 0.221 

P < 0.05 0.105 

Cr < 0.001  

Mn < 0.05 0.485 

Fe < 0.05 0.302 

Co < 0.05 - 

Ni < 0.001 - 

Cu 0.056 0.113 

Zn < 0.01 0.721 

As 0.106 0.888 

Se 0.456 0.158 

Rb < 0.01 < 0.001 

Sr 0.148 0.300 

Mo 0.036 0.034 

Cd < 0.05 0.594 

Mg 0.239  

Al 0.844  

S < 0.01  

Cl 0.056  

K < 0.001  

Ca 0.203  

Na < 0.05  

Si 0.074  

Sn < 0.01   
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3.3.5 Relative copy number of the bacterial arsM and 16S rRNA gene in soil 

3.3.5.1 Quantifications of soil genomic DNA 

The concentrations of genomic DNA in rhizosphere soils collected at four different 

time point are summarised in supporting information, SI Table 3.1 and SI Table 3.2. 

The genomic DNA concentrations were 38.31 to 99.39 ng/µl in soils collected at 14 

d, 47.38 to 83.18 ng/µl in soils collected at 56 d; 36.69 to 112.6 ng/µl in soils 

collected at 107-134 d at grain filling stage and 55.18 to 90.08 ng/µl in soils 

collected at 145-170 d at soil drying.  

 

3.3.5.2 Quality checking of the DNA extracted from soil samples 

 The absorbance ratios of the genomic DNA samples showed 260/280 ratios > 1.8 or 

close to 1.8 indicative of high-quality DNA. In addition, all DNA samples were shown 

to be of high molecular weight (SI Figure 3.1 and SI Figure 3.2), with no band visible 

in the negative control sample. 

 

3.3.5.3 Relative quantification of the arsM and 16S rRNA gene in soil  

The copy number of the arsM genes per g of soil ranged from 1.01 × 105 to 1.35 × 

105 at day 28; 0.43 × 105 to 0.87 × 105 at day 56; 2.18 × 105 to 2.79 × 105 at grain fill 

(107-134 d) and 1.31 × 105 to 1.99 × 105 at soil drying (145-170 d) as measured by 

the real-time qPCR. The copy number of the 16S rRNA gene per g of dry soil ranged 

from 1.04 × 106 to 1.58 × 106 at day 28; 0.97 × 106 to 1.24 × 106 at day 56; 1.07 × 106 

to 7.82 × 106 at grain fill and 0.94 × 106 to 1.19 × 106 at soil drying. The qPCR 

standard curve parameters for relative quantification of the arsM and 16S rRNA 

genes are detailed in SI Table 3.3 in the appendix.  

 

The GLM in Minitab 19 showed that time effect had a highly significant effect on 

the relative copy number of the arsM gene, which decreased from 14 d to 56 d and 

increased from 56 d to grain fill stage as seen in the Box and Whisker plot (P < 

0.001, Table 3.7, Figure 3.10 a). A similar effect was observed for the relative copy 
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number of the 16S rRNA gene, but this was less pronounced (Figure 3.10 b, P < 

0.05). With respect to soil treatment, no significant effect was observed for the 

relative copy number of the arsM gene (Figure 3.10 c, Table 3.7), but full-slurry 

treatment resulted in a significant increase (P < 0.05) and ash in a significant 

decrease (P =0.001) of the relative copy number of the 16S rRNA gene (Figure 3.10 

d, Table 3.7). 
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Figure 3.10. Box and Whisker plots representing the time and the treatment effect 

on the relative copy number of the arsM and 16S rRNA gene in rice soil; a, the 

effect of time on arsM log2 copy number; b, the effect of time on 16S rRNA log2 

copy number; c, the effect of treatment on arsM log2 copy number; d, the effect of 

treatment on 16S rRNA log2 copy number. The error bars are the standard errors of 

means with “*”, “**” and “***” indicating the level of significance as indicated by P 

< 0.05, P < 0.01 and P < 0.001 respectively. Different treatments as indicated by C, 

control; A, ash; Hs, half-slurry; Fs, full-slurry; Mf, mineral fertilizer, versus the 

corresponding gene abundance. 
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Table 3.7. GLM of qPCR data on soils throughout the rice life cycle to see the main effects of ‘time’ and ‘treatment’, and the interaction 

between ‘time × treatment’ on arsM gene log2 relative copy number and 16S rRNA gene log2 relative copy number. ‘P’ value indicated the 

level of significance, as indicated by P < 0.05, P < 0.01 and P < 0.001 respectively. 

Analysis of Variance-arsM log2 copy Analysis of Variance 16S rRNA log2 copy 

Source DF Adj SS Adj MS 
F-
Value 

P 
Value 

Source DF Adj SS Adj MS F-Value p Value 

time 3 23019 7673 28 0 time 3 5529 1843 4.1 0 

treatment 4 1237 309 1.1 0.3 treatment 4 6555 1639 3.7 0 

day*treatment 12 2039 170 0.6 0.8 day*treatment 12 3639 303.2 0.7 1 
Error 60 16364 273    Error 60 26938 449   

Total 79 42660       Total 79 42660    

Coefficient 

 Coef SE Coef T-Value 
P 
Value 

VIF  Coef SE Coef T-Value P Value VIF 

Constant 40.5 1.85 21.9 0   Constant 41 2.37 17.1 0  

time       time      

14  -2.1 3.2 -0.6 0.5 1.5 14 7 4.1 1.82 0.1 2 

56  -24 3.2 -7.6 0 1.5 56 -7 4.1 -1.63 0.1 2 

107-134  23.4 3.2 7.32 0 1.5 107-134 9 4.1 2.19 0 2 

treatment      treatment     

A -0.5 3.69 -0.1 0.9 1.6 A -16 4.74 -3.36 0 2 

C 7.69 3.69 2.08 0 1.6 C -1 4.74 -0.28 0.8 2 

Fs -1.7 3.69 -0.5 0.6 1.6 Fs 12 4.74 2.47 0 2 

Hs -2.8 3.69 -0.8 0.4 1.6 Hs 4 4.74 0.79 0.4 2 
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3.3.5.4 Relation between soil arsM and 16S rRNA gene copy number with 

porewater chemistry 

The relationship between different soil porewater properties and soil arsM and 16 

rRNA gene copy number were represented in Table 3.8 and Table 3.9 (Spearman 

rank correlations) and the significant linear relations were presented in Figure 3.11. 

The arsM gene copy number was shown to be significantly positively correlated 

with methylated arsenic species DMA and MMA as well as TOC, Cu, Zn, Sr and 

significantly negatively correlated with Eh, B, Rb, Mo and Pb (Table 3.8).  

 

Table 3.8. Spearman rank correlations with arsM relative copy number and soil 

porewater properties, ‘r’ indicated the correlation coefficient and ‘P’ value indicated 

the level of significance, as indicated by P < 0.05, P < 0.01 and P < 0.001 respectively. 

arsM log2 copy vs r P 

Eh -0.244 < 0.05 

TOC 0.475 < 0.001 

DMA 0.242 < 0.05 

MMA 0.339 < 0.01 

B -0.545 < 0.001 

Cu 0.23 < 0.05 

Zn 0.365 < 0.01 

Rb -0.262 < 0.05 

Sr 0.312 < 0.01 

Mo -0.35 < 0.01 

Pb -0.403 < 0.001 

16S rRNA log2 copy 0.404 < 0.001 

 

The relative copy number of 16S rRNA was significantly positively correlated with 

soil porewater properties TOC, DMA, MMA, arsenate (AsV), total Mn and Zn (Table 

3.9). As can be seen in Figure 3.11, there was a highly significant linear relationship 

between the arsM copy numbers with porewater MMA (P < 0.01). The arsM copy 

number also showed a highly significant linear relationship with TOC (P < 0.001) and 

16S rRNA relative copy number (P < 0.01). Besides 16S bacterial copy number 
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shown to be significantly influenced by the concentration of porewater inorganic 

arsenic (P < 0.05).  

 

Table 3.9. Spearman rank correlations with 16S rRNA relative copy number and soil 

porewater properties, r indicated the correlation coefficient and ‘P’ value indicated 

the level of significance, as indicated by P < 0.05, P < 0.01 and P < 0.001 

respectively. 

16S rRNA log2 copy no. vs R P 

TOC 0.242 < 0.05 

DMA 0.241 < 0.05 

MMA 0.268 < 0.05 

Asi V 0.295 < 0.01 

Mn 0.251 < 0.05 

Zn 0.274 < 0.05 

arsM log2 copy 0.404 < 0.001 
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Figure 3.11. Significant linear relationships between arsM and 16S log2 copy 

number and soil porewater properties. Regression lines are only shown for P < 

0.001 to P < 0.05. C = control, Fs = full-slurry, Hs = half-slurry, A = ash, Mf = mineral 

fertilizer. 

 

3.4 Discussion  

3.4.1 Background  

Mobilization and toxicity of arsenic are largely controlled by its different forms in 

the environment, which in turn is mediated by the oxidation-reduction and 

methylation, the main arsenic transforming abiotic and biotic processes (Malasarn 

et al., 2004, Yoshinaga et al., 2011, Qin et al., 2006b, Zhao et al., 2009). In rice field, 
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shifts from anoxic to oxic conditions, and vice versa, affect the redox potential in 

the soil which greatly influence the phytoavailability of different elements (Norton 

et al., 2017). The concentrations of dissolved arsenic, Fe, Mn are higher under 

flooded state, while levels of trace elements like Cd, Cu and Sr are increased under 

non-flooded conditions (Rinklebe et al., 2016). It is well understood that anoxic 

conditions in soil are favourable for the mobilization of arsenic (Masscheleyn et al., 

1991, Yamaguchi et al., 2011). However, the porewater arsenic dynamics are 

complex and differ among various soils. Recent studies also showed that porewater 

arsenic species significantly decreased in planted compared to non-planted soils 

(Afroz et al., 2019). Paddy water management and fertilization also greatly 

influence paddy soil chemistry, for example, continuous flooding and addition of 

straw enhanced anoxic state and significantly increased arsenic concentration, 

particularly methylated arsenic species in grains, while N fertilization and 

application of biochar were found to show little or inconsistent effect under 

intermittent flooding state (Ma et al., 2014). Moreover, growth of rice in alternate 

wetting and drying conditions was shown to reduce grain arsenic content markedly 

by up to 64 %, while under intermittent flooding, grain arsenic was reduced to 41 % 

(Somenahally et al., 2011).  

 

The arsenic resistant operons, which confer resistance to inorganic arsenic exist in 

almost all bacteria and dominate in paddy soil (Jia et al., 2013a, Ye et al., 2012). 

Methylation and volatilization that are two important detoxification process in the 

global arsenic biogeochemical cycling but were previously overlooked (Mestrot et 

al., 2011, Yin et al., 2011, Ye et al., 2012). In paddy soil, arsenic oxidizing and 

reducing bacteria coexists (Jia et al., 2014) although the soil conditions that favour 

arsenic methylation are still not clearly known (Reid et al., 2017b). Therefore, 

further investigation of the arsenic biogeochemistry in paddy soil, subsequent 

uptake of arsenic by rice plant, and the relative abundance of arsenic methylation 

genes under different fertilization throughout the rice growing cycle need to be 

considered. As such, this study involved an advanced microcosm experiment, that 

included investigation of rice soil porewater chemistry, rice soil to straw and grain 



 
  Chapter 3 
 

72 
 

chemistry, coupled with quantitative PCR (bacterial 16S rRNA and bacterial arsM 

gene) on the rhizosphere soil.  

 

3.4.2 pH, Eh, TOC of porewater  

In paddy soil, due to the prevalence of anaerobiosis, soil reduction starts which 

brings a series of physicochemical and biological processes (Sahrawat, 2005). 

Flooding of acidic soils usually increases the pH, which was also observed in this 

study as due to the anaerobic condition ferric Fe acts as an electron acceptor in the 

oxidation of organic matter (Sahrawat, 2015). This also causes rapid microbial 

degradation and increase in dissolved organic C in soil solution. Both pH and 

organic C favour rapid mineralization and subsequent depletion of oxygen and drop 

in Eh (Sahrawat, 2015) which was also pronounced for the full-slurry treatment in 

the present study. The depletion of oxygen by the soil microbes, in turn causes 

arsenic dissolution from FeOOH as evident by several studies (Rowland et al., 2009, 

van Geen et al., 2004, Nickson et al., 2000). However in the current study, the 

maximum drop in Eh was noticed for the manure treatment (full- and half-slurry) 

most likely due to the decomposition of organic manure and increased microbial 

activity which were also observed by (Huang and Matzner, 2006). A similar type of 

response was observed by Tanji et al. (2003) when rice straw was added as organic 

manure. Moreover, the magnitude of the redox potential was found to be 

controlled by pH (Pan et al., 2014). Time caused a gradual increase in soil porewater 

pH until the soil drying stage and was most pronounced with manuring. A likely 

flooding effect on rice porewater pH was observed in acid soil, and pH increased 

with time because of the reduction processes that consume protons 

(Ponnamperuma, 1972, Sahrawat, 2005, Yu et al., 2007, Du Laing et al., 2009, Kögel-

Knabner et al., 2010). Moreover, addition of manures (pig manure) showed the 

potential of neutralizing soil acidity by preventing nitrate leaching and resulted in a 

slightly alkaline pH (Bolan et al., 1991, Van Es et al., 2006), which was also depicted 

by the increase in pH in full-slurry treated pots. With increasing the reduction 

process the TOC of the pore water increased and then when the irrigation was 

stopped the soil started to be oxidized as reflected by the sharp decrease in the 
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total organic carbon content. In parallel to the reduction processes, the manure 

treated soils also showed increased decomposition of organic matter as reflected 

by an increase in TOC between 56 d to grain fill stage unlike the similar result found 

by previous researchers (Hagedorn et al., 2000, Kalbitz et al., 2000, Sahrawat, 2005, 

Shaheen et al., 2014, Yu et al., 2007, Vink et al., 2010).  

 

3.4.3 Arsenic speciation in porewater  

The observed initial increase in inorganic arsenic in rice porewater was highest for 

the manure treatment. This result is in agreement with the rice experiment 

conducted by Norton et al. (2013) that used farm yard manure, except during the 

maturity phase, where this was showing a sharp decline. While research by Mestrot 

et al. (2013) stated that, arsenic could be volatilized in the form of methylarsines 

when rice straw and animal manure were applied. Williams et al. (2011) also found 

that organic matter controls mobilization of arsenic and influences arsenic 

methylation and volatilization in paddy soil. Other studies also supported that, 

organic manuring enhanced inorganic arsenic mobilization (Nickson et al., 2000, 

Nickson et al., 1998, van Geen et al., 2004, Rowland et al., 2009, Smedley and 

Kinniburgh, 2002).  

 

The overall effect of time on the concentration of methylated arsenic species was 

highly significant which was also evident by the study of Zhao et al. (2013b), 

reflecting the large variation of arsenic speciation dynamics in soil porewater with 

different sampling time. Initially, between 7 to 28 d there was a decrease in the 

concentration of methylated arsenic species- MMA, DMA and TMAO which 

indicated the possible suppression of the arsenic methylation and methylated 

species. But with time (until the grain filling stage), the concentration of methylated 

arsenic species particularly MMA, DMA increased, indicting possible increase in 

arsenic methylation. However, during the soil drying phase, concentrations of 

methylated species-MMA, DMA and TMAO showed a rapid decline reflecting the 

losses of methylated arsenic by volatilization and subsequent loss by 
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demethylation. Zhao et al. (2013b) stated that porewater methylated arsenic 

species concentration reflects the balance between arsenic methylation and the 

removal of methylated arsenic species by volatilization. MMA usually transforms to 

DMA and a fraction of DMA undergoes reduction to dimethyl arsine and/or is 

subsequently methylated to trimethylarsine, which are volatile (Zhai et al., 2017). 

Also, possible reasons for such decline might be, due to the uptake of methylated 

species by the rice plant, and mineralization of methylated arsenic species. 

Although in aerobic soil, mineralization was identified as a major pathway 

responsible for the losses of methylated arsenic species by Shimizu et al. (2011) but 

in flooded paddy soil, the microbes responsible for this are unknown (Zhao et al., 

2013b). However, in our study animal manure (half and full-slurry) and biomass ash 

were more highly effective to increase the DMA concentration than the mineral 

fertilizer. Similarly, addition of organic matter was reported to significantly increase 

the concentration of methylated arsenic species in rice porewater as well as in 

rhizosphere soil (Jia et al., 2013a). In addition, Williams et al. (2011), also outlined 

that dissolved organic C strongly correlated with organic forms of arsenic. Similar 

result was also reported by Norton et al. (2013). 

 

3.4.4 Total elements in porewater 

With increasing flooding time, anaerobiosis and lack of oxygen are prevalent in rice 

soil, which fuels a series of physicochemical and biological reactions (Sahrawat, 

2015). As such in the present study, time had shown a significant effect on the 

concentration of B, P, Mn, Fe, Co, Cu, Zn, As, Se, Rb, Sr, Mo, Cd, and Pb in rice 

porewater (Figure 3.3 a). Similarly, flooding was witnessed to improve P, Fe, Mn, 

Cu, Mo availability and reduced S and Zn availability in rice soil (Sahrawat, 2012). 

Besides, depletion of oxygen and redox potential in rice soil was evident to cause 

reductive dissolution of Mn and iron oxides/hydroxides and subsequent increase in 

Mn and Fe in porewater (Ponnamperuma, 1972, Tack et al., 2006, Grybos et al., 

2007, Yu et al., 2007, Frohne et al., 2011, Shaheen et al., 2014). The current result 

was partially supported by this, as Mn was shown to decrease rapidly with time.  
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The porewater chemistry was influenced by the Eh, pH and TOC (Figure 3.4), with 

strong correlation of MMA, DMA with pH, TOC and Eh previously reported (Frohne 

et al., 2011, Zhao et al., 2013b). Previous research also recited that methylation of 

arsenic was stronger particularly under reduced redox conditions (Huang and 

Matzner, 2006). In addition, Williams et al. (2011) noticed, with increasing dissolved 

organic C porewater arsenic concentration also increased which also supports the 

present observation. However, porewater inorganic arsenic was shown to correlate 

positively with P, Mn, Fe, Co, Se, and Pb and negatively with Sr and Cd. Previously 

arsenic concentration showed a significant impact on rice grain trace elements- Se, 

Ni, Zn and Mn (Williams et al., 2009a) which implicates that porewater inorganic 

arsenic and methylated species could have a great influence on the availability of 

the major and trace elements. Besides, arsenic methylation in soil was found to be 

influenced by soil properties (Kuramata et al., 2015) and the availability of trace 

elements (Frankenberger, 1998) as observed by the significant relations of 

methylated arsenic species-MMA and DMA with P, Mn, Fe, Co, Cu, Zn, Se, Sr, B, Rb 

and Mo in the present study.  

 

3.4.5 Arsenic speciation in rice grain and in rice shoot 

Rice grain analysis identified inorganic arsenic and DMA as a main arsenic species 

although rice shoot contained inorganic arsenic, DMA and MMA. Similar to this, 

previously scientists also observed inorganic arsenic and DMA as a major arsenic 

species in rice grain, while some also reported MMA and TMAO as a minor 

component (Zhu et al., 2008, Meharg et al., 2009a, Hansen et al., 2011, Carey et al., 

2019). Moreover, the concentrations and percentages of grain inorganic arsenic 

and DMA were found to vary widely in different regions (Williams et al., 2005, 

Meharg et al., 2009a, Zhao et al., 2013a) and are thought to be influenced by 

different soil, environmental conditions and crop management practices (Xu et al., 

2008, Zhang et al., 2006a, Panaullah et al., 2009). However, rice porewater MMA 

has been shown to be related to shoot MMA content, and porewater DMA 
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significantly correlated with grain DMA, while porewater total arsenic has been 

shown to be related to shoot DMA content. Similar to this, several researchers 

found that rice grain high arsenic content was linked with soil and porewater 

arsenic concentration (Heikens et al., 2007, Xie and Huang, 1998, Panaullah et al., 

2009). 

 

Methylated species of arsenic are relatively easily accumulated in rice grain as 

reported by Zhao et al. (2013a). Likewise, DMA concentration in grain was found 

much higher, which was > 2-4 fold in grain fill grain and > 1-3 fold in soil drying 

grains than the shoot. It was evident that rice grain largely varied with arsenic 

species, containing 10-90 % as DMA and the remaining as inorganic arsenic 

(Meharg et al., 2009a, Zavala et al., 2008). In addition, although DMA uptake by rice 

root is quite slow when compared to that of inorganic arsenic (Raab et al., 2007), 

the transportation of DMA to grain is approximately 30-times more efficient than 

arsenite (Carey et al., 2011). This is because inorganic arsenic is transported only by 

the phloem and DMA is transported by both phloem and xylem (Carey et al., 2010). 

This may explain why rice grain DMA content was found to be much higher 

compared to the grain inorganic arsenic content in the present study (Figure 3.6). 

Rice shoot, on the other hand, was found to contain much higher inorganic arsenic 

than DMA which was also reported previously (Lomax et al., 2012). Among the 

different treatments, animal manure resulted in highest DMA and inorganic arsenic 

content in rice grains, although the overall treatment effects were not significant. In 

this context it is of interest, that previously organic matter or animal manure 

addition and anaerobic soil condition were found to enhance arsenic accumulation 

in rice grain (Norton et al., 2013, Jia et al., 2012, Li et al., 2009b, Xu et al., 2008).  

 

3.4.6 arsM and 16S rRNA gene copy number (qPCR), time and treatment effect 

The more significant increase of arsM compared to 16S rRNA copy number during 

grain fill stage in paddy soil, as observed in the current study, is in agreement with 

Zhai et al. (2017), who observed a similar higher increase in arsM compared to 16S 
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rRNA over time. As would also be expected, there was a decrease in bacterial 

abundance during the soil drying, with drying previously shown to lead to changes 

in bacterial community structure and disappearance of some bacterial groups 

(Abdallah et al., 2019). Hence during drying, the bacterial community becomes less 

complex when compared to the irrigated condition (Asakawa and Kimura, 2008). 

Drying has previously been shown to reduce microbial biomass C (Sawada et al., 

2019). With respect to treatment effects, previously, the addition of organic matter 

was found to significantly increase arsM gene abundance (Jia et al., 2013a, Zhao et 

al., 2013b, Zhang et al., 2015b, Reid et al., 2017b, Xiao et al., 2016, Gu et al., 2017, 

Qin et al., 2006b), while in our study there was an increase in 16S rRNA in response 

to the slurry treatment, indicating an overall increase in bacteria, but no increase in 

arsM copy number.  

 

3.4.7 arsM and 16S rRNA gene copy number (qPCR), correlation with pore water 

chemistry 

A decrease in the redox potential resulted in a significant increase in arsM relative 

abundance in paddy soil. This is most likely because redox potential acts as a strong 

regulator for arsenic methylation and bioavailability, and this has been observed by 

many studies (Meharg and Zhao, 2012, Reid et al., 2017b, Norton et al., 2013, 

Yoshinaga et al., 2011). Also, the arsM gene is known to be involved in the 

conversion of As(III) into the methylated species - MMA, DMA and TMAO, as well as 

confer arsenic resistance to arsenic sensitive bacteria, for example as seen in an 

arsenic sensitive strain of Escherichia coli (Qin et al., 2006b). TOC showed a 

significant positive correlation with the abundance of arsM and 16SrRNA genes and 

with methylated arsenic species, indicating the active presence of the arsenic 

methylating bacterial population and decomposition of organic matter in rice 

rhizosphere soil. Previously TOC was also found to have a dominant impact on the 

abundance of the arsenic biotransformation genes in sediments (Guo et al., 2019). 
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The observed positive correlation of arsM and 16S rRNA gene copy number with 

DMA, MMA and linear relation of arsM gene copy number with MMA, is in 

agreement with results from previous studies. For instance, Zhai et al. (2017) also 

observed a significant correlation of MMA and DMA concentrations and arsM gene 

copy number in soil fertilised with composted pig manure. Positive correlations 

between the arsM gene copy number and the methylated arsenic species were also 

found by Ma et al. (2014). A linear relation of the arsM gene copy number with 

MMA in porewater was also reported by Jia et al. (2013a) while this was not 

observed by Zhao et al. (2013a). 

 

3.5 Conclusion 

Time showed a highly significant effect while different treatments showed little or 

small effect on rice soil porewater chemistry. Porewater pH and TOC had a 

significant positive correlation with MMA, DMA, Cu, Zn, Sr and Cd, but the same 

showed a negative correlation with Eh, B, Co, Rb, Mo and Pb. Porewater Asi and 

MMA, DMA and TMAO had a strong correlation with different pore water 

properties. In rice shoot, different soil treatments showed a significant response for 

B, P, Cr, Mn, Fe, Co, Ni, Zn, Rb, Cd, S, K, Na and Sn; while in rice grain, the treatment 

effect was not so pronounced. Rice pore water Asi, DMA and MMA showed 

significant linear relations with shoot and grain As species. An increase in the 

relative abundance of the arsM but not for the 16S rRNA gene was observed during 

107-134 d or grain fill stage, while full slurry resulted in a significant increase in 16S 

rRNA but not arsM copy number. 
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Chapter 4 

Assessment of the bacterial diversity and abundance in rice microbiome 

 

4.1 Introduction 

Rice is unique from other cereal crops because it can grow in both dry condition 

and in submerged condition. However, most of the rice grown in submerged 

condition because anaerobic waterlogged condition prevents weed in rice fields. In 

submerged rice oxygen (O2) is released from the aerenchyma, creating oxic 

surrounding in roots (e.g. the rhizosphere) which is covered by the anoxic bulk soil 

(Ge et al., 2012, Zhao et al., 2019). This oxic-anoxic boundary is the niche of 

aerobic, anaerobic or facultative anaerobic microbes (Li and Wang, 2013, Revsbech 

et al., 1999) that greatly influence paddy soil and plant microbiology. Different 

compartments commonly studied in paddy soil are- bulk soil (soil surrounding the 

rhizosphere), rhizosphere (soil close to the root surface), rhizoplane (root surface), 

and the endosphere (root or shoot interior), (Edwards et al., 2015, Edwards et al., 

2019) each with distinct microbiome that control rice growth and yield.  

 

Microorganisms that live in close contact with soil and plant play a vital role in 

agricultural systems by promoting or decrease health and growth. (Kim et al., 

2011). With respect to soil bacteria, these can be found in bulk soil or rhizosphere, 

the latter being the soil that is closely associated with plant roots. Bacteria that live 

in intimate contact with roots and are beneficial to the plant are referred to as 

plant-growth-promoting rhizobacteria (Bhattacharyya and Jha, 2011, Lu and 

Conrad, 2005, Lu et al., 2006). Bacteria that penetrate and colonize the root (Bowen 

and Rovira, 1976, el Zahar Haichar et al., 2008, Rosenblueth and Martínez-Romero, 

2006), or shoot (Elbeltagy et al., 2001) without causing any harm to the host plant, 

are referred to as endophytes (Nair and Padmavathy, 2014). The beneficial effects 

of plant-growth-promoting rhizosphere bacteria and bacterial endophytes in 

agricultural systems, including rice paddy, are well documented. They include 

increasing access to nutrients, production of growth-stimulating hormones, and 
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prevention of attack by plant pathogens and improving plant tolerance to 

environmental stress (e.g. drought, salt, heat, and frost), (Hallmann et al., 1997, 

Morrissey et al., 2004, Nihorimbere et al., 2011, Yang et al., 2009). Negative effects 

on agricultural productivity, due to pathogenic bacteria, including many rice 

pathogens are also well documented (Cother et al., 2010, Kim et al., 2015, Patel et 

al., 2014). Bacteria can also negatively affect agricultural productivity via the 

release/mobilization of toxins or removal of available nutrients from the root 

environment (Hardoim et al., 2011). 

 

In the rice rhizosphere assimilation of plant C by bacteria (Lu et al., 2006) and 

archaea (Conrad et al., 2008, Lu and Conrad, 2005, Zhu et al., 2014) has been well 

documented. Rice rhizosphere is particularly dominated by bacterial populations 

(Breidenbach et al., 2016, Hussain et al., 2012, Lee et al., 2015). Depending upon 

the paddy soil oxic-anoxic environment and plant-related conditions such as 

geographic location, soil type and rice genotype (Edwards et al., 2015, Santos-

Medellín et al., 2017) bacterial diversity in paddy microbiome varies. Paddy soil 

bacteria contribute significantly to rice ecosystem functioning as are involved in C, 

N, Fe and S cycles (Hernández et al., 2015, Lee et al., 2006, Sun et al., 2015), 

methane metabolism (Reim et al., 2012, Shen et al., 2014) nitrification (Li and 

Wang, 2013) and arsenic metabolism (Yin et al., 2011). Paddy soil bacteria also have 

a potential impact on food safety, as can induce immobilization as well as 

mobilization of toxic elements such as arsenic and cadmium (Cd) and subsequent 

accumulation of these in rice grain. Further to that some paddy soil bacteria have 

been shown to produce phytohormones (Lee et al., 2006) and/or antibiotics against 

bacterial and other pathogens (Raaijmakers and Mazzola, 2012), thereby promoting 

overall health of rice plants (Ding et al., 2019). Therefore, to optimize sustainable 

production of rice in the paddy soil system, the study of the bacterial community in 

paddy soil is of considerable interest.  
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The current chapter aims to characterise the diversity of bacteria in rice paddy 

rhizosphere soil, rice root and rice shoot via 16S rRNA amplicon sequencing 

including the effect of different fertilizers and potential role in arsenic methylation 

and elemental cycling.  

 

4.2 Materials and methods  

4.2.1 Collection of soil, shoot and root samples for DNA extraction  

The microcosm experiment was conducted (with one plant grown per pot), and the 

soil, root and shoot samples collected at the grain fill stage from each pot as 

described in chapter 2, section 2.4 and Table 2.3. During the grain fill stage, from 

each of the 20 pots, 20 rhizosphere soil, 20 rice root and 20 rice shoot samples 

were collected for the molecular analysis. 

 

4.2.2 Extraction of DNA 

4.2.2.1 Extraction of genomic DNA from soil  

Genomic DNA of 20 soil samples (from every single plant one sample) was 

extracted as outlined in chapter 3 section 3.2.4.1.  

 

4.2.2.2 Extraction of DNA from plant tissue  

Genomic DNA was extracted from 20 shoot (from every pot) and 20 root (from 

every pot) tissues using the Powerlyser Power soil DNA extraction kit (Qiagen, UK) 

following the manufacturer’s protocol with the following modifications: The grain 

fill stage shoot or root samples (100 mg) were pre-grounded manually in liquid N by 

hand using micro-centrifuge pestles (sample grinding kit by Sigma-Aldrich) in tubes 

with ≤ 106 µm acid-washed glass beads (Sigma-Aldrich). The ground shoot or root 

tissues were then transferred to a 2 ml Lysing matrix tube D (MP Biomedicals, 

Fisher Scientific, UK) and placed into liquid N to prevent thawing. Following this, the 

homogenization (step 4) was carried out using a tissue homogenizer (Precellys 24, 
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Bertin Technologies, France) at a rotation speed of 6000 rpm (rotation per minute) 

for 40 s with 3 repeated cycles. In between cycles, the tubes were kept on ice for 1 

min. Following this, the DNA was extracted according to the manufacturer’s 

protocol.  

 

4.2.3 Quality check of the DNA 

4.2.3.1 Quality check of the DNA by gel electrophoresis  

The concentration and purity of the genomic DNA were checked on the NanoDrop 

8000 spectrophotometer (Thermo Fisher Scientific, UK). The quality check of the 

genomic DNA was made by running it on a 0.8 % agarose gel (w/v), visualizing the 

bands under UV light and by comparing the size of the DNA fragments against the 1 

kb DNA ladder (New England Biolabs, UK).  

 

4.2.3.2 Quality check of the DNA by PCR 

 To check that the DNA was free from PCR inhibitors, all 60 genomic DNA samples 

were amplified with primers BACT 1369F (5’-CGGTGAATACGTTCYCGG-3’); and PROK 

1492R (5’-ACGGCTACCTTGTTACGACTT-3’ (Zhao et al., 2013a). The PCR reaction 

contained (12.5 µl) of 1.25 µl of 2.5 mM dNTP (Invitrogen, Thermofisher Scientific, 

UK), 1.25 µl PCR buffer, 0.5 µl of each 10 µM forward and reverse primer pairs, 0.1 

µl taq polymerase (Thermofisher Scientific, UK), 7.9 µl of DD water and 1 µl DNA 

template. The PCR amplification was carried out on a Thermal Cycler (BioRad T100 

Thermal Cycler, Thermofisher, UK) with the following the cycling parameters: initial 

denaturation at 94° C for 1 min, followed by 20 cycles of denaturing at 94° C for 30 

s, annealing at 60° C for 30 s, extension at 72° C for 1 min, followed by a final 

extension at 72° C for 5 min. All DNA samples were run in triplicate including 

negative PCR control (1 µl molecular grade water instead of DNA) and negative DNA 

extraction control (1 µl elute from negative control DNA extraction instead of DNA) 

to check for contamination. The PCR product was visualized on 0.8 % agarose gel 

(w/v) with 5 µl red safe (nucleic acid staining solution, Intron, Biotechnology, UK) as 

follows: 1 µl PCR product was mixed with 1 µl of 6X loading dye (Thermofisher, UK) 
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and 4 µl of nuclease-free water and loaded into each well. A 1 kb DNA ladder (New 

England Biolabs, UK) was loaded into the first well to allow the sizing of the PCR 

product. Gel electrophoresis was carried out at 100 volts (V) for 60 min and the 

bands on the gel visualized and imaged under UV light using the UV-302/312 nm 

wavelength.  

 

4.2.4 Amplicon sequencing 

4.2.4.1 Generation of amplicon libraries  

A total of 60 genomic DNA samples that were extracted from the grain-fill stage of 

20 soil, 20 root and 20 shoot samples, were sent to the Centre for Cancer Research 

and Cell Biology managed by the Queen's University Belfast for 16S rRNA amplicon 

sequencing on the Illumina Miseq system. The 16S rRNA amplicon libraries were 

prepared using a 2-step PCR amplification process as follows: the first step PCR was 

carried out with primers that contained a target-specific sequence (shown in bold) 

to amplify the V4 region of 16S rRNA (insert length 254 bp) as well as a recognition 

sequence as a target for the second steps of amplification as described by 

(Caporaso et al., 2011). 

16S_F: 

5'ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNGTGCCAGCMGCCGCGGTAA 3' 

16S_R: 

5'GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGGACTACHVGGGTWTCTAAT 3' 

The second step of PCR was performed with primer pairs that target the 

recognition sequence of the first primer pair with additional bases to incorporate a 

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

sequencing of samples on the Illumina Miseq. The 60 barcoded amplicon libraries 

were combined and sequenced together on one run on the Illumina Miseq using 

250 bp paired-end sequencing.  
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4.2.4.2 Generation of OTU tables and diversity analysis 

Initial processing of raw reads was done by the Genomic Core Technology Unit 

(GCTU), Faculty Medicine, Health and Life Sciences, Queens University, Belfast with 

“bcl2fastq” (v2.20) to generate paired-end FASTQ files. Following this, the paired-

end FASTQ files were downloaded from the GCTU website, sequences were quality 

checked using “fastqc” (Andrews, 2010) and overlapping reads generated by 

merging of the forward and reverse reads with “fastq-join” (Aronesty, 2011) using a 

minimum of 200 bp overlap and maximum of 1 % mismatches. Diversity analysis 

was carried out with QIIME version 1.8 (Caporaso et al., 2010b) as follows: 

Sequences were clustered de novo into operational taxonomic units (OTU’s) at 97 % 

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

were picked and annotated against the Greengenes 16S rRNA gene database 

(DeSantis et al., 2006). Representative sequences were aligned with PyNAST 

(Caporaso et al., 2010a) using core_set_aligned.fasta.imputed as the template 

alignment. The alignment was filtered against lanemask_in_1s_and_0s and the 

chimeric sequences removed with ChimeraSlayer (Haas et al., 2011). OTU tables 

(relative and absolute counts) at taxonomic levels 2 to 7 were generated for 

downstream analysis in R and GraphPad Prism 8.0. For diversity analysis in Qiime, 

the OTU count data was rarefied at 29,000, followed by generation of rarefaction 

curves, alpha diversity and beta diversity analysis. For alpha diversity analysis the 

Chao 1, (Chao, 1984) Shannon, (Shannon, 1948) and Simpson (Simpson, 1949), 

Observed Species and PD whole tree (Faith, 1992) results were generated and 

exported. For beta-diversity principal coordinate analysis (PCoA) on weighted and 

unweighted Unifrac (Wang et al., 2007) was conducted and the results exported. 

Following analysis in Qiime, rarefaction plots and PCoA plots were generated in 

GraphPad Prism 8.0. 
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4.2.5 Statistical analysis and generation of plots 

4.2.5.1 Statistical analysis and plots of alpha rarefaction  

After Qiime analysis the alpha diversity results (Chao1, Shannon, Simpson, observed 

species and PD whole tree) were exported for further analysis. The normality of the 

data was checked using the Kolmogorov-Smirnov test. Following this, the statistical 

analysis was done in Minitab 19 by GLM on ranked data and the mean and standard 

error for each treatment plotted in GraphPad Prism 8.0.  

 

4.2.5.2 Statistical analysis and plots of beta diversity 

Qiime generated beta diversity for the weighted and unweighted UniFrac was 

recalculated in Microsoft excel, normality of the data was checked using the 

Kolmogorov-Smirnov test. Corresponding PCoA plots was generated using the 

GraphPad Prism 8.0 and also using MetaboAnalyst R which is open-source software.  

 

4.2.5.3 Relative abundance of 16S rRNA bacteria 

The relative abundance OTU’s tables for level 2 (phylum) to level 6 (genus), 

generated by Qiime were plotted using the Graph Pad Prism as follows: unclassified 

taxa and Archaea were removed, bacterial taxa with < 1 % abundance were 

reassigned under “others”, while bacterial taxa with > 1 % abundance were 

retained. Following this, the relative abundance was recalculated and plotted in 

GraphPad Prism 8.0. For rice shoot data, as ‘Cyanobacteria’ are likely to represent 

amplified chloroplast DNA, the relative abundance was calculated as described 

above but once with and once without removal of Cyanobacteria from the relative 

count data.  

 

4.2.5.4 DESeq2 analysis of level 2 and level 6 OUT tables 

DESeq2 analysis in R version 3.3.3 was employed for the identification of OTU’s 

with significantly different copy numbers between any two treatments. For soil, 



 
  Chapter 4 
 

86 
 

root, and shoot, the following four pairwise comparisons were conducted: ash (A) 

versus control (C), full-slurry (Fs) versus control, half-slurry (Hs) versus control and 

mineral fertilizer (Mf) versus control. For the generation of significant OTU lists, the 

adjusted P values < 0.05 and absolute log2 foldchange > ±1 (Log2FC) was used as 

the cut-off for significance. The significant unique and overlapping DESeq2 

normalized count for differ pairwise comparisons were summarised by using Venn 

diagram by Venny 2.1.0 (Oliveros, 2018). 

 

4.2.5.5 Follow up analysis of significant OTU’s 

For further statistical analysis of significant DESeq2 results, ONEWAY-ANOVA was 

conducted on DESeq2 normalized data in Minitab 19 and Whisker plots, depicting 

the median and interquartile range were generated (GraphPad Prism 8.0). For 

wider context, a literature search for previous rice paddy 16S rRNA studies was 

conducted and genus level results compiled for comparison with results obtained in 

the current study. 

 

4.3 Results 

4.3.1 Quantification of genomic DNA 

The concentration of genomic DNA in soil, shoot, and root is summarized in the SI 

Table 4.1, 4.2, 4.3. Soil, shoot and root genomic DNA samples showed absorbance 

ratios at 260/230 and 260/280 > 1.8 or close to 1.8 indicative of high quality. Some 

root DNA samples with concentration < 50 ng/µl showed 260/230 and 260/280 << 

1.8, potentially indicative of impurities. 

 

4.3.2 Quality check of the DNA by Gel electrophoresis 

The gel electrophoresis pictures (Appendix, SI Figure 4.1 a, 4.1 b, 4.1 c) confirmed 

that the genomic DNA extracted from the 60 samples of rice soil, root and shoot 

was of high molecular weight. Each sample produced a clear band showing the DNA 
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fragments which were also free from contamination as indicated by absence of any 

bands for the negative control and reagent control. 

 

4.3.3 Purity check of the DNA by PCR  

All 60 genomic DNA samples were deemed to be free of PCR inhibitors as were 

shown to amplify successfully with 16S primer pairs 16S_1369F:5’-

CGGTGAATACGTTCYCGG-3’ and 16S_1492R:5’-ACGGCTACCTTGTTACGACTT-3’ (Zhao 

et al., 2013a) and free of contamination as there was no band in the negative DNA 

extraction control and negative PCR control (Appendix, SI Figure 4.2 a, 4.2 b, 4.2 c).   

 

4.3.4 Amplicon sequencing results 

4.3.4.1 Total reads before clipping and trimming 

Sequencing of the 20 soil samples produced a total of 4,872,212 reads with a 

minimum of 78,468 and a maximum of 511,877 sequences per sample (Appendix, SI 

Table 4.4). A total of 20 shoots and 20 root samples generated a total of 3,100,719 

and 3,770,714 reads with a minimum of 34, 620 and 66,936 and a maximum of 

328,811 and 299,309 reads in the shoot (Appendix, SI Table 4.5) and root 

respectively (Appendix, SI Table 4.6). 

 

4.3.4.2 Total reads after clipping and trimming and quality control 

After joining of paired end reads and quality control a total of 66,536 to 421,990 

reads in soil; between 57,477and 256,749 reads in root; and between 29,252 and 

264,056 reads in shoot were generated. For all samples > 99 % reads were retained 

with average join length of around 205 bp, indicative of high-quality data in all 

samples (Appendix, SI Table 4.4, 4.5 and 4.6). 
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4.3.5 Diversity analysis  

4.3.5.1 Alpha diversity analysis  

Alpha diversity rarefaction curves were shown in Figure 4.1 a, Figure 4.1 b, and 

Figure 4.1 c for Chao1, observed species and PD whole tree respectively. As 

expected, the highest levels for diversity (Shannon, Simpson) and species richness 

(Chao1) were measured in soil samples followed by the root, with the lowest levels 

of diversity measured in the shoot. In the root, there is a tendency for higher levels 

of diversity in the control compared to ash, half-slurry, full-slurry and mineral 

fertilizer treatment. In the shoot, control and mineral fertilizer appear to show 

higher levels of diversity compared to ash, half-slurry and full-slurry. The GLM 

analysis showed significant differences (P < 0.001) among the compartments for all 

alpha diversity measures (Figure 4.2, Table 4.1). However, for treatment effects a 

significant difference was only identified for the Simpson diversity index, Observed 

species and PD whole tree (P < 0.05).These effects are worth further investigation. 
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Figure 4.1. Alpha diversity rarefaction curves for rhizosphere soil, root and shoot 

16S rRNA data obtained for each treatment: a) Chao1; b) Observed species; c) PD 

whole tree.  
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Figure 4.2. Box and Whisker plots showing the mean and standard error of alpha 

diversity metrics : a) Chao1; b) Shannon; c) Simpson; d) Observed species; e) PD 

whole tree. On the X axis the labels stand for: A=ash; Fs= full-slurry; Hs= half-slurry; 

Mf= mineral fertilizer, C= control. 
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Table 4.1 GLM of alpha diversity measures in response to treatments in different 

compartments. Significance levels as indicated by P value <0.05, P value <0.01, P 

value <0.001. 

 
 Diversity measures 
 

Treatments Compartments 

Chao1 0.060 < 0.001 

Shannon 0.051 < 0.001 

Simpson < 0.05 < 0.001 

Observed sp < 0.05 < 0.001 

PD whole tree < 0.001 < 0.001 

 

4.3.5.2 Beta diversity analysis 

The Beta diversity for ‘weighted Unifrac’, measures the quantitative abundance 

while the ‘unweighted Unifrac’, measures the relative presence or absence of the 

bacterial population among all samples. The PCoA of both beta diversity measures 

(Figure 4.3 a and Figure 4.3 b) showed the clustering of soil, root and shoot 

samples. The first two principal coordinates of weighted unifrac (Figure 4.3 b) could 

explain 92.36 % the total variation in 16S rRNA bacterial community composition, 

when axis 1 and axis 2 represented 79.56 % and 12.80 % of the total variation, 

respectively. For the unweighted unifrac (Figure 4.3 a), the first two principal 

coordinates could explain 52.76 % the total variation in 16S rRNA bacterial 

community composition, when axis 1 and axis 2 represented 40.84 % and 11.92 % 

of the total variation, respectively. The individual effect of the treatments on the 

16S rRNA bacterial diversity is shown in Figure 4.4, Figure 4.5, and Figure 4.6. In soil 

(Figure 4.4) the control treatment is shown to cluster and separate against all other 

treatments indicating a fertilizer effect on the soil microbial community in response 

to soil organic and inorganic amendment. However, for the rice shoot and root the 

effect is not clearly evident (Figure 4.5 and Figure 4.6). 
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Figure 4.3. PCoA plots of the beta diversity measures: a) unweighted unifrac; b) 

weighted unifrac. In the legend the first letter annotates the sample type: S= soil, 

R= root; L= shoot. The other letters annotate the treatment: A=ash; Fs= full-slurry; 

Hs= half-slurry; Mf= mineral fertilizer, C= control. 
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Figure 4.4. PCoA and score plot showing the effect of treatments on 16S rRNA 

diversity in rhizosphere soil. The different coloured circles show the individual 

treatment effects. 
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 Figure 4.5. PCoA and score plot showing the effect of treatments on 16S rRNA 

diversity in rice shoot. The different coloured circles show the individual treatment 

effects. 
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Figure 4.6. PCoA and score plot showing the effect of treatments on 16S rRNA 

diversity in rice roots. The different coloured circles show the individual treatment 

effects. 
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4.3.6 Relative abundance at phylum level 

Among the 26 different bacterial phyla identified 10 phyla showed a relative 

abundance of > 1 % and included Acidobacteria, Actinobacteria, Bacteroidetes, 

Chloroflexi, Cyanobacteria, Firmicutes, Gemmatimonadetes, Planctomycetes, 

Proteobacteria and Verrucomicrobia (Figure 4.7 a). The relative abundance of 

Cyanobacteria in shoot tissues was more than 99 %, but this was most likely due to 

sequencing of chloroplast DNA in the leaf. After removal of Cyanobacteria 

annotated sequences the recalculated relative abundance showed that 

Proteobacteria were the dominant phylum in leaf tissue (Figure 4.7 b).  

 

Firmicutes, Proteobacteria, Actinobacteria, Planctomycetes, Bacteroidetes, 

Acidobacteria, Chloroflexi bacterial phyla were found to dominate comprising at 

least 93 % of the total relative abundance in soil (Figure 4.8 a, Figure 4.8 b). While 

Proteobacteria, Cyanobacteria, Firmicutes, Bacteroidetes, Acidobacteria, 

Actinobacteria, Chloroflexi Verrucomicrobia bacterial phyla were found to 

dominate in root tissue, comprising at least 98 % of the total relative abundance in 

the root (Figure 4.8 c, Figure 4.8 d). In rice shoot, Cyanobacteria were the most 

dominating phyla comprising > 99 % of the relative abundance (Figure 4.8 e). This 

can be attributed to the presence of chloroplast leaf, as has a highly similar 16S 

rRNA to Cyanobacteria. After removal of Cyanobacteria assigned counts, 

Proteobacteria, followed by Firmicutes, Actinobacteria, Acidobacteria, 

Planctomycetes, Bacteroidetes, Chloroflexi Verrucomicrobia were shown as the 

most abundant bacteria in the shoot tissue (Figure 4.8 f). 
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Figure 4.7. Relative abundance plots showing the mean of the relative abundance 

of 16S rRNA phylum level OTU’s for each treatment in rhizosphere soil, root and 

shoot: a) recalculated relative abundance after removal of Archaea and unassigned 

Bacteria; b) recalculated relative abundance after removal of Archaea, unassigned 

Bacteria and Cyanobacteria. On the X axis the first letter annotates the sample 

type: S= soil, R= root; L= shoot. The other letters annotate the treatment: A=ash; 

Fs= full-slurry; Hs= half-slurry; Mf= mineral fertilizer, C= control. 
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Figure 4.8. Scatter dot plots showing median with interquartile range of the relative 

abundance for phylum level OTU’s in soil, root and shoot before and after removal 

of Cyanobacteria annotated OTU’s: a) soil with Cyanobacteria; b) soil without 

Cyanobacteria; c) root with Cyanobacteria; d) root without Cyanobacteria; e) shoot 

with Cyanobacteria; f) shoot without Cyanobacteria.  
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The effect of treatments on the relative abundance of 16S rRNA phylum in three 

different compartment were summarised in Table 4.2, as ascertained by the GLM in 

Minitab 19. Treatments showed significant response on the relative abundance of 

Chloroflexi, Planctomycetes, and Proteobacteria (P < 0.05) while, except 

Acidobacteria the relative abundance of all the phyla in different compartments 

varied significantly (P < 0.05, Table 4.2).  

 

Table 4.2. GLM on the relative abundance of 16S rRNA bacteria at phylum level in 

the three rice compartments, rhizosphere soil, rice root and shoot. “P” values 

calculated at phylum level 16S rRNA bacteria, the associated relative abundance 

plots are shown in Figure 4.7 b. 

Phylum 
 

Treatments Compartment 

 
Treatments 
*Compartments 
 

Acidobacteria 0.415 0.399 0.766 

Actinobacteria 0.282 < 0.001 0.793 

Bacteroidetes 0.97 < 0.05 0.669 

Chloroflexi < 0.05 < 0.05 0.192 

Firmicutes 0.346 < 0.001 < 0.05 

Gemmatimonadetes 0.461 < 0.01 < 0.05 

Planctomycetes < 0.05 < 0.001 < 0.001 

Proteobacteria < 0.05 < 0.001 < 0.01 

Verrucomicrobia 0.44 < 0.05 0.985 

Others < 0.05 < 0.001 < 0.05 

 

4.3.7 Relative abundance at the genus level 

After removal of genera with < 1 % abundance a total of 27 genera were identified 

in the rice rhizosphere soil, root and shoot (Figure 4.9). After filtering 18 genera 

with > 1 % abundance were identified in rhizosphere soil and included: Clostridium, 

followed by Singulisphaera, Geobacter, Mycobacterium, Marmoricola, Acetivibrio, 

Arthrobacter, Gemmatimonas, Nocardioides, Tumebacillus, Anaeromyxobacter, 

Desulfocapsa, Flavisolibacter, Methylocystis, Opitutus, Oryzihumus, 
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Sporacetigenium and Sporomusa (Figure 4.10 a). All have previously been identified 

in rice paddy soil (Table 4.4). While 17 genera were identified in rice roots with > 1 

% relative abundance: Geobacter, followed by Anaeromyxobacter, Methylibium, 

Geothrix, Opitutus, Dechloromonas, Desulfocapsa, Desulfovibrio , Methylocystis, 

Methylomonas, Pleomorphomonas, Sporomusa, Actinoplanes, Cellvibrio, 

Clostridium, Cystobacter, and Gemmatimonas (Table 4.4 and Figure 4.10 b). Most 

(including Geobacter), of the genus have previously been identified in rice root 

(Table 4.4). After removal of genera with < 1 % abundance the following 16 genera 

were identified in rice shoots: Clostridium followed by Geobacter, 

Anaeromyxobacter, Methylibium, Singulisphaera, Methylocystis, Mycobacterium, 

Opitutus, Tumebacillus, Acetivibrio, Arthrobacter, Dechloromonas, Desulfocapsa, 

Gemmatimonas, Geothrix, and Sporacetigenium (Figure 4.10 c). Of these, only 

Clostridium and Mycobacterium, which have both previously been identified in rice 

shoots (Table 4.4), showed > 1 % abundance in shoots of plants in all 5 treatment 

groups (Figure 4.10 c). 

 

The effect of treatments on the relative abundance of 16S rRNA bacteria in three 

rice compartment at genus level were summarised in Table 4.3 as ascertained by 

the GLM in Minitab 19. The effect of treatments were significant (P < 0.05) for the 

genus Acetivibrio, Anaeromyxobacter, Desulfovibrio, Geobacter, Pleomorphomonas, 

Sporacetigenium, Sporomusa, and Tumebacillus, while the effect of compartments 

were highly significant for all genus, P < 0.001 (Table 4.3). Comparison with results 

from previously rice paddy studies of 16S rRNA bacteria shows presence of 

endophytes as well as bacteria involved in S, Fe and arsenic cycling/metabolism, 

this including arsenic reduction and arsenic methylation (Table 4.4).  
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Figure 4.9. Bar plot showing the relative abundance of 16S rRNA genus level OTU’s 

in rhizosphere soil, root and shoot. In X axis the first letter annotates the sample 

type: S= soil, R= root; L= shoot. The other letters annotate the treatment: A=ash; 

Fs= full-slurry; Hs= half-slurry; Mf= mineral fertilizer, C= control. 
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Figure 4.10. Scatter dot plots of the Genus level relative abundance of rice paddy 

microbiome bacteria (%) showing median with interquartile range of the RA at 

genus level OTU’s; a, soil; b, root; c, shoot. 
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Table 4.3. GLM of relatively abundant genera of 16S rRNA bacteria in three 

compartments- rice rhizosphere soil, rice root and shoot. “P” values calculated at 

genus level 16S rRNA bacteria, the associated relative abundance plots are shown 

in Figure 4.9.  

Genus Treatments Compartment 
 
Treatments 
*Compartments 

Acetivibrio < 0.05 < 0.001 0.216 

Actinoplanes 0.731 < 0.001 0.444 

Anaeromyxobacter < 0.05 < 0.001 < 0.05 

Arthrobacter 0.314 < 0.001 0.505 

Cellvibrio 0.79 < 0.001 0.558 

Clostridium 0.196 < 0.001 0.824 

Cystobacter 0.086 < 0.001 < 0.05 

Dechloromonas 0.213 < 0.001 < 0.01 

Desulfocapsa 0.052 < 0.001 < 0.05 

Desulfovibrio < 0.01 < 0.001 0.064 

Flavisolibacter 0.994 < 0.001 0.054 

Gemmatimonas 0.357 < 0.01 < 0.05 

Geobacter < 0.01 < 0.001 < 0.001 

Geothrix 0.075 < 0.001 < 0.01 

Marmoricola 0.969 < 0.001 0.435 

Methylibium 0.122 < 0.001 0.431 

Methylocystis 0.108 < 0.01 < 0.01 

Methylomonas 0.09 < 0.001 < 0.05 

Mycobacterium 0.685 < 0.001 0.968 

Nocardioides 0.153 < 0.001 < 0.001 

Opitutus 0.099 < 0.001 0.146 

Oryzihumus 0.729 < 0.001 0.462 

Pleomorphomonas < 0.01 < 0.001 0.098 

Singulisphaera 0.549 < 0.001 < 0.01 

Sporacetigenium < 0.05 < 0.001 < 0.01 

Sporomusa < 0.05 < 0.001 < 0.01 

Tumebacillus < 0.05 < 0.001 < 0.01 

Others 0.14 < 0.001 0.092 
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 Table 4.4. 16S rRNA bacteria identified in the rice paddy microbiome in the present study with reference to the previously studies. 

Phylum level 
 
 

Main genera 
detected 

Average OTU 
relative 
abundance 
(%) in 
rhizosphere 
soil 

Average 
OTU 
relative 
abundance 
(%) in root 

Average OTU 
relative 
abundance 
(%) in shoot 

Functions  Reference for 
presence in rice 
rhizosphere soil 
microbiome 

Reference for 
presence in rice 
shoot and root 
microbiome 

Firmicutes 
 
 

Acetivibrio 3 0 1 Decomposer of 
cellulose 

(Horino et al., 
2015, Chen et 
al., 2018b) 

Not found 

Actinobacteria 
 
 
 
 

Actinoplanes 0 1 0 Some 
Actinobacteria are 
important for 
bioremediation 

(Rusmana and 
Lestari, 2015) 

Found in rice root 
endosphere (Tian 
et al., 2007, 
Rusmana and 
Lestari, 2015)  

Proteobacteria 
 
 
 
 

Anaeromyxobacter 1 13 5 Fe reducer, involve 
in methane and C 
cycling, assimilate 
acetate and N cycle 

(Breidenbach et 
al., 2016, Kudo 
et al., 2013) 

Found in rice 
rhizoplane and 
root endophytes 
(Ding et al., 2019, 
Zhang et al., 
2013) 

Actinobacteria 
 
 

Arthrobacter 2 0 1 Arsenic resistant 
bacteria, and 
enhance plant 
growth 

(Bachate et al., 
2009, Ahn et al., 
2012) 

Rice endophytes 
(Moronta-Barrios 
et al., 2018) 
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Proteobacteria 
 
 
 
 
 

Cellvibrio 0 1 0  Hydrolyze 
cellulose and 
dextrin used for 
bioenergy and 
biofuel production 

(Qiu et al., 
2008, Edwards 
et al., 2015) 

Found in both 
rice root, shoot 
(Vishwakarma 
and Dubey, 2020, 
Edwards et al., 
2015) 

Firmicutes 
 
 
 
 
 
 
 

Clostridium 23 1 12 Decomposer in rice 
soil, fermentative 
bacteria, respire 
Fe(III),and 
methylate As(III) to 
mono and dimethyl 
arsenate 

(Santos-
Medellín et al., 
2017) 

Identified in leaf 
and root  
(Sun et al., 2008, 
Santos-Medellín 
et al., 2017, 
Zhang et al., 
2013, Roman-
Reyna et al., 
2020) 

Proteobacteria 
 
 
 

Cystobacter 0 1 0 Circulating organic 
substance cycles, 
Negatively affect 
yield 

(Wu et al., 
2018) 

Not found 

Proteobacteria 
 
 
 

Dechloromonas 0 4 1 Methane, C, N, Fe 
and S cycling 

(Li et al., 2016, 
Moronta-
Barrios et al., 
2018, Edwards 
et al., 2015) 

Found as rice root 
endophytes 
(Ferrando and 
Fernández 
Scavino, 2015) 

Proteobacteria 
 

Desulfocapsa 1 3 1 Reduce Fe, As and 
S  

(Das et al., 
2016) 

Not found 
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Proteobacteria 
 
 
 
 
 
 
 

Desulfovibrio 0 2 0 Reduce S and 
decomposer of 
cellulose, some 
species produce 
small amounts of 
trimethyl arsine 

(Santos-
Medellín et al., 
2017, Moronta-
Barrios et al., 
2018, Edwards 
et al., 2015, 
Chen et al., 
2018b) 

Dominant 
diazotroph in rice 
roots (Edwards et 
al., 2015, Sun et 
al., 2008, 
Moronta-Barrios 
et al., 2018, Ueda 
et al., 1995)  

Bacteroidetes 
 
 
 
 
 
 
 

Flavisolibacter 1 0 0 Decomposition of 
complex organic 
matter 

(Santos-
Medellín et al., 
2017, 
Breidenbach et 
al., 2016, 
Moronta-
Barrios et al., 
2018)  

Identified in root 
at phylum level 
(Ding et al., 2019) 

Gemmatimonadetes 
 
 

Gemmatimonas 2 1 1 Accumulation of 
phosphate 

(Moronta-
Barrios et al., 
2018) 

(Santos-Medellín 
et al., 2017)  

Proteobacteria 
 
 
 
 
 
 

Geobacter 5 22 10 Mobilization and 
detoxification of 
arsenic, Fe reducer, 
and reduce S  

(Ohtsuka et al., 
2013, 
Breidenbach et 
al., 2016, 
Moronta-
Barrios et al., 
2018) 

Identified in rice 
root (Wang et al., 
2016, Dang et al., 
2016, Sun et al., 
2008, Edwards et 
al., 2015) 
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Acidobacteria 
 
 
 

Geothrix 0 5 1 Reduce Fe (Breidenbach et 
al., 2016, 
Edwards et al., 
2015, Aslam et 
al., 2013) 

(Edwards et al., 
2015, Zhang et 
al., 2013) 

Actinobacteria 
 
 
 

Marmoricola 3 0 0 Degrade a variety 
of complex 
polysaccharides 

Found in rice 
soil 
(Aslam et al., 
2013, Ahn et al., 
2012) 

 Identified as rice 
root and shoot 
endophytes 
(Walitang et al., 
2019, Tian et al., 
2007) 

Proteobacteria 
 
 
 
 

Methylibium 0 10 3 Regulating C, N, Fe 
and S cycles 

Not found  
 

Methanotrophic 
rice root 
endophytes 
(Edwards et al., 
2015) 

Proteobacteria 
 
 
 
 
 
 
 

Methylocystis 1 2 2 Regulating C, N Fe 
and S cycles 

Found in rice 
soil 
 (Qiu et al., 
2008) 
 

Methanotrophic 
rice root 
endophytes 
(Shrestha et al., 
2010, Qiu et al., 
2008, Ferrando 
and Fernández 
Scavino, 2015) 

Proteobacteria 
 
 

Methylomonas 0 2 0 Control C 
biogeochemical 
cycle by using 

(Breidenbach et 
al., 2016, Qiu et 
al., 2008, 

Isolated as rice 
endophytes 
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methane as a 
source of energy. 

Edwards et al., 
2015) 

(Qiu et al., 2008, 
Edwards et al., 
2015) 

Actinobacteria 
 
 
 
 
 
 

Mycobacterium 5 0 2 Some species are 
active in arsenic 
demethylation, 
some are human 
pathogen  

Found in rice 
soil 
(Edwards et al., 
2015, Aslam et 
al., 2013, Ahn et 
al., 2012) 
 

Identified in rice 
root and shoot 
(Tian et al., 2007, 
Edwards et al., 
2015) 

Actinobacteria 
 
 
 
 

Nocardioides 2 0 0 Exhibited arsenic 
transformation 
ability, decompose 
complex molecules 
of organic matter 

(Aslam et al., 
2013, Ahn et al., 
2012) 

 Identified in rice 
root and shoot 
(Edwards et al., 
2015, Tian et al., 
2007) 

Verrucomicrobia 
 
 
 
 
 
 
 

Opitutus 1 5 2 Methane cycling, 
consumers of 
plant-derived C in 
the rice 
rhizosphere 

Isolated from 
rhizosphere soil 
(Moronta-
Barrios et al., 
2018, 
Breidenbach et 
al., 2016) 

Isolated as rice 
endophytes 
(Moronta-Barrios 
et al., 2018) 

Actinobacteria 
 
 
 

Oryzihumus 1 0 0 Decompose 
organic matter, 
hydrolyses casein, 
tyrosine and starch 

Found in rice 
soil (Ahn et al., 
2012, Kageyama 
et al., 2005) 

Not found 
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Proteobacteria 
 
 
 

Pleomorphomonas 0 2 0 Regulating C, N, Fe 
and S cycles 

Found in rice 
soil 
 (Edwards et al., 
2015, Moronta-
Barrios et al., 
2018) 

Rice root 
endophytes 
(Moronta-Barrios 
et al., 2018, 
Edwards et al., 
2015, Walitang et 
al., 2019) 

Planctomycetes 
 
 
 
 

Singulisphaera 13 0 3 C cycling Found in rice 
soil 
(Huang et al., 
2019, Sheng et 
al., 2015) 

Not found 
 

Firmicutes 
 
 

Sporacetigenium 1 0 1 Biodegradation of 
organic matter, 
methane 
production 

(Ji et al., 2020) Not found  

Firmicutes 
 
 
 

Sporomusa 1 2 0 Anaerobic 
degradation of soil 
recalcitrant organic 
matter, reduce Fe 

(Peng et al., 
2016, 
Rosencrantz et 
al., 1999) 

Not found 

Firmicutes 
 
 

Tumebacillus 2 0 2 Ecological role of 
Tumebacillus in soil 
is unclear 

(Afroz et al., 
2019) 

Not found 
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4.3.8 DESeq2 analysis at phylum level  

4.3.8.1 DESeq2 analysis at phylum level in soil samples 

In soil, DESeq2 analysis identified four significant OTU’s among which one increased 

in copy number (FDR < 0.05, log2FC > 1) in treatments versus control and three 

decreased (FDR < 0.05, Log2FC < -1) in treatments versus control (Table 4.5). Follow 

up analysis in Minitab 19 (ONEWAY-ANOVA) identified three significant OTU’s due 

to the different treatment effects (Table 4.5, Figure 4.11). A decrease in copy 

number when compared to the control was observed in Bacteria OP10 and in 

Chloroflexi in response to ash (Figure 4.11 a, b), while Planctomycetes increased in 

response to ash (Figure 4.11 c).  

 

Table 4.5. Rhizosphere soil DESeq2 and ANOVA analysis summary: Significant 

phylum (Log2FC > 1, FDR < 0.05) for OTU’s that showed higher copy number in 

treatment versus control and significant phylum (Log2FC < -1, FDR < 0.05) for OTU’s 

that show lower copy number in treatment versus control. Significance levels: NS= 

P value > 0.05, * P value < 0.05, ** P value < 0.01, *** P value < 0.001. 

 
Increase in copy number in 
treatments 
 

 
Significant in 
treatment 
comparison 

 
FDR < 0.05 

 
DESeq2 
Log2FC > 1 

 
ANOVA 
sig 
 

Bacteria;Planctomycetes A-C,  yes yes * 

Decrease in copy number 
in treatments 

Significant in 
treatment 
comparison 

FDR < 0.05 
DESeq2 
Log2FC < -1 

ANOVA 
sig 

Bacteria;OP10 A-C yes yes ** 

Bacteria;Chloroflexi A-C yes yes * 

Bacteria;OD1 Hs-C yes yes NS 
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Figure 4.11. Mean and range of DESeq2 normalised counts obtained for significant 

(FDR < 0.05, absolute log2FC > 1) 16S rRNA amplicon data at phylum level in soil 

samples: a) Bacteria OP10; b) Chloroflexi; c) Planctomycetes. C= control, A= ash, 

Hs= half-slurry, Fs= full-slurry, Mf= mineral fertilizer. 

 

4.3.8.2 DESeq2 analysis at phylum level in root samples  

In root, DESeq2 analysis identified only two significant OTU’s, which decreased in 

copy number (FDR < 0.05, Log2FC < -1) in treatments versus control but follow up 

analysis (in Minitab 19) indicated that these were false positives (Table 4.6). 
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Table 4.6. Rice root DESeq2 and ANOVA analysis summary for phylum level OTU’s 

that showed significant lower copy number in treatment versus control (Log2FC < -

1 and FDR < 0.05). Significance levels: NS= P value > 0.05, * P value < 0.05, ** P 

value < 0.01, *** P value < 0.001. 

 
Decreased in copy 
number in treatments 
 

 
Significant in 
treatment 
comparison 
 

FDR < 0.05 
 

DESeq2 
Log2FC < 1 
 

ANOVA 
sig 

Bacteria;OP10 Hs-C yes yes NS 

Bacteria;Other Hs-C yes yes NS 

 

4.3.8.3 DESeq2 analysis at phylum level in shoot samples  

In shoot, DESeq2 analysis identified seven significant OTU’s, which decreased in 

copy number (FDR < 0.05, Log2FC < -1) in treatments versus control (Table 4.7). 

Follow up analysis by Minitab 19 (ONEWAY-ANOVA) revealed that all the seven 

phyla significantly decreased in copy number in treatments versus control, with the 

ash and slurry treatment showing strong effect and mineral fertilizer showing no 

effect (Figure 4.12). When compared to the control, for Firmicutes, Planctomycetes, 

Actinobacteria, Chloroflexi and Proteobacteria a significant decrease in copy 

number was observed in response to ash, half-slurry and full-slurry (Figure 4.12 a-e, 

Table 4.7). Bacteroidetes significantly decreased in copy number in response to ash 

and full-slurry (Figure 4.12 f, Table 4.7) and Acidobacteria significant decreased in 

response to ash (Figure 4.12 g, Table 4.7). 
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Table 4.7. Rice shoot DESeq2 and ANOVA analysis summary for phylum level OTU’s 

that show significant lower copy number in treatment versus control (Log2FC < -1 

and FDR < 0.05). Significance levels: NS = P value > 0.05, * P value < 0.05, ** P value 

< 0.01, *** P value < 0.001. 

 
Decreased in copy 
number in treatments 
 

 
Significant in 
treatment 
comparison 
 

 
FDR < 0.05 

 
DESeq2 
Log2FC < -1 

 
ANOVA sig 

Bacteria;Firmicutes A-C, Fs-C, Hs-C yes yes ** 

Bacteria;Planctomycetes A-C, Fs-C, Hs-C yes yes *** 

Bacteria;Actinobacteria A-C, Fs-C, Hs-C yes yes *** 

Bacteria;Chloroflexi A-C, Fs-C, Hs-C yes yes *** 

Bacteria;Bacteroidetes A-C, Fs-C yes yes ** 

Bacteria;Acidobacteria A-C yes yes * 

Bacteria;Proteobacteria A-C, Fs-C, Hs-C yes yes *** 
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Figure 4.12. Mean and range of DESeq2 normalised counts obtained for significant 

16S rRNA amplicon data DESeq2 at phylum level in shoot samples: a) Firmicutes; b) 

Planctomycetes; c) Actinobacteria; d) Chloroflexi; e) Proteobacteria; f) 

Bacteroidetes; g) Acidobacteria. C= control, A= ash, Hs= half-slurry, Fs= full-slurry, 

Mf= mineral fertilizer. 

 

4.3.9 DESeq2 analysis at genus level 

4.3.9.1 DESeq2 analysis at genus level in soil samples  

The significant unique and overlapping DESeq2 normalized count for genus level 

OTU’s for the four different pairwise comparisons (treatment versus control) in soil 

was summarised using a Venn diagram (Figure 4.13). In soil, DESeq2 analysis 

identified 32 OTU’s, out of which 11 were increased in copy number (FDR < 0.05, 

log2FC > 1) in treatments versus control (Table 4.8) and 21 decreased in copy 

number (FDR < 0.05, Log2FC < 1) in treatments versus control (Table 4.8). Follow up 
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analysis to see the individual treatment effect in Minitab 19 (ONEWAY-ANOVA) 

identified 22 significant OTU’s with 6 increased in copy number (Figure 4.14) and 16 

decreased in copy number (Figure 4.15) due to the different treatment effects. 

Bacillariophyta, Streptophyta, and Rhodothermaceae increased in response to full-

slurry, while Incertae Sedis XI and Clostridiaceae and Porphyromonadaceae 

increased in response to both full-slurry and half-slurry treatment (Figure 4.14). Ash 

treatment shows significantly decreased the copy number of 9 genus level OTU’s 

(Figure 4.15 a, b, c, d, e, f, g, h, i), half-slurry of 9 genus level OTU’s (Figure 4.15 d, e, 

f, g, i, j, k, n, o), full-slurry 8 genus level OTU’s (Figure 4.15 d, f, g, i, j, k, l ,m) and 

mineral fertilizer 5 genus level OTU’s (Figure 4.15 a, c, d, e, i, p). 

 

Figure 4.13. Venn diagram showing the number of significant DESeq2 genus level 

OTU’s identified in soil samples (DESeq2, FDR < 0.05, absolute log2FC > 1) for the 

four treatment versus control comparisons. Fs-C= full-slurry versus control; Hs-C= 

half-slurry versus control, Mf-C= mineral fertilizer versus control; A-C= ash versus 

control.
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Table 4.8. Rhizosphere soil samples DESeq2 and ANOVA analysis summary for genus level 16S rRNA OTU’s that show higher copy number in 

treatment versus control (Log2FC > 1, FDR < 0.05) and genus level OTU’s that showed lower copy number in treatment versus control (Log2FC 

< -1, FDR < 0.05). Significance levels: NS= P value > 0.05, * P value < 0.05, ** P value < 0.01, *** P value < 0.001. 

Increased copy number in treatments 
 
 
 

Significant in 
treatment 
comparison 
 

FDR 
< 0.05 
 
 

DESeq2 
Log2FC > 1 
 
 

ANOVA 
sig 
 
 

Role in paddy soil 

Bacteria;Cyanobacteria;Cyanobacteria;Chloroplast; 
Bacillariophyta;Other 

Fs-C yes yes * 

Cyanobacteria are important for 
arsenic transformations in terms of 
both mineralisation, arsenic redox 
dynamics and formation of 
organoarsenic species (Zhang et al., 
2014, Miyashita et al., 2016). 

Bacteria;Cyanobacteria;Cyanobacteria;Chloroplast; 
Streptophyta;Other 

Fs-C 
 
 

 
yes 
 
 
 
 

yes 
 
 
 

* 
 
 

Cyanobacteria are important for 
arsenic transformations in terms of 
both mineralisation, arsenic redox 
dynamics and formation of 
organoarsenic species (Zhang et al., 
2014, Miyashita et al., 2016). 

Bacteria;Proteobacteria;Betaproteobacteria; 
Rhodocyclales;Rhodocyclaceae;Dechloromonas 

Fs-C yes yes NS 
Actively control denitrification 
(Yoshida et al., 2012). 
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Bacteria;Acidobacteria;Acidobacteria_Gp10;Gp10; 
Other;Other 

Fs-C yes 
 
yes 
 

 
NS 
 

Control denitrification, reduce N2O 
(Yoshida et al., 2012). 

Bacteria;Bacteroidetes;Bacteroidia;Bacteroidales; 
Porphyromonadaceae;Paludibacter 

Fs-C 
yes 
 

yes 
 

NS 

Bacteroidetes dominant during plant 
residue decomposition that 
enhances arsenic methylation and 
volatilization (Jia et al., 2013a, Xiao 
et al., 2016, Das et al., 2016). 

Bacteria;Bacteroidetes;Sphingobacteria; 
Sphingobacteriales;Rhodothermaceae;Other 

Fs-C 
 
yes 
 

yes 
*** 
 

Rhodothermaceae family can take 
part in natural transformation of 
arsenic (Engel et al., 2013, Gu et al., 
2017, Van der Merwe et al., 2010). 

Bacteria;Firmicutes;Clostridia;Clostridiales; 
Incertae Sedis XI;Other 

Fs-C, Hs-C 
 

yes 
 

yes 
 

*** 

Decomposer, fermentative bacteria, 
respire Fe(III),and methylate As(III) 
to mono and dimethyl arsenate 
(Rui et al., 2009, Lloyd, 2003) 

Bacteria;Firmicutes;Clostridia;Clostridiales; 
Clostridiaceae;Sarcina 

Fs-C, Hs-C 

 
 
yes 
 
 

yes *** 

Decomposer, fermentative bacteria, 
respire Fe(III),and methylate As(III) 
to mono and dimethyl arsenate 
(Rui et al., 2009, Koeck et al., 2014, 
Lloyd, 2003).  

Bacteria;Bacteroidetes;Bacteroidia;Bacteroidales; 
Porphyromonadaceae;Other 

Fs-C, Hs-C yes yes *** 
Bacteroidetes enhances arsenic 
methylation and volatilization (Jia et 
al., 2013a, Xiao et al., 2016).  
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Bacteria;Firmicutes;Clostridia;Clostridiales; 
Peptostreptococcaceae;Sporacetigenium 

Hs-C yes yes NS 

Decomposer, fermentative bacteria, 
respire Fe(III),and methylate As(III) 
to mono and dimethyl arsenate 
(Rui et al., 2009, Koeck et al., 2014, 
Lloyd, 2003). 

Bacteria;Firmicutes;Clostridia;Clostridiales; 
Incertae Sedis XVIII;Symbiobacterium 

Mf-C yes yes NS 
Symbiobacterium play important 
role in nitrogen oxide (N2O) emission 
from rice soil (Wang et al., 2015a). 

Decreased copy number in treatments   DESeq2 
Log2FC < 1 

  

Bacteria;Actinobacteria;Actinobacteria;Actinomycet
ales;Microbacteriaceae;Agrococcus 

A-C, Mf-C yes yes ** 

Microbacteriaceae secretes 
phytohormones and promotes rice 
growth and yield (Borah et al., 
2018). 

Bacteria;Firmicutes;Bacilli;Bacillales;Bacillaceae; 
Exiguobacterium 

A-C, Mf-C 
 

yes yes NS Not found 

Bacteria;Verrucomicrobia;Opitutae;Opitutales; 
Opitutaceae;Other 

A-C yes yes * 

High abundance of Opitutaceae 
family was found in rice soil , while 
the phylum could decompose 
residues and produce methane (Rui 
et al., 2009). 
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Bacteria;Proteobacteria;Alphaproteobacteria; 
Rhodobacterales;Rhodobacteraceae;Paracoccus 

A-C, Mf-C yes yes *** 

Paracoccus are major arsenic 
oxidizing bacteria (Zhang et al., 
2015a), also oxidize S (Friedrich et 
al., 2000, Masuda et al., 2016). 

Bacteria;Verrucomicrobia;Verrucomicrobiae; 
Verrucomicrobiales;Verrucomicrobiaceae;Verrucomi
crobium 

A-C, Hs-C, Fs-C, 
Mf-C 

yes yes * 

Verrucomicrobia is a decomposer, 
can produce methane, and 
assimilate root exudates in rice 
(Wang et al., 2019a, Rui et al., 2009). 

Bacteria;Proteobacteria;Alphaproteobacteria; 
Rhizobiales;Phyllobacteriaceae;Other 

A-C, Hs-C, Mf-C yes yes ** 

Rhizobiales are P solubilizing 
bacteria and strong 
denitrifiers(Yoshida et al., 2012, 
Long et al., 2018).  

Bacteria;Acidobacteria;Acidobacteria_Gp23;Gp23; 
Other;Other 

A-C, Fs-C, Hs-C 

 
yes 
 
 

yes * 
Rice endophytic bacteria, controls 
denitrification (Yoshida et al., 2012, 
Sun et al., 2008). 

Bacteria;Proteobacteria;Gammaproteobacteria; 
Methylococcales;Methylococcaceae;Other 

A-C yes yes NS Not found 

Bacteria;Cyanobacteria;Cyanobacteria;Other;Other;
Other 

A-C, Hs-C, Fs-C yes yes * 

Cyanobacteria are important for 
arsenic transforming, and arsenic 
redox dynamics and formation of 
organoarsenic species. (Zhang et al., 
2014, Miyashita et al., 2016). 
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Bacteria;Planctomycetes;Planctomycetacia; 
Planctomycetales;Planctomycetaceae;Planctomyces 

A-C yes yes * 

 Planctomycetes control ammonia 
transformation and N cycle (Zhang 
et al., 2019, Fuerst and Sagulenko, 
2011). 

Bacteria;Verrucomicrobia;Subdivision5;Subdivision5_
genera_incertae_sedis;Other;Other 

A-C, Hs-C, Fs-C, 
Mf-C 

yes yes *** 

Verrucomicrobia decompose 
residues, produce methane, and 
assimilate root exudates in rice 
(Wang et al., 2019a, Rui et al., 2009). 

Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridia
ceae;Anaerobacter 

Fs-C yes yes NS 

Decomposer, fermentative bacteria, 
respire Fe(III),and methylate As(III) 
to mono and dimethyl arsenate 
 (Rui et al., 2009, Koeck et al., 2014, 
Lloyd, 2003). 

Bacteria;Proteobacteria;Gammaproteobacteria; 
Xanthomonadales;Sinobacteraceae;Steroidobacter 

Fs-C, Hs-C yes yes ** 
Steroidobacter controls N cycle 
(Zhang et al., 2019). 

Bacteria;Proteobacteria;Deltaproteobacteria;Desulfo
bacterales;Other;Other 

Fs-C, Hs-C 
 

yes yes 
** 
 
 

Desulfobacterales controls S 
reduction and hydrogen production 
(Itoh et al., 2013). 

Bacteria;Firmicutes;Bacilli;Bacillales;Planococcaceae;
Other 

Fs-C 
 

yes 
 

yes 
 

* Not found 
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Bacteria;Proteobacteria;Deltaproteobacteria; 
Bdellovibrionales;Bacteriovoracaceae;Bacteriovorax 

Fs-C yes yes ** 
Not found in rice soil but found in 
marine environment (Crossman et 
al., 2013). 

Bacteria;Planctomycetes;Planctomycetacia;Plancto
mycetales;Planctomycetaceae;Blastopirellula 

Fs-C yes yes NS Not found 

Bacteria;Proteobacteria;Gammaproteobacteria; 
Enterobacteriales;Enterobacteriaceae;Other 

Hs-C, Mf-C 
 

yes yes NS 

Most of the arsenate reducing 
bacteria represents 
Enterobacteriaceae family and found 
as rice endophytes (Borah et al., 
2018, Yan et al., 2020). 

Bacteria;Firmicutes;Bacilli;Bacillales;Paenibacillacea
e;Aneurinibacillus 

Hs-C yes yes * 
Rice endophytes, promotes plant 
growth (Borah et al., 2018). 

Bacteria;Proteobacteria;Alphaproteobacteria; 
Rhodospirillales;Acetobacteraceae;Roseomonas 

Hs-C yes yes * 
Roseomonas are arsenic 
transforming bacteria (Bagade et al., 
2016). 

Bacteria;Verrucomicrobia;Verrucomicrobiae; 
Verrucomicrobiales;Verrucomicrobiaceae;Other 

Mf-C 
 

Yes 
 

Yes 
 

* 
 

Verrucomicrobia decompose 
residues and produce methane , 
assimilate root exudates in rice 
(Wang et al., 2019a, Rui et al., 2009). 
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 Figure 4.14. Mean and range of DESeq2 normalised counts obtained for 

significantly increased (treatment versus control, FDR < 0.05, log2FC > 1) 16S rRNA 

OTU’s at genus level in soil samples: DESeq2; a) Bacillariophyta;Other; b) 

Streptophyta;Other; c) Rhodothermaceae;Other; d) Incertae Sedis XI;Other; e) 

Clostridiaceae;Sarcina; f) Porphyromonadaceae;Other. C= control, A= ash, Hs= half-

slurry, Fs= full-slurry and Mf= mineral fertilizer. 
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Figure 4.15. Mean and range of DESeq2 normalised counts obtained for significantly 

decreased (treatment versus control, FDR < 0.05, log2FC < -1) 16S rRNA OTU’s at 

genus level in soil samplesDESeq2: a) Microbacteriaceae;Agrococcus; b) 

Opitutaceae;Other; c), Rhodobacteraceae;Paracoccus; d) 

Verrucomicrobiaceae;Verrucomicrobium; e) Phyllobacteriaceae;Other; f) 

Acidobacteria; Gp23;Other; g) Cyanobacteria;Other; h) 

Planctomycetaceae;Planctomyces; i) incertae_sedis;Other;Other; j) 

Sinobacteraceae;Steroidobacter; k) Desulfobacterales;Other;Other; l) 

Planococcaceae;Other; m) Bacteriovoracaceae;Bacteriovorax; n) 

Paenibacillaceae;Aneurinibacillus; o) Acetobacteraceae;Roseomonas; p) 

Verrucomicrobiaceae;Other. C= control, A= ash, Hs= half-slurry, Fs= full-slurry, Mf= 

mineral fertilizer. 
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4.3.9.2 DESeq2 analysis at genus level in root samples 

For genus level results, the identified significant 16S rRNA OTU’s for the pairwise 

comparisons in the root are summarized in the Venn diagram (Figure 4.16). In root, 

DESeq2 analysis identified 10 significant OTU’s, 6 of which increased in copy 

number (FDR < 0.05, log2FC > 1), that includes 2 OTU’s in ash treatments and 4 

OTU’s in half and full-slurry treatments versus control and 4 decreased in copy 

number (FDR < 0.05, Log2FC < -1) in half and full-slurry treatments versus control 

(Table 4.9). Follow up analysis in Minitab 19 (ONEWAY-ANOVA) identified only 3 

significant OTU (Table 4.9), 1 increased and 2 decreased in response to the full-

slurry and half-slurry treatments. 

 

Figure 4.16. Venn diagram showing the number of significant genus level OTU’s 

identified in root samples (DESeq2, FDR < 0.05, absolute log2FC > 1) for the three 

treatment versus control comparisons. Fs-C= full-slurry versus control; Hs-C= half-

slurry versus control, A-C= ash versus control.
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Table 4.9. Rice root DESeq2 and ANOVA analysis summary, genus level OTU’s that show significantly higher copy number in treatment versus 

control (Log2FC > 1, FDR < 0.05) and significantly lower copy number in treatment versus control (Log2FC < -1, FDR < 0.05). C= control, A= ash, 

Hs= half-slurry, Fs= full-slurry, Mf= mineral fertilizer. Significance levels: NS= P value > 0.05, * P value <0.05, ** P value < 0.01, *** P value < 

0.001. 

Increased in copy number in treatments 
 

Significant 
in 
treatment 
comparison 

FDR 
< 0.05 

DESeq2 
Log2FC > 1 

ANOVA 
sig 

Role in rice as endophyte 

Bacteria;Proteobacteria;Deltaproteobacteria;Myxococcales; 
Cystobacteraceae;Cystobacter 

 
A-C 
 

yes yes NS 
Isolated from paddy rhizosphere 
soil (Maarastawi et al., 2018) 

Bacteria;Actinobacteria;Actinobacteria;Actinomycetales; 
Streptomycetaceae;Other 

 
A-C 
 
 

yes 
 

yes 
 

NS 
 

Plant growth promotion and 
disease suppression found in soil 
(Gowdar et al., 2018) 

Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales; 
Xanthobacteraceae;Xanthobacter 
 

 
Fs-C 
 
 

yes 
 
 

yes 
 
 

NS 
 
 

Free living N fixer isolated from 
rice rhizosphere (OYAIZU-
MASUCHI and KOMAGATA, 
1988) 

 
Bacteria;Acidobacteria;Acidobacteria_Gp10;Gp10;Other;Other 
 

Fs-C yes yes * 
Control denitrification, reduce 
nitrate and nitrite in rhizosphere 
soil (Yoshida et al., 2012) 

Bacteria;Proteobacteria;Betaproteobacteria;Burkholderiales; 
Comamonadaceae;Polaromonas 

 
Hs-C 
 

yes 
 

yes 
 

NS 
 

Not found in rice 
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Bacteria;Proteobacteria;Gammaproteobacteria;Xanthomonadales; 
Xanthomonadaceae;Dyella 

Hs-C yes yes NS 

The family was found as a 
disease-suppressive rice root 
endophytes (Carrión et al., 2019, 
Kunda et al., 2018) 

Decreased in copy number in treatments     
DESeq2 
Log2FC < 1 

  

Bacteria;Acidobacteria;Acidobacteria_Gp23;Gp23;Other;Other Fs-C yes yes NS 
Control denitrification, reduce 
nitrate and nitrite in rhizosphere 
soil (Yoshida et al., 2012) 

Bacteria;Proteobacteria;Deltaproteobacteria;Other;Other;Other Fs-C yes yes * 
Found as rice root endophytes 
(Sun et al., 2008) 

Bacteria;Proteobacteria;Deltaproteobacteria; 
Syntrophorhabdaceae;Syntrophorhabdus;Other 

Hs-C 
 

yes 
 

yes 
 

* 
Root endophytes involve in 
methane cycling (Edwards et al., 
2015) 

Bacteria;Verrucomicrobia;Spartobacteria;Spartobacteria_ 
genera_incertae_sedis;Other;Other 

 
Hs-C 
 

yes 
 

yes 
 

NS 
 

Not found 
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4.3.9.3 DESeq2 analysis at genus level in shoot samples 

For genus level results, the identified significant 16S rRNA OTU’s for the pairwise 

comparisons in shoot are summarized in the Venn diagram (Figure 4.17). At the 

genus level in shoot, DESeq2 analysis identified 8 significant OTU’s, 2 of which were 

increased in copy number (FDR < 0.05, log2FC > 1) in treatments versus control and 

6 were decreased in copy number (FDR < 0.05, Log2FC < -1) in treatments versus 

control (Table 4.10). Follow up analysis in Minitab 19 (ONEWAY-ANOVA) identified 

all of them as significant at genus-level OTU’s due to the different treatment 

comparisons. Ash treatment shows significantly decreased the copy number of 3 

genus level OTU’s (Figure 4.18 c, d, e ), half-slurry of 4 genus level OTU’s (Figure 

4.18 c, d, e, h); full-slurry 6 (Figure 4.18 c, d, e, f, g, h ); and mineral fertilizer 

significantly increased the copy number of 2 genus level OTU’s (Figure 4.18 a, b). 
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Figure 4.17. Venn diagram showing the number of significant genus level OTU’s 

identified in shoot samples (DESeq2, FDR < 0.05, absolute log2FC > 1) for the four 

treatment versus control comparisons. Fs-C= full-slurry versus control; Hs-C= half-

slurry versus control, Mf-C= mineral fertilizer versus control, A-C= ash versus 

control. 
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Table 4.10. Rice shoot samples, DESeq2 and ANOVA analysis summary for genus level OTU’s that show higher copy number in treatment 

versus control (Log2FC > 1, FDR < 0.05) and genus level OTU’s that showed lower copy number in treatment versus control (Log2FC < -1, FDR < 

0.05). C= control, A= ash, Hs= half-slurry, Fs= full-slurry, Mf= mineral fertilizer. Significance levels: NS= P value > 0.05, * P value < 0.05, ** P 

value < 0.01, *** P value < 0.001. 

Increased in copy number in treatments 

Significant 
in 
treatment 
comparison 

FDR 
< 0.05 

DESeq2 
Log2FC > 1 

ANOVA 
sig 

Role in rice endosphere/shoot  

Bacteria;Proteobacteria;Deltaproteobacteria; 
Desulfuromonadales;Geobacteraceae;Geobacter 

Mf-C yes yes *** 

Arsenate respiring bacteria, release 
arsenic and increase arsenic 
methylation (Dang et al., 2016, 
Ohtsuka et al., 2013), typical Fe 
reducers, abundant in the rice 
rhizosphere soil (Breidenbach et al., 
2016, Yan et al., 2020).  

Bacteria;Proteobacteria;Betaproteobacteria; 
Rhodocyclales;Rhodocyclaceae;Other 
 

Mf-C yes yes *** 
Rhodocyclaceae are root endophytic 
bacteria (Wang et al., 2019b, Li et al., 
2020b). 

Decreased in copy number in treatments 
 

  
DESeq2 
Log2FC < 1 

  

Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae; 
Clostridium 

A-C, Fs-C, 
Hs-C 

yes yes * 

N fixing endophytes identified in leaf 
and root (Sun et al., 2008, Santos-
Medellín et al., 2017, Zhang et al., 
2013, Roman-Reyna et al., 2020). 
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Bacteria;Firmicutes;Clostridia;Clostridiales;Other;Other 
A-C, Fs-C, 
Hs-C 

yes 
 

yes 
** 
 

N fixing endophytes identified in leaf 
and root (Sun et al., 2008, Santos-
Medellín et al., 2017, Zhang et al., 
2013, Roman-Reyna et al., 2020).  

Bacteria;Firmicutes;Clostridia;Clostridiales;Clostridiaceae; 
Other 
 

A-C, Fs-C, 
Hs-C 

yes yes ** 

N fixing endophytes identified in leaf 
and root (Sun et al., 2008, Santos-
Medellín et al., 2017, Zhang et al., 
2013, Roman-Reyna et al., 2020).  

Bacteria;Proteobacteria;Alphaproteobacteria;Rhizobiales; 
Other;Other 
 

FS-C yes yes * 

Rhizobiales were found as rice roots 
endophytes, symbiotic bacteria, 
promotes growth and productivity 
(Ikenaga et al., 2003). 

Bacteria;Chloroflexi;Anaerolineae;Anaerolineales; 
Anaerolineaceae;Other 

Fs-C yes yes *** 

Decomposer and regulate the 
solubility of Cd and Endophytic 
microbes (Nasir et al., 2019, Meng et 
al., 2019). 

Bacteria;Proteobacteria;Alphaproteobacteria;Other;Other; 
Other 

Fs-C, Hs-C 
yes 
 

yes 
** 
 
 

Dominate in rice roots, assimilate C, 
and promote growth (Lu et al., 
2006). 
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Figure 4.18. Mean and range of DESeq2 normalised counts obtained for significantly 

increased (treatment versus control, FDR < 0.05, log2FC > 1) and significantly 

decreased (treatment versus control, FDR < 0.05, log2FC < -1) 16S rRNA OTU’s at 

genus level in shoot samples: a, Proteobacteria;Geobacter; b, 

Rhodocyclaceae;Other; c, Firmicutes; Clostridium; d, Firmicutes; 

Clostridiales;Other;Other; e, Firmicutes; Clostridiaceae;Other; and f, 

Proteobacteria;Rhizobiales;Other; g, Chloroflexi;Anaerolineaceae;Other; and h, 

Proteobacteria; Alphaproteobacteria;Other. C= control, A= ash, Hs= half-slurry, Fs= 

full-slurry, Mf= mineral fertilizer. 
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4.4 Discussion 

4.4.1 Context of the chapter  

The rice rhizosphere, rhizoplane, endosphere and bulk soil microbiome contains 

aerobic, anaerobic or facultative anaerobic bacteria and archaea (Li and Wang, 

2013, Revsbech et al., 1999). These rice paddy bacterial and archaeal communities 

are of interest because of their role in biogeochemical cycles (Ding et al., 2019). 

They are essential for the rice paddy ecosystem functioning (Hernández et al., 2015, 

Sun et al., 2015) and are important sources of biological methane (Minami et al., 

1994). Several studies have previously investigated the bacterial communities in 

rice paddy systems. Some studies focused on the comparison of bulk soil and 

rhizosphere soil (Edwards et al., 2019), others investigated different root 

compartments (Ding et al., 2019, Edwards et al., 2015). The bacteria living in the 

rice root interior, the leaves and the seeds were studied by Mano et al. (2007). The 

bacterial communities in the rhizosphere, anoxic and oxic soil have been described 

in several studies (Asakawa and Kimura, 2008, Breidenbach and Conrad, 2015, Lee 

et al., 2015, Liesack et al., 2000). Bacteria living in rice phyllosphere were 

investigated via 16S rRNA pyrotag sequencing by Ren et al. (2014). Endophytic and 

rhizospheric populations were studied using metagenomic and metaproteomic 

approaches (Knief et al., 2012). Other studies identified Bacteria (Hernández et al., 

2015, Lu et al., 2006), and Archaea (Lu and Conrad, 2005, Zhu et al., 2014), that use 

and gain energy from plant-generated C in the rhizosphere. Anaerobic 

Streptomyces sp. were identified in flooded paddy rhizosphere soil and found to be 

involved in arsenic methylation and transformation of arsenite to methyarsenate 

and dimethylarsenate (Kuramata et al., 2015). Roseomonas and Nocardioides sp. 

were shown to have arsenic transformation ability in soil (Bagade et al., 2016). 

Moreover, some studies focused on active sulfate-reducing and ammonia-oxidizing 

bacterial communities in rice roots or in the endorhizosphere (Briones et al., 2003, 

Scheid and Stubner, 2001). All these bacterial interactions and activities control 

sustainable rice production. 
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In the current chapter, the diversity and abundance of bacteria in rice paddy 

rhizosphere soil, root and shoot was investigated via 16S rRNA sequencing which is 

a widely used NGS techniques in recent years. Also, the effect of different soil 

amendments on the bacterial community in each compartment and the potential 

role of identified bacteria were investigated via comparison with other studies.  

 

4.4.2 Bacterial diversity in the rhizosphere soil, root and shoot  

Previously few studies have conducted a detailed study on the rice rhizosphere soil, 

root and shoot bacterial diversity. Specifically, our study employed a high level of 

sequencing depth with more than 29,000 sequences obtained for all samples 

(lowest number of sequences were obtained for 1 leaf sample, which retained 

29,252 after QC), with much higher numbers of sequences obtained for soil 

(minimum > 66,000) and root (minimum > 57000). Rarefaction analysis at 29000 

showed that the bacterial diversity in rice shoot and root had already reached a 

plateau at this level, indicating that most organisms in root and shoot can be 

captured with sequencing depth of 29,000, while for soil the alpha diversity only 

started to approach a plateau, showing that higher levels of sequencing depth (as 

obtained for soil samples in this study) are required to fully capture soil bacterial 

diversity. As in the current study, previous research found that the 16S rRNA 

bacterial diversity in rhizosphere soil is higher when compared to the diversity in 

the rice endosphere (Edwards et al., 2015, Hallmann et al., 1997, Hernández et al., 

2015, Mendes et al., 2013, Moronta-Barrios et al., 2018). However, in the current 

study overall bacterial diversity measures were not significantly affected by 

treatment, although there was an effect of some treatments on the abundance of 

some individual OTU’s. In contrast to this, animal manure has previously been 

shown to increase species richness, bacterial diversity, nutrient accessibility, plant 

biomass, and soil enzymatic activity (Das et al., 2017, Marschner et al., 2003, Sun et 

al., 2004). Earlier studies also showed that the 16S rRNA bacterial richness and the 

diversity can be changed throughout the growing period under aquatic rice growing 

condition (Barreiros et al., 2011) and under the rice rhizosphere environment (Lee 

et al., 2014).  
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4.4.3 Abundance of 16S rRNA bacteria in the rhizosphere soil, root and shoot at 

the phylum level  

In irrigated rice, bacterial community compositions are complex (Asakawa and 

Kimura, 2008) and found to differ between oxic and anoxic regions (Shrestha et al., 

2007). In this study, the relative abundance of the bacterial community in rice 

rhizosphere soil and root showed very different levels of diversity in the three 

compartments as to be expected, while in shoot very low counts were observed. In 

previous studies, Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, 

Acidobacteria, and Chloroflexi were identified as the major contributors to the 

microbial population into the paddy soil (Knief et al., 2012, Yan et al., 2020). Similar 

to these, our study also revealed Proteobacteria, Firmicutes, Actinobacteria, 

Planctomycetes, Acidobacteria, Chloroflexi, Gemmatimonadetes, Verrucomicrobia 

were more abundant in soil compared to the other two compartments.  

 

Proteobacteria and Bacteroidetes on the other hand were significantly higher in the 

root compared to the soil. The relative abundance of Cyanobacteria was highest in 

the shoot, contributing > 90 % of the total relative abundance but were removed 

from the analysis, as most likely these sequences originated from chloroplast DNA. 

Apart from the Cyanobacteria (after filtering), Proteobacteria, followed by 

Firmicutes, Actinobacteria and Bacteroidetes were found to dominate in the shoot. 

The highest relative abundance of Proteobacteria in all the three compartments 

suggests that they are more active in rice environment and are the common 

inhabitants of rice soils (Edwards et al., 2015, Fierer et al., 2012, Kuramae et al., 

2012, Lopes et al., 2014). Proteobacteria have previously been shown to have a 

positive impact on the seedling early growth rate (Moronta-Barrios et al., 2018). 

Previous studies revealed that Proteobacteria grow rapidly where C is available and 

are particularly abundant in paddy soil (Fierer et al., 2007, Kumar et al., 2018). No 

significant influence on the relative abundance of Proteobacteria was identified in 

response to silica fertilisation, but a decrease in the relative abundance of 
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Chloroflexi and Cyanobacteria, and an increase in abundance of Acidobacteria was 

observed (Shao et al., 2016). The bacterial community composition was also found 

to differ in the rice growth periods, under organic versus conventional fertilization 

and the possible reason behind this might be the decomposition of organic 

fertilizers (Suzuki et al., 2019). Alphaproteobacteria and Betaproteobacteria for 

example have previously been shown to be highly abundant in the growing stages 

in rice plant (Pittol et al., 2018). Moronta-Barrios et al. (2018) found that 

Proteobacteria, Bacteroidetes, Verrucomicrobia, Cyanobacteria and Firmicutes 

were abundant in both rice root and soil. Previous studies identified bacteria 

mediated reductive dissolution of arsenic-bearing iron (hydr-) oxides and 

subsequent mobilization of arsenic is one of the possible mechanisms of arsenic 

release in soil when bacteria utilize arsenate as a terminal electron acceptor for 

respiration (Islam et al., 2004) and includes the phyla Firmicutes, gamma-, delta-, 

and Proteobacteria, which were also detected in the present study (Oremland and 

Stolz, 2005, Stolz et al., 2006). It is also noteworthy that, many of the bacterial 

phyla, shown to be abundant in the rice microbiome, can volatilize arsenic, such as 

Cyanobacteria, which were linked to volatilization of arsenic (Yin et al., 2011). 

 

4.4.4 Relative abundance of 16S rRNA bacteria at genus level in rhizosphere soil 

Among the various genera identified at > 1 % abundance, Geobacter, Clostridium, 

Anaeromyxobacter, Opitutus, Desulfocapsa, Methylocystis, Gemmatimonas were 

found in rice rhizosphere soil, root and shoot, while the rice rhizosphere soil also 

showed significant presence of Singulisphaera, Mycobacterium, Acetivibrio, 

Marmoricola, Arthrobacter, Nocardioides and Tumebacillus.  

  

Geobacter (37 %) which showed the maximum relative abundance in the rice 

microbiome is a well-reported bacteria, dominates in flooded soil, helps the release 

and detoxification of arsenic and has been found to play an important role in 

reducing Fe from soil metal hydroxides (Dang et al., 2016, Héry et al., 2015, Héry et 

al., 2010, Islam et al., 2004, Breidenbach et al., 2016, Hori et al., 2010). A study of 
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14 different Geobacter genomes isolated from anoxic soil showed that all of the 

Geobacter species contained genes encoding for arsenic detoxification (ars operon), 

and several contained genes needed for arsenic respiration (arr operon) and 

methylation (arsM) (Dang et al., 2016). In another study Ohtsuka et al. (2013) 

isolated Geobacter species from a paddy soil that was capable of growth using 

arsenate as the electron acceptor and acted as a dissimilatory arsenate reducing 

bacterium. Hence the relatively high abundance of Geobacter in the rice 

rhizosphere as well as rice root and shoot, as identified in the present study, is 

worth further investigation with respect to the potential role in arsenic 

detoxification, respiration and methylation in the different rice paddy 

compartments.  

 

At genus level, the rice rhizosphere soil was dominated by the Clostridium. This 

organism has previously been found to play an important role during the grain 

filling stage with respect to plant growth promotion and has also been found to act 

as a decomposer in rice soil (Das et al., 2017, Rui et al., 2009, Koeck et al., 2014). 

Previously Wang et al. (2015b) isolated an anaerobic sulfate-reducing bacterium 

belonging to Clostridium sp. which could methylate As(III) to mono and dimethyl 

arsenate. Clostridium was also reported as a dominating genus out of the five most 

abundant genera by Guan et al. (2017). In another study, Clostridia and Bacilli have 

been reported as more abundant in the reproductive stages (Pittol et al., 2018) 

which also supports the high relative abundance of Clostridia during the grain fill 

stage as identified in the present study. In addition, some species of Arthrobacter, 

which was identified in the present study, were previously reported as arsenic 

resistant (Bachate et al., 2009). A sulphate-reducing species of the Desulfocapsa 

genus, has been shown to enhance and release arsenic in wetland soil (Luo et al., 

2020). This is of interest as Desulfocapsa was identified in the rice rhizophere soil in 

the present study. Mycobacterium was also isolated from our rice rhizosphere soil, 

with this organism mentioned to have the ability to demethylate mono and 

dimethyl arsenic compounds (Stolz et al., 2006). Anaeromyxobacter sp., which were 

also identified in the rice rhizosphere soil in present study, are reported for 
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reducing Fe as well as playing an important role in the N and C cycle in paddy soil 

(Breidenbach et al., 2016, Ratering and Schnell, 2001, Treude et al., 2003). Release 

of arsenic in soil by a dissimilatory arsenate-reducing Anaeromyxobacter sp. was 

also identified by Kudo et al. (2013), again indicating that this genus could be 

associated with arsenic transformation in paddy soil. 

 

Among the other bacterial genera, Singulisphaera was relatively abundant in the 

rice rhizosphere soil (13 %), these have been reported to be involved in C cycling in 

paddy soil (Sheng et al., 2015). Acetivibrio, Flavisolibacter, Marmoricola, 

Methylocystis, Nocardioides, Opitutus, Oryzihumus, Sporacetigenium and 

Sporomusa were also identified in rice rhizosphere. Many of these are involved in 

regulating C, N, Fe and S cycles, reduce Fe, arsenic, methylate and demethylate 

arsenic, active decomposer and play an important role in C and methane cycling as 

mentioned in Table 4.4 (Li et al., 2016, Moronta-Barrios et al., 2018, Edwards et al., 

2015, Das et al., 2016, Santos-Medellín et al., 2017, Aslam et al., 2013, Breidenbach 

et al., 2016). Thus, most of the genera identified in the rhizosphere soil could play 

an active role and influence the biogeochemical cycling of the essential elements 

and arsenic in the rice rhizosphere microbiome.  

 

 4.4.5 Relative abundance of 16S rRNA bacteria at genus level in rice root and 

shoot 

Compared to the rhizosphere soil and root, the rice shoot showed low numbers and 

low levels of diversity of bacterial genera. Organisms identified in rice root were 

also identified in the rhizosphere soil, but the number of organisms in root was 

lower compared to that identified in rhizosphere soil. Previously a wide variety 

bacteria have been isolated from rice roots, this including Dechloromonas, 

Rhodopseudomonas, Desulfovibrio, Geobacter, Chlorobium, Spirochaeta, 

Selenomonas and Dehalobacter (Ferrando and Fernández Scavino, 2015). Some of 

these such as- Dechloromonas, Desulfovibrio, and Geobacter were also found in the 

current study. Some studies indicate that plants actively select for root-associated 
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bacteria (Edwards et al., 2015). In the current study the highest relative abundance 

in rice roots was observed for Geobacter. Interestingly this was abundant but by far 

not the most abundant genus identified in rhizosphere soil. As described before 

Geobacter sp. plays an important role in reduction and mobilization of arsenic 

(Ohtsuka et al., 2013), hence its role in the rice root endosphere could be of 

interest with respect to root associated arsenic transformation. Previous studies 

also reported Arthrobacter and Clostridium as rice root endophytes (Moronta-

Barrios et al., 2018, Zhang et al., 2013). As discussed earlier some species of the 

Clostridium genera are directly involved in arsenic methylation and could play an 

active role in arsenic transformation in the rice root (Wang et al., 2015b, Bachate et 

al., 2009).  

  

 Anaeromyxobacter and Desulfovibrio were previously identified in rice roots and 

found to have control over methane, C cycling, and reduction of sulfate (Scheid and 

Stubner, 2001, Treude et al., 2003). Ueda et al. (1995) also mentioned Desulfovibrio 

sp. as a sulphate reducing diazotroph, which may play an important role in N 

fixation and was shown to dominate in the rice roots (Ueda et al., 1995). Some 

species of Desulfovibrio were found to produce small amounts of trimethylarsine in 

anaerobic ecosystems (Michalke et al., 2000, Stolz et al., 2006), but there was no 

evidence for trimethylarsine production in rice root. Another important genus, 

Desulfocapsa was isolated previously in rice soil where they actively involved in Fe, 

S and arsenic reduction (Das et al., 2016). In this study, both Desulfocapsa and 

Desulfovibrio were identified as relatively abundant genera in the roots, hence their 

role in arsenic cycling as part of a root associated microbiome is worth further 

investigation. In the present study, methanotrophic bacteria, such as Methylibium, 

Methylocystis, Methylomonas, and Opitutus were relatively abundant in the rice 

root. These have previously been reported to regulate C and methane cycling in 

paddy fields and have been isolated as beneficial rice root endophytes (Edwards et 

al., 2015, Ferrando and Fernández Scavino, 2015, Moronta-Barrios et al., 2018). 

Under rice growing condition, methane is formed by these methanotrophic bacteria 

which expels through the soil to the rice root by the root aerenchyma (Lee et al., 
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2014). Previously Methylibium, Methylocystis, and Methylomonas were noticed to 

maintain a balance between the rice root and rhizosphere (Hernández et al. (2015). 

The same study also showed Opitutus as a dominating genus in rice roots compared 

to the rhizosphere soil. This organism is a strict anaerobe and can live on 

fermentation or nitrate reduction by using different types of plant saccharides. The 

present study also showed presence of Actinoplanes, Cellvibrio, Cystobacter, 

Dechloromonas, Gemmatimonas, Geothrix and Pleomorphomonas in the root, most 

previously identified as root endophytes and reported to be involved in the 

biogeochemical cycling of C, N, Fe, S, P for example (Tian et al., 2007, Edwards et 

al., 2015, Ferrando and Fernández Scavino, 2015, Moronta-Barrios et al., 2018, 

Santos-Medellín et al., 2017, Li et al., 2016). 

 

4.4.6 Effect of different amendments on 16S rRNA bacteria in the rhizosphere soil, 

root and shoot at phylum level 

It is well known that manure or soil organic matter is very important and plays an 

important role in increasing the abundance and diversity of soil bacterial as well as 

the microbial community. But limited research has been conducted relating the 

effect of different organic manures and inorganic fertilizers and their combinations 

towards the changes in 16S rRNA bacterial population in paddy soil. 

 

Based on 16S rRNA analysis, previous studies have demonstrated high diversity of 

bacteria in paddy soils including the significant effect of soil amendments (Jia et al., 

2013a, Reid et al., 2017a, Wang et al., 2015b, Xiao et al., 2016, Zhang et al., 2015b, 

Zhao et al., 2013a). A study by Shao et al. (2016) found an increase in the bacterial 

diversity in response to the lower rate of silica fertilizer compared to higher 

application rates. However, evidence also supports higher bacterial richness in rice 

floodwater during the vegetative stage, possibly due to greater nutrient availability, 

such as- K, or due to rhizo-deposition, and fertilizer application (Pittol et al., 2018). 

In our study, the treatment effect, when measured at grain fill, was very small and 

limited to a small number of 16S bacterial copy number in soil and shoot. With 
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respect to the 5 treatments investigated, ash and full-slurry (pig manure) showed 

the strongest effect, and mineral fertilizer showed the smallest effect. Research on 

pasture soil with pig slurry treatment has previously been shown to increase the 

abundance of Firmicutes (Hamm, 2014). In the current study a significant increase 

in the rhizosphere soil 16S rRNA copy number for Planctomycetes was noticed in 

response to all treatments while biomass ash and half-slurry treatment were shown 

to reduce the copy number of Chloroflexi. Previously biochar amendment showed 

both positive (Zhang et al., 2015c) and negative (Chen et al., 2013) effects on 

arsenic release. 

 

4.4.7 Effect of different amendments on 16S rRNA bacteria in the rhizosphere soil, 

root and shoot at genus level 

Animal manure (i.e. full-slurry and half-slurry) was very effective as compared to 

the other treatments and significantly increased the copy number of some genus 

level 16S rRNA OTU’s. It is interesting to note that the full-slurry and half-slurry 

treatment increased in copy number of family level OTU’s annotated as 

Bacillariophyta, Streptophyta, Rhodothermaceae, Incertae Sedis XI, Clostridiaceae 

and Porphyromonadaceae. Of these the Bacillariophyta and Streptophyta family 

belong to the phylum Cyanobacteria; Rhodothermaceae and Porphyromonadaceae 

within the phylum Bacteroidetes; and Clostridiaceae within the phylum Firmicutes.  

 

Several genera of Cyanobacteria were found to improve rice growth and control 

disease, by producing antibiotics (Kim, 2006). Previous studies also reported 

Rhodothermaceae, Porphyromonadaceae, members of the phyla Bacteroidetes and 

Clostridia, Sarcina belonging to the phyla Firmicutes are responsible for arsenic 

transformation including arsenic methylation, volatilization and respiration of 

Arsenate which significantly increased in copy numbers in the rice rhizosphere soil 

(Rui et al., 2009, Koeck et al., 2014, Lloyd, 2003, Jia et al., 2013a, Xiao et al., 2016). 
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At the genus level, animal manure application (both full and half-slurry) effectively 

reduced the copy number of several 16S rRNA bacteria in rhizosphere soil, such as- 

Verrucomicrobium, Steroidobacter, Bacteriovorax, Aneurinibacillus, Roseomonas 

and some unclassified genera of Phyllobacteriaceae, Acidobacteria, Cyanobacteria, 

Verrucomicrobia Desulfobacterales and Planococcaceae. Previously one study 

showed temporal variations in field amended with organic fertilizer, while the other 

fields showed no variations (Lopes et al., 2011). Manure application (both full and 

half-slurry) was found to significantly affect the copy number of the sequences of 

several N transforming bacteria such as Steroidobacter, Phyllobacteriaceae 

(Rhizobiales) and Acidobacteria (Zhang et al., 2019, Yoshida et al., 2012, Sun et al., 

2008). Another unclassified genera, under Desulfobacterales, was found to 

decrease in copy number with animal manure which was previously found to 

increase under waterlogged conditions (Itoh et al., 2013). The Desulfobacterales 

can use sulfate as an electron acceptor and thus control reduction of S and produce 

hydrogen in paddy soil condition (Plugge et al., 2011). In addition, animal manure 

(in combination with fertilizer), was also shown to significantly reduce the copy 

number of an unclassified Cyanobacteria and Roseomonas in the rice rhizosphere. 

Earlier Bagade et al. (2016) isolated a species of Roseomonas sp. L-159a that can 

oxidize As (III), while Miyashita et al. (2016) found Cyanobacteria to influence 

arsenic mineralisation and arsenic redox dynamic indicating their potential to 

reduce or enhance the mobility of arsenic in paddy soil. Verrucomicrobium could 

produce methane in paddy soil (Miyashita et al., 2016) and application of manure 

and biomass ash was shown to reduce their abundance as was shown in the 

present experiment. 

 

Biomass ash was also effective to reduce some 16S rRNA genera level OTU’s 

(Agrococcus, Paracoccus, Verrucomicrobium, Planctomyces and some unclassified 

genus). Among these species, previous research mentioned that under aerobic 

conditions in paddy soil Paracoccus sp. can oxidize As (III) and influence the arsenic 

redox reaction, (Zhang et al., 2015a). As biomass ash application was shown to 

reduce their copy number in rhizosphere soil this could potentially mediate a 
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reduced bioavailability of arsenic and its subsequent uptake by rice plant. All the 

treatments showed the influence to reduce the copy number of two genera of 

Verrucomicrobia which are important methanotrophic bacteria (Wang et al., 2019a, 

Rui et al., 2009) 

 

In rice root, among the all treatments only animal manure showed a significant 

response. Animal manure (full-slurry) was found to enhance and increase the copy 

number of an unclassified genus of Acidobacteria, which could control 

denitrification, reduce nitrate and nitrite and regulate N cycling in the rice 

rhizosphere (Ward et al., 2009, Yoshida et al., 2012). The opposite response of 

animal manure (full-slurry and half-slurry) was found for two unclassified genera of 

Deltaproteobacteria which were previously isolated as rice root endophytes (Sun et 

al., 2008, Edwards et al., 2015).  

 

In rice shoot, mineral fertilizer increased the copy number of Geobacter and an 

unclassified genus of Rhodocyclaceae. Geobacter plays an important role to 

increase Arsenate reduction, increases the mobility of arsenic and enhances arsenic 

methylation and reduction of Fe, but while no other study found their presence in 

rice shoot, this organism has been identified previously as a rice root endophytes, 

(Qiao et al., 2018, Dang et al., 2016). 

 

Full-slurry, half-slurry and ash lead to significant effect in lowering the copy number 

of Clostridium and some unclassified genera of Clostridiales and Anaerolineales. In 

addition, two other genera from the Alphaproteobacteria, showed significantly 

lower copy number in response to the manure effect when compared with the 

control. Previously Clostridiales have been implicated as potential N fixing 

endophytes in rice leaf and root microbiomes (Minamisawa et al., 2004, Ueda et al., 

1995, Roman-Reyna et al., 2020). Another study reported that Clostridium could 

methylate arsenite in soil and may also be involved in sulfate reduction in the rice 

paddy environment (Wang et al., 2015b). Therefore, manure and biomass ash 
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amendment were shown to have the potential to enhance arsenic transformation 

in paddy soil. Building on these findings, further research should be conducted to 

explore the effects of soil management on microbial diversity and how this could be 

utilised to manage arsenic biogeochemical transformation in paddy soil and 

presence of arsenic in rice grain.  

 

4.5 Conclusion 

16S rRNA amplicon sequencing of rice rhizosphere soil, root, and shoot during the 

grain filling stage identified a significant difference in diversity between the three 

compartments (Chao1, Shannon, Simson index, Observed species and PD whole 

tree) and in response to treatments (Simson index, Observed species and PD whole 

tree). A total of 27 genera with > 1 % relative abundance were identified in the rice 

rhizosphere soil, root and shoot. Of these 18 genera in soil, 17 genera in rice root, 

16 in rice shoot. The overall treatment effect was significant (P < 0.05) only for the 

genera Acetivibrio, Anaeromyxobacter, Desulfovibrio, Geobacter, 

Pleomorphomonas, Sporacetigenium, Sporomusa, and Tumebacillus, while the 

compartment effect was highly significant for all genera. The genus levels DESeq2 

analysis for treatment effects and follow up with ONEWAY-ANOVA identified 22 

significant OTU’s in rhizosphere soil, 3 in rice root and 8 in rice shoot. Among the 5 

treatments investigated, full-slurry, half-slurry and ash showed the strongest 

effects, and mineral fertilizer showed the smallest effect. 
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Chapter 5 

The rice paddy microbiome, fungal diversity through ITS1 amplicon sequencing 

 

5.1 Introduction 

Fungi are important soil organisms and form close associations with plants. Many 

root colonising fungi are symbiotic, including arbuscular mycorrhiza (Augé, 2001, 

Smith and Read, 2010, Singh et al., 2011) and non-arbuscular mycorrhiza (Andreo-

Jimenez et al., 2019) as well as fungal endophytes (Zakaria et al., 2010). Endophytic 

fungi can colonise plant root and shoot tissues without creating any symptoms 

(Nathaniels and Taylor, 1983, Huang, 1989, Tian et al., 2004). They can be latent 

pathogenic (Zakaria et al., 2010) and/or mutualistic associations (Carroll, 1988) as 

well as switch from mutualistic to pathogenic states during the growth cycle of a 

plant (Millar and CS, 1980, Fisher and Petrini, 1992, Bayman, 2007). With respect to 

the study of fungi in crop plants, many studies have focussed on fungal pathogens 

and how these can be controlled (Asibi et al., 2019, Gnanamanickam et al., 2000). 

Increasingly, in the context of sustainable agriculture, the study of symbiotic 

interactions between fungi and cereal crop plants has become a focus of interest 

(Lu et al., 2018).  

 

In contrast to staple cereal crops wheat, barley, maize, oats, rye, millet, sorghum, 

the majority of rice (about 87 %) is grown in irrigated, rain fed lowland, and flood-

prone rice ecosystems , which are poorly aerated (Zhao et al., 2019, Yuan et al., 

2016, Prasad et al., 2017). While fungi are generally seen as obligate aerobes (Wen-

ying et al., 1981), they nevertheless have been shown to occur in paddy soil 

(Bukhalo, 1978). Paddy management and paddy plant-microbial interactions can 

improve its nutrient uptake and thereby increase the efficiency of fertilizers and 

manures applied (Adesemoye and Kloepper, 2009, Yang et al., 2004). A number of 

studies have investigated the presence and the potential role of fungi in rice paddy 

soil. These include studies of rice fungal pathogens (Wang and Valent, 2009, Nalley 

et al., 2016, Martin-Urdiroz et al., 2016) beneficial symbiotic fungi (Nakagawa and 
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Imaizumi-Anraku, 2015, Bernaola et al., 2018), effect of Arbuscular Mycorrhizal 

Fungi (AMF) fungi on rice N, P, K uptake (Solaiman and Hirata, 1995) as well as 

overall rice fungal diversity studies (Martins and Rodrigues, 2018).  

 

For the study of fungal diversity, amplicon sequencing of the internally transcribed 

spacer region of the rRNA (ITS) is commonly employed (Bengtsson‐Palme et al., 

2013). It is composed of two highly variable spacer regions, ITS1 and ITS2, both of 

which contain species-specific information and hence can be employed for fungal 

diversity analysis (Hillis and Dixon, 1991, Bálint et al., 2014). Highest resolution of 

fungal diversity is obtained with amplification of the whole ITS region using primers 

ITS1 and ITS4, which generates a PCR product of around 600-750 base pairs (bp) 

(White et al., 1990). For sequencing, the Miseq, as can provide > 20 million 300 

paired end reads per run, is currently the predominant method of choice (Ravi et 

al., 2018). However, using this technology, high quality overlapping reads can only 

be generated for amplicons of up to 400 bp length. Hence, amplification with 

optimised primers for either the ITS1 or the ITS2 region, which on their own still 

provide a good resolution for most fungal groups (Buée et al., 2009, Ghannoum et 

al., 2010) is employed. Numerous studies have used ITS based fungal diversity 

analysis for the assessment of fungal diversity in paddy soil (Liu et al., 2018), rice 

root (Yuan et al., 2010, Andreo-Jimenez et al., 2019) and shoot (Wang et al., 2015c). 

This including comparison of fungal diversity in different soil compartments 

(Santos-Medellín et al., 2017) and in response to different paddy soil management 

strategies (Yuan et al., 2010), such as effect of application of manures and fertilizers 

in flooded rice (Yang et al., 2004, Vergara et al., 2018). In the current study the 

effect of ash, pig-slurry and mineral fertilizer on the fungal rice paddy microbiome 

(rhizosphere soil, root, shoot) was investigated using ITS1 amplicon sequencing. The 

specific aims of the current study were to characterize and contrast the fungal 

community in rice paddy rhizosphere soil, root and shoot, to identify the impact of 

mineral fertilizer, ash and pig slurry on the fungal diversity in rice rhizosphere soil, 

root and shoot and finally to interpret these results with reference to the previously 
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reported beneficial and/or pathogenic fungal taxa in rice paddy rhizosphere soil, 

root and shoot. 

 

5.2 Materials and methods  

5.2.1 Extraction of DNA from soil, root and shoot samples  

From the 20 pots (one plant was grown per pot with five treatments and 4 

replicates) rhizosphere soil, root and shoot samples (20 samples for each 

compartment) were collected during the grain fill stage as described in chapter 2, 

section 2.4 and Table 2.3. The genomic DNA from the soil was extracted and quality 

checked (QC) as described in chapter 3 section 3.2.4.1and the rice root and shoot 

genomic DNA were extracted followed by the QC as described in chapter 4 section 

4.2.2 and 4.2.3. 

 

5.2.2 Quality check of the DNA by PCR 

To check successful amplification and the size of the PCR products, all 60 genomic 

DNA samples were used for PCR with ITS1F 5’-CTTGGTCATTTAGAGGAAGTAA-3’, 

ITS2 (5’- GCTGCGTTCTTCATCGATGC-3’ primer pair, which amplifies the fungal ITS1 

(Mello et al., 2011, White et al., 1990). The PCR reaction (12.4 µl) contained 1.25 µl 

of dNTP (Invitrogen, Thermo Fisher Scientific, Uk), 1.25 µl of PCR buffer, 0.5 µl of 

each forward and reverse primer pairs, 0.1 µl of taq polymerase (Thermo Fisher 

Scientific, UK), 7.8 µl of DD water and 1 µl of DNA template. The PCR amplification 

was carried out on a Thermal Cycler (BioRad T100 Thermal Cycler, Thermo Fisher, 

UK) with the following the cycling parameters: Initial denaturation at 96° C for 2 

min, followed by 30 cycles of denaturing at 94° C for 30 s, annealing at 55° C for 30 

s, extension at 72° C for 1 min, followed by a final extension at 72° C for 10 min. All 

DNA samples were run in triplicate including negative PCR control and negative 

DNA extraction control to check for contamination. The PCR product was visualized 

on an 0.8 % agarose gel (w/v, 100 ml) with 5 µl red safe (nucleic acid staining 

solution, Intron, Biotechnology, UK) as follows: 1 µl PCR product was mixed with 1 

µl 6X loading dye (Thermo Fisher, UK) and 4 µl nuclease-free water and loaded into 



 
  Chapter 5 

147 
 

each well. A 1 kb DNA ladder (New England Biolabs, UK) was run alongside for 

estimation of the size and concentration of the PCR product. Gel electrophoresis 

was carried out at 100 volts (V) for 60 min and the bands on the gel visualized and 

imaged under UV light using the UV-302/312 nm wavelength.  

 

5.2.3 Amplicon sequencing 

5.2.3.1 Generation of amplicon libraries 

The 60 DNA samples were sent to the Genomic Core Technology Unit (GCTU), 

Faculty Medicine, Health and Life Sciences, Queens University, Belfast. Barcoded 

amplicon libraries (60 barcodes) were generated for 250 bp paired end amplicon 

sequencing of the fungal ITS1 on the Illumina Miseq using Illumina’s two-step 

amplification generation protocol (Taylor et al., 2016). Target specific primers 

employed for generation of amplicon sequencing libraries were ITS1F 5’-

CTTGGTCATTTAGAGGAAGTAA-3’ and ITS2 (5’- GCTGCGTTCTTCATCGATGC-3’ (Mello 

et al., 2011, White et al., 1990). 

 

5.2.3.2 Analysis of the amplicon sequencing data in Qiime 

From the barcoded amplicon libraries that were sent by the GCTU, the paired fastq 

files for each of the 60 samples were downloaded and the ITS region was extracted 

with ITSx-1.0.11 (Bengtsson‐Palme et al., 2013). Then the Chimeric sequences were 

identified and the chimeras were removed with VSEARCH 2.8.0 (Rognes et al., 

2016). Following this, the cleaned data was loaded into QIIME version 1.8.0 

(Caporaso et al., 2010b). Sequences were clustered and representative sequences 

for each cluster obtained and annotated against the fungal reference database 

UNITE version 8.0 (Nilsson et al., 2019). For diversity analysis, the OTU count data 

was rarefied at a depth of 5,000 followed by generation of rarefaction curves, alpha 

diversity and beta diversity analysis. For alpha diversity Chao 1, (Chao, 1984) 

Shannon, (Shannon, 1948) and Simpson index (Simpson, 1949) were generated. For 

beta diversity the Euclidian distance (Andreo-Jimenez et al., 2019) was employed. 
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5.2.3.3 Alpha diversity, statistical analysis and generation of plots  

Following the analysis in Qiime, alpha diversity results were exported for further 

statistical analysis and generation of plots. The normality of the data was checked 

using the Kolmogorov-Smirnov test. Following this, the statistical analysis was done 

in Minitab 19 by GLM on ranked data and the mean and standard error for each 

treatment plotted in GraphPad Prism 8.0.  

 

5.2.3.4 Beta diversity, statistical analysis and generation of plots  

Qiime generated beta diversity for the Euclidean single rarefaction at 5000 was 

exported for further statistical analysis and generation of plots. The normality of 

the data was checked using the Kolmogorov-Smirnov test. Corresponding PCoA 

plots was generated on weighted UniFrac distances using GraphPad Prism 8.0. 

 

5.2.3.5 Generation of OTU count Tables, statistical analysis and generation of 

plots 

Following analysis in Qiime, annotated OTU relative and absolute count Tables at 

taxonomic levels 2-6 were exported for further downstream analysis. 

 

5.2.3.5.1 Generation of relative OTU count Tables, statistical analysis and plots 

The relative abundance of ITS OTU count Tables at level 2 (phylum) and level 6 

(genus) were analysed as follows: unclassified taxa were removed, fungal taxa with 

< 0.7 % RA were reassigned under “others”, while taxa with > 0.7 % abundance 

were retained. Following this, the relative abundance was recalculated and plotted 

in GraphPad Prism 8.0.  
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5.2.3.5.2 Generation of absolute OTU count Tables, statistical analysis and plots  

DESeq2 analysis in R version 3.3.3 (Love et al., 2014) was employed for the 

identification of OTU’s with significantly different copy numbers between any 2 

treatments. For soil, root, and shoot, the following 4 pairwise comparisons were 

conducted: A versus C, Fs versus C, Hs versus C and Mf versus C. For generation of 

significant OTU lists, the adjusted P values < 0.05 and absolute log2 foldchange > ±1 

(Log2FC) was used as the cut-off for significance. The unique and overlapping 

DESeq2 normalized count for different pairwise comparisons were then 

summarised and plotted using the Venn diagram with Venny 2.1.0 (Oliveros, 

2018). For further investigation of OTU’s with significant DESeq2 results, ONEWAY-

ANOVA was conducted on DESeq2 normalized data in Minitab 19 and Whisker 

plots, depicting the median and interquartile range generated in GraphPad Prism 

8.0. 

 

5.3 Results 

5.3.1 DNA concentration and quality control of DNA 

The concentrations and absorbance ratios obtained for the genomic DNA extracted 

from soil, shoot and root collected at grain fill stage is described in chapter 4 

Section 4.3.1 and section 4.3.2.  

 

5.3.2 Quality check of the DNA using PCR  

All 60 genomic DNA samples were successfully amplified with primer pairs ITS1F 

and ITS2 showing 1 or more bands (as typical for ITS1) on the agarose gel. All 

reagents were found free of contamination, with no band in the negative DNA 

extraction control and negative PCR control (Appendix, SI Figure 5.1 a, 5.1 b, 5.1c). 

 

5.3.3 Amplicon sequencing results 

5.3.3.1 Total reads before clipping and trimming 
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Sequencing of the 20 rhizosphere soil sample produced a total paired reads of 

(fastq1 or fastq2) 4,543,309 reads with a minimum of 132,499 and a maximum of 

299,714 (Appendix, SI Table 5.1). The 20 shoot samples produced a total of 

3,814,604 reads with a minimum of 82,127 and a maximum of 441,157 reads 

(Appendix , SI Table 5.2) while the 20 root samples generated a total of 5,436,347 

reads with a minimum of 86,731and 437,779 maximum reads (Appendix , SI Table 

5.3).  

 

5.3.3.2 Total reads after quality control 

After clipping and trimming of the paired-end reads, a total of 4,071,132 unique 

ITS1 gene sequences were obtained that included 83146 (2.0 %) chimeras, 3987431 

(97.9 %) non-chimeras and 555 (0.0 %) borderline sequences. In soil the average 

number of reads retained were 85,717.9, in roots an average of 61,823.65 and in 

shoot an average of 73,153.05 reads retained. The average length of the sequences 

was 200-302 bp (Appendix, SI Tables 5.1, 5.2 and 5.3). 

 

5.3.3.3 Diversity analysis results  

5.3.3.3.1 Alpha diversity measures  

Alpha diversity rarefaction curves for data rarefied at 5,000 (Figure 5.1 a, 5.1 b, 5.1 

c) for Chao1, Shannon and Simpson index shows levelling off in shoot, root and 

even in soil rarefaction plots. This indicates that the depth of sequencing, which 

was > 20,000 reads per sample in shoot, > 18,000 reads per sample for root and > 

44,000 reads per sample for soil (Appendix, SI Table 5.1, 5.2 and 5.3), was able to 

capture the diversity in each compartment. As expected, highest levels of diversity 

were measured in rhizosphere soil samples followed by the root with lowest levels 

of diversity in shoot. The GLM analysis showed significant differences (P < 0.001) 

among the compartments for all alpha diversity measures (Table 5.1). However, for 

treatment effects a significant difference was only identified for the Shannon and 

Simpson diversity index (P < 0.05). 
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Figure 5.1. Alpha diversity rarefaction curves for rhizosphere soil, root and shoot for 

each treatment a) Chao1; b) Shannon; c) Simpson; Legend symbols stand for: 

A=ash; Fs= full-slurry; Hs= half-slurry; Mf= mineral fertilizer, C= control; and S, soil 

DNA; R, root DNA; L, shoot DNA; C, control; A, ash; Fs, full-slurry; Hs, half-slurry; Mf, 

mineral fertilizer.  
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Figure 5.2. Box and Whisker plots showing the mean and standard error of alpha 

diversity metrics (associated GLM analysis, see Table 5.1): a) Chao1; b) Shannon; c) 

Simpson; d) Observed species; e) PD whole tree. On the X axis the labels stand for: 

A=ash; Fs= full-slurry; Hs= half-slurry; Mf= mineral fertilizer, C= control. 
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Table 5.1 GLM of alpha diversity measures in response to treatments in different 

compartments. Significance levels as indicated by P value < 0.05, P value < 0.01, P 

value < 0.001. 

 
 Diversity 
measures 
 

Treatments Compartment 
Treatments 
*Compartments 
 

Chao1 0.114 < 0.001 < 0.05 

Shannon < 0.05 < 0.001 0.648 

Simpson < 0.05 < 0.001 0.608 

 

5.3.3.3.2 Beta diversity measures 

The Beta diversity for ‘weighted Unifrac’, measures the quantitative abundance of 

the fungal population among the samples as represented by the Principal 

coordinate analysis (PCoA). The PCoA plot of ‘weighted Unifrac’ distance were 

shown in Figure 5.3 indicating the separation and clustering of the rhizosphere soil, 

root and shoot samples across the first (PCoA1) and second (PCoA2) principal 

coordinates. The first two principal coordinates could explain 77.54 % of the total 

variation in fungal community composition. Axis 1 and axis 2 represented 50.49 % 

and 27.05 % of the total variation, respectively. However the individual treatment 

effects were not clearly separated. 
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Figure 5.3. PCoA plots of the beta diversity measure for the weighted unifrac. In the 

legend the first letter annotates the sample type: S= soil, R= root; L= shoot. The 

other letters annotate the treatment: A=ash; Fs= full-slurry; Hs= half-slurry; Mf= 

mineral fertilizer, C= control. 

 

5.3.3.4 Relative abundance 

5.3.3.4.1 Relative abundance at phylum level 

Of the 11 different fungal phyla identified, 5 phyla (Ascomycota, Basidiomycota, 

Chytridiomycota, Mortierellomycota and Rozellomycota) dominated with relative 

abundance of > 0.7 % in all treatments (Figure 5.4 a-c and Figure 5.5 a-c). In 

rhizosphere soil, Ascomycota were identified as the most abundant phylum 

followed by Basidiomycota, Chytridiomycota, Mortierellomycota and 

Rozellomycota, which together accounted for > 99 % relative abundance of the 

total fungal community (Figure 5.4 a and Figure 5.5 a). In root Ascomycota were 

identified as the most abundant phylum followed by Chytridiomycota, 
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Basidiomycota, and Rozellomycota which together accounted for > 99 % relative 

abundance of the total fungal community (Figure 5.4 b and Figure 5.5 b). In shoot, 

Ascomycetes were the only abundant phylum, which together accounted for > 99 % 

relative abundance of the total fungal community (Figure 5.4 c and Figure 5.5 c).  

 

GLM results for the relative abundance of ITS1F fungi at phylum level in the three 

rice compartments under different treatments are shown in Table 5.2. The relative 

abundance of all the phyla in three compartments varied significantly (P < 0.001) 

which was as expected, but no significant effects of treatments were identified.  
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Figure 5.4. Relative abundance plots showing the mean of the relative abundance 

of ITS1 phylum level OTU’s for each treatment after removal of unassigned Fungi in 

a) rhizosphere soil; b) root; and c) shoot. On the X axis the first letter annotates the 

sample type: S= soil, R= root; L= shoot. The other letters annotate the treatment: 

A=ash; Fs= full-slurry; Hs= half-slurry; Mf= mineral fertilizer, C= control. 
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Figure 5.5. Scatter dot plots showing median with interquartile range of the relative 

abundance at phylum level ITS1 OTU’s in a) rhizosphere soil; b) root; and c) shoot.  
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Table 5.2. GLM on the relative abundance of ITS1 fungi at phylum level for the three 

rice compartments (rhizosphere soil, root, shoot) and treatments (C= control, A= 

ash, Hs= half-slurry, Fs= full-slurry, Mf= mineral fertilizer), including the interaction 

effect. Significance levels as indicated by P value < 0.05, P value < 0.01, P value < 

0.001. The associated relative abundance plots are shown in Figure 5.4. 

Phylum 
 

Treatments Compartment 

 
Treatments 
*Compartments 
 

p__Ascomycota 0.6498 < 0.001 0.384 

p__Basidiomycota 0.755 < 0.001 0.636 

p__Chytridiomycota 0.087 < 0.001 0.056 

p__Mortierellomycota 0.514 < 0.001 0.795 

p__Rozellomycota 0.766 < 0.001 0.241 

Others 0.389 < 0.001 0.833 

 

5.3.3.4.2 Relative abundance at genus level 

Out of the total of 129 fungal genus level OTU’s, the following 16 genera were 

identified as the most abundant (relative abundance > 0.7 %): Acremonium, 

Arachnomyces, Arnium, Aspergillus, Cladosporium, Cyberlindnera, Emericellopsis, 

Fusarium, Guehomyces, Mortierella, Penicillium, Pseudeurotium, Sarocladium, 

Talaromyces, Trichoderma and Zopfiella (Figure 5.6). Among these Pseudeurotium, 

Cladosporium, Talaromyces, Aspergillus, Mortierella, Guehomyces and Trichoderma 

were identified as the most abundant fungal genera in the rice rhizosphere soil 

(Figure 5.7 a). All have previously been identified in rice paddy soil (Table 5.4). The 

relative abundance of Pseudeurotium in rhizosphere soil was the highest comprising 

at least 50 % of the total in soil. Among the soil treatments, the half-slurry was 

found to reduce the relative abundance of this genus while full-slurry and mineral 

fertilizer were found to increase the relative abundance. Talaromyces is the second 

most abundant genus and showed an increase in copy number in response to half-

slurry, ash and full-slurry treatment and decrease in response to mineral 

fertilizer. Cladosporium was also relatively abundant in response to the full-slurry 

and half-slurry treatment. For the genus Mortierella, ash and half-slurry had the 
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highest effect on the relative abundance while mineral fertilizer showed the least 

effect. Aspergillus showed the highest relative abundance in response to the ash 

treatment, while the other treatments effect were not so distinct.  

 

In rice root, relative abundance of Cladosporium was found to be the highest and 

ash showed the highest effect followed by half-slurry treatment. The relative 

abundance of Fusarium was also found to increase in response to the manure effect 

than the other treatments (Figure 5.6). Apart from these two other relatively 

abundant genera found in in the rice root were Acremonium, Arnium, 

Cyberlindnera, Emericellopsis, Fusarium, Mortierella, Penicillium, Pseudeurotium, 

Sarocladium, Talaromyces, Trichoderma and Zopfiella (Figure 5.7 b). In shoot, 

Cladosporium was the most abundant fungal genus, followed by Penicillium (Figure 

5.7 c). Both have previously been reported in rice shoot (Table 5.4). However, the 

overall effect of different treatments on the relative abundance of the fungal 

population in three compartments (rhizosphere soil, root and in shoot) as 

summarised in Table 5.3 (Figure 5.6) were insignificant except for the 

Cyberlindnera. While the relative abundance of all the fungal genus varied 

significantly (P < 0.05, Table 5.3) among the three compartments.  
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Figure 5.6. Bar plot showing the relative abundance of ITS1 genus level OTU’s in 

rhizosphere soil, root and shoot. In X axis, the first letter annotates the sample 

type: S= soil, R= root; L= shoot. The other letters annotate the treatments: A=ash; 

Fs= full-slurry; Hs= half-slurry; Mf= mineral fertilizer, C= control. 
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Figure 5.7. Scatter dot plots at genus level relative abundance of rice paddy 

microbiome ITS1 fungi (%) showing median with interquartile range of the relative 

abundance at genus level OTU’s; a, rhizosphere soil; b, root; c, shoot for the 

classified genera.  
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Table 5.3. GLM of relatively abundant genera of ITS1 fungi in three compartments, 

rhizosphere soil, rice root and shoot. “P” values calculated at genus level fungi. 

Significance levels as indicated by P value < 0.05, P value < 0.01, P value < 0.001. 

 

Genus Treatments Compartment 

 
Treatments 
*Compartments 
 

g__Acremonium 0.069 < 0.001 0.129 

g__Arachnomyces 0.301 < 0.001 0.931 

g__Arnium 0.075 < 0.001 0.421 

g__Aspergillus 0.404 < 0.001 0.715 

g__Cladosporium 0.926 < 0.001 0.523 

g__Cyberlindnera < 0.05 < 0.001 0.714 

g__Emericellopsis 0.079 < 0.001 0.951 

g__Fusarium 0.256 < 0.001 0.596 

g__Guehomyces 0.534 < 0.001 0.137 

g__Mortierella 0.658 < 0.001 0.855 

g__Penicillium 0.672 < 0.001 0.428 

g__Pseudeurotium 0.084 < 0.001 0.055 

g__Sarocladium 0.541 < 0.001 0.977 

g__Talaromyces 0.739 < 0.001 0.157 

g__Trichoderma 0.763 < 0.001 0.868 

g__Zopfiella 0.431 < 0.001 0.322 

Others 0.315 < 0.001 0.394 
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Table 5.4. ITS1 fungi identified in the rice paddy microbiome at genus level in current research with reference to the previously studies 

Phylum level 
Main genera 
detected 

Average 
OTU relative 
abundance 
(%) in 
rhizosphere 
soil 

Average 
OTU 
relative 
abundance 
(%) in root 

Average 
OTU 
relative 
abundance 
(%) in shoot 

Functions  

Reference for 
presence in 
rice 
rhizosphere 
soil 
microbiome 

Reference for 
presence in rice 
shoot and root 
microbiome 

p__Ascomycota g__Acremonium 0.35 0.42 0.06 
 Promotes plant 
growth 

(Kumar et al., 
2020) 

Found in rice 
root and 
shoot/leaves 
(Naik et al., 
2009, Han et al., 
2020) 

p__Ascomycota g__Arachnomyces 0.10 0.02 0.00 Not found 
Found in rice 
soil (Tonouchi, 
2009) 

Not found 

p__Ascomycota g__Arnium 0.91 0.98 0.00 
Decomposition and 
assimilation of C  

(Chen et al., 
2020b) 

Not found 

p__Ascomycota g__Aspergillus 2.03 0.10 0.00 

Volatilization and 
transformation of 
arsenic, antagonistic 
against fungal 
pathogens, promote 
P solubilization 

(Leewijit et 
al., 2016, 
Batista et al., 
2016, 
Guimarães et 
al., 2019) 

Found in rice 
root and 
shoot/leaves 
(Leewijit et al., 
2016, Naik et al., 
2009, Tian et al., 
2004) 
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p__Ascomycota g__Cladosporium 11.08 84.26 98.47 

Dominate 
endophytes act 
against pathogens, 
actively suppress rice 
leaf blast 

Isolated from 
the rice 
phylloplane 
soil(Chaibub 
et al., 2016) 

Found in rice 
root and 
shoot/leaves 
(Naik et al., 
2009, Chaibub et 
al., 2016) 

p__Ascomycota g__Cyberlindnera 1.31 0.07 0.00 Endophytic fungi 
 Isolated from 
paddy soil (Li 
et al., 2020a) 

Found in rice 
shoot/leaves 
(Khunnamwong 
et al., 2018) 

p__Ascomycota g__Emericellopsis 0.88 0.11 0.00  Saprotrophic fungi 

Found in rice 
rhizosphere 
soil 
 (Chialva et 
al., 2020, 
Chen et al., 
2020a) 

 Found in rice 
root (Chialva et 
al., 2020) 

p__Ascomycota g__Fusarium 0.47 5.95 0.00 

Arsenic resistant, 
some involve in 
arsenic 
biotransformation, 
saprophytic fungi, 
some are also 
pathogenic 

 (Leewijit et 
al., 2016, Su 
et al., 2011) 

Found in rice 
root and 
shoot/leaves 
(Naik et al., 
2009, Tian et al., 
2004, Leewijit et 
al., 2016) 

p__Basidiomycota g__Guehomyces 1.10 0.13 0.00  Not found 
 Fund in bulk 
paddy soil (Lin 
et al., 2020) 

 Not found 
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p__Mortierellomycota g__Mortierella 1.82 0.10 0.00 

Suppression of soil-
borne disease caused 
by pathogenic 
Fusari’um sp. in rice 

 (Ma et al., 
2020, Zheng 
et al., 2016) 

 Not found 

p__Ascomycota g__Penicillium 0.39 0.42 1.42 

Volatilization and 
transformation of 
arsenic, and 
antagonistic against 
fungal pathogens, 
promote P 
solubilization  

 (Leewijit et 
al., 2016, 
Batista et al., 
2016, Su et 
al., 2011, 
Guimarães et 
al., 2019) 

 Found in rice 
root and 
shoot/leaves 
(Naik et al., 
2009, Tian et al., 
2004, Leewijit et 
al., 2016) 

p__Ascomycota g__Pseudeurotium 66.33 2.68 0.03 
 Solubilize inorganic 
or hydrolyze organic 
P 

(Chen et al., 
2020b) 

 Not found 

p__Ascomycota g__Sarocladium 0.18 1.33 0.00 

Previously isolated 
from rice leaf, fungal 
pathogen cause rice 
sheath rot 

 (Naik et al., 
2008) 

 Found in rice 
root and 
shoot/leaves 
(Pang et al., 
2020a, 
Musonerimana 
et al., 2020, 
Ayyadurai et al., 
2005) 

p__Ascomycota g__Talaromyces 10.04 1.33 0.00 

P solubilization in 
rice rhizosphere soil, 
also isolated from 
rice seedlings, rice 

 (Dangar et 
al., 2013) 

Found in rice 
root and 
shoot/leaves  
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roots as endophytes, 
used as bio fungicidal 
agent against rice 
seed borne 
pathogens,  

(Kato et al., 
2012, Pang et al., 
2020b) 

p__Ascomycota g__Trichoderma 0.93 0.09 0.00 

Arsenic bio 
transforming fungal 
genus, dominant 
endophytes in rice 
rhizosphere soil, root 
and shoot, function 
against dirty panicle 
disease in rice 

 (Leewijit et 
al., 2016, 
Charoenrak 
and 
Chamswarng, 
2016, Su et 
al., 2011) 

 Found in rice 
root and 
shoot/leaves 
(Naik et al., 
2009, Leewijit et 
al., 2016) 

p__Ascomycota g__Zopfiella 0.31 0.88 0.00  Not found 

 Found as 
abundant 
genera in bulk 
rice soil (Lin et 
al., 2020) 

 Found in rice 
root and 
shoot/leaves 
(Pang et al., 
2020a) 

  Others 1.76 1.13 0.01       
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5.3.3.5 DESeq2 analysis 

5.3.3.5.1 DESeq2 analysis at phylum level  

a) DESeq2 analysis at phylum level in rhizosphere soil samples 

With respect to fungal OTU’s, the treatment effect at the grain fill stage of rice was 

very small, was only detected in rhizosphere soil samples and affected only a small 

number of OTU’s. In rhizosphere soil, DESeq2 analysis identified three significant 

OTU’s, among which one (Basidiomycota) was increased (FDR < 0.05, log2FC > 1) in 

treatments versus control and the other two were decreased 

(Monoblepharomycota and Chytridiomycota; (FDR < 0.05, Log2FC < -1) in 

treatments versus control (Table 5.5). Follow up analysis in Minitab 19 (ONEWAY-

ANOVA) identified one significant OTU annotated as Chytridiomycota (P < 0.01), 

which showed significantly reduced copy number in response to ash and full-slurry 

treatments (Table 5.5). 
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Table 5.5. Rhizosphere soil DESeq2 and ANOVA analysis summary: Significant phylum (Log2FC > 1, FDR < 0.05) for OTU’s that showed higher 

copy number in treatment versus control and significant phylum (Log2FC < -1, FDR < 0.05) for OTU’s that show lower copy number in 

treatment versus control. A=ash; Fs= full-slurry; and C= control treatments. Significance levels: NS= P value > 0.05, * P value < 0.05, ** P value 

< 0.01, *** P value < 0.001. 

Increased in copy number in 
treatments 
 

Significant 
in 
treatment 
comparison 

FDR < 0.05 
DESeq2 
Log2FC > 
1 

ANOVA 
sig 

Presence 
in rice 

Function References 

Fungi;Basidiomycota Fs-C yes yes NS 
Found in rice 
rhizosphere soil 

Decompose 
organic matters, 
and lignin, 
cellulose, and 
hemicellulose 
from straw 

(Yao et al., 2017, 
Lei et al., 2018)  

Decreased in copy number in 
treatments 

Significant 
in 
treatment 
comparison 

FDR < 0.05 
DESeq2 
Log2FC < 
1 

ANOVA 
sig 

Presence 
in rice 
 

Function References 

Fungi;Monoblepharomycota A-C, yes yes NS 

Not found in rice 
rhizosphere. 
Found in aquatic 
habitat.  

Parasitic and 
saprotrophic 

(Gleason et al., 
2014) 

Fungi;Chytridiomycota A-C, Fs-C yes yes ** 
Found in rice 
rhizosphere soil  

Saprobic, 
decomposer 
and parasitic 

(Murase et al., 
2014, Ding et al., 
2019) 
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b) DESeq2 analysis at phylum level in root samples  

In root, DESeq2 analysis identified that one phylum level OTU, annotated as 

Ascomycetes, was significantly increased (FDR < 0.05, Log2FC < -1) in response to 

full-slurry treatment when compared against the control. However, follow up 

analysis in Minitab 19, indicated this may be a false positive (Table 5.6). 
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Table 5.6. Root- DESeq2 and ANOVA analysis summary for phylum level OTU’s that showed significant lower copy number in treatment versus 

control (Log2FC < -1 and FDR < 0.05). Fs= full-slurry; and C= control treatments. Significance levels: NS= P value > 0.05, * P value < 0.05, ** P 

value < 0.01, *** P value < 0.001. 

 
Increased in 
copy number in 
treatments 
 

Significant in 
treatment 
comparison 

FDR 
< 0.05 

DESeq2 Log2 
FC > 1 

ANOVA 
sig 

Presence in rice Function References 

Fungi; 
Ascomycota 

Fs-C yes yes NS  

Dominating 
fungi in 
rhizosphere soil, 
rice root and 
shoot 

Fungal 
endophytes 
have stress 
tolerance 
capacity such as 
drought, 
important 
drivers in C and 
N cycling 

(Andreo-Jimenez et 
al., 2019)  
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5.3.3.5.2 DESeq2 analysis at genus level 

a) DESeq2 analysis at genus level in rhizosphere soil samples  

The significant unique and overlapping DESeq2 normalized count at genus level for 

different pairwise comparisons in rhizosphere soil were summarised by the Venn 

diagram (Figure 5.8). In rhizosphere soil, DESeq2 analysis identified 8 significant 

genera level OTU’s, out of which 3 were increased (Aspergillus, 

Chaetomiaceae;Unidentified and Fusarium;, FDR < 0.05, log2FC > 1) in treatments 

versus control and 5 were decreased (Arachnomyces, Arnium, and 3 unidentified 

genus under Chytridiomycota, Basidiomycota and Rozellomycota; FDR < 0.05, 

Log2FC < -1) in treatments versus control (Table 5.7). Follow up analysis (ONEWAY-

ANOVA) verified significant (P < 0.01) decrease of an unclassified genus under 

Chytridiomycota phylum level OTU, annotated as an unclassified genus within the 

phylum Chytridiomycota, in response to ash and manure treatment (Table 5.7). 

Besides this, ash, animal manure and mineral fertilizer were shown to decrease the 

copy number of Arachnomyces and Arnium (Table 5.7), while half-slurry decreased 

the copy number of an unclassified genus of Basidiomycota and 

Rozellomycota (Table 5.7; FDR < 0.05, DESeq2), but these results were shown to be 

insignificant when followed up with ANOVA analysis in Minitab 19 (Table 5.7).                       
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Figure 5.8. Venn diagram showing the number of significant individual and 

overlapped DESeq2 normalized count at genus level identified in rice rhizosphere 

soil samples among the four-treatment comparison. FS-C= full-slurry versus control; 

Hs-C= half-slurry versus control, Mf-C= mineral fertilizer versus control; A-C= ash 

versus control.
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Table 5.7. DESeq2 and ANOVA analysis summary for rice rhizosphere soil fungi genus level OTU’s that show higher copy number in treatment 

versus control (Log2FC > 1, FDR < 0.05) and genus level OTU’s that showed lower copy number in treatment versus control (Log2FC < -1, FDR < 

0.05). A=ash; Fs= full-slurry; Hs= half-slurry; Mf= mineral fertilizer, and C= control treatments. Significance levels: NS= P value > 0.05, * P value 

< 0.05, ** P value < 0.01, *** P value < 0.001. 

Increased in copy number in 
treatments 

Significant 
in 
treatment 
comparison 

FDR 
< 0.05 

DESeq2 
Log2FC > 
1 

ANOVA 
sig 

Presence in 
rice: 

Function References 

Fungi;Ascomycota;Eurotiomycetes; 
Eurotiales;Aspergillaceae;Aspergillus 

A-C yes yes NS 

Found in 
rhizosphere 
soil, rice shoot 
and root 
 

Volatilization and 
transformation of 
arsenic, 
antagonistic 
against fungal 
pathogens, 
promote P 
solubilization  

(Leewijit et 
al., 2016, 
Naik et al., 
2009, 
Guimarães 
et al., 
2019, 
Batista et 
al., 2016) 

Fungi;Ascomycota;Sordariomycetes; 
Sordariales;Chaetomiaceae; 
unidentified 

Fs-C yes yes NS 

Chaetomiaceae 
was Isolated 
from rice 
leaves and 
roots 

Endophytic fungi, 
genus of 
Chaetomiaceae 
family actively 
protect rice 
against blast 
disease 

(NH et al., 
2019) 
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Fungi;Ascomycota;Sordariomycetes; 
Hypocreales;Nectriaceae;Fusarium 

Hs-C yes yes NS 

Found in rice 
rhizosphere 
soil, rice 
leaf/shoot, 
root and seed  

Arsenic resistant, 
some involve in 
arsenic 
biotransformation, 
saprophytic fungi, 
some are also 
pathogenic  

(Kim et al., 
2018, Su et 
al., 2011, 
Leewijit et 
al., 2016) 

Decreased in copy number in 
treatments 

Significant 
in 
treatment 
comparison 

FDR 
< 0.05 

DESeq2 
Log2FC<1 

ANOVA 
sig 

Presence in 
rice: 

Function References 

Fungi;Ascomycota;Eurotiomycetes; 
Onygenales;Arachnomycetaceae; 
Arachnomyces 

A-C, Fs-C, 
Hs-C, Mf-C 

yes yes NS 

Not found in 
rice 
rhizosphere 
soil, found in 
pig firm soil 

Not found 

(BING-DA 
SUN et al., 
2019) 
 

Fungi;Ascomycota;Sordariomycetes; 
Sordariales;Lasiosphaeriaceae; 
Arnium 

A-C, Fs-C, 
Mf-C 

yes yes NS Not found Not found  - 

Fungi;Chytridiomycota;unidentified; 
unidentified;unidentified;unidentified 

A-C, Fs-C, 
Hs-C 

yes yes ** 

Found in rice 
rhizosphere 
soil, common 
parasites and 
saprobes 
found in a 
variety of 

Saprobic, 
decomposer and 
parasitic 

(Murase et 
al., 2014, 
James et 
al., 2006, 
Gleason et 
al., 2008) 
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rhizosphere 
soil 

Fungi;Basidiomycota;unidentified; 
unidentified;unidentified;unidentified 

Hs-C 
 
 

yes yes NS 
Found in rice 
rhizosphere 
soil 

Decompose 
organic matters, 
and lignin, 
cellulose, and 
hemicellulose 
from straw 

(Yao et al., 
2017, Lei 
et al., 
2018)  

Fungi;Rozellomycota;unidentified; 
unidentified;unidentified;unidentified 

Hs-C 
 
 

yes 
 

yes NS 
Rozellomycota 
was found in 
paddy soil  

Found to have 
strong heavy 
metal adsorption 
capacity 

(Lin et al., 
2019, 
Wang et 
al., 2018) 
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b) DESeq2 analysis at genus level in root samples 

At DESeq2 analysis 12 genera were identified as significant which were summarized 

in the Venn diagram (Figure 5.9). Out of these 7 OTU’s (Penicillium, Cladosporium 

Pyrenochaetopsis, Fusarium, Nectria and two unclassified genus of Ascomycota and 

Chytridiomycota) were increased (FDR < 0.05, log2FC > 1), and 5 OTU’s 

(Acremonium, Arnium, and 3 unclassified genera under Ascomycota) were 

decreased (FDR < 0.05, Log2FC < -1) in treatments versus control (Table 5.8). Follow 

up analysis (ONEWAY-ANOVA, P < 0.05) identified only 2 significantly increased 

OTU’s (Nectria and an unclassified genus of Ascomycota) in response to half-slurry 

treatment (Table 5.8) and 1 significantly decreased OTU (unclassified genus of 

Ascomycota phyla) in response to all soil treatments when compared to the control. 

Animal manure was shown to increase the copy number of Penicillium, 

Cladosporium, Pyrenochaetopsis, Fusarium and an unclassified genus of 

Chytridiomycota in DESeq analysis, but this effect was insignificant in ANOVA (Table 

5.8).  
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Figure 5.9. Venn diagram showing the number of significant individual and 

overlapped DESeq2 normalized count at genus level identified in rice root samples 

among the four-treatment comparison; A, ash; C, control; Fs, full-slurry; Hs, half-

slurry; and C, control treatment.
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Table 5.8. Rice root - DESeq2 and ANOVA analysis summary for fungal genus level OTU’s that showed significantly higher copy number in 

treatment versus control (Log2-FC>1, FDR < 0.05) and significantly lower copy number in treatment versus control (Log2-FC< -1, FDR < 0.05). 

Significance levels: NS= P value > 0.05, * P value < 0.05, ** P value < 0.01, *** P value < 0.001. 

Increased in treatments 
Significant in 
treatment 
comparison 

FDR 
< 0.05 

DESeq2 
Log2 
FC>1 

ANOVA 
sig 

Presence in 
rice 

Function References 

Fungi;Ascomycota;Eurotiomycetes; 
Eurotiales;Aspergillaceae;Penicillium 

Hs-C yes yes NS 

Found in 
rhizosphere 
soil, rice leaf, 
shoot and 
rice root 

Endophytic fungi, 
could volatilize and 
transform arsenic, 
antagonistic against 
fungal pathogens, 
and promotes P 
solubilisation 

(Leewijit et al., 
2016, Naik et 
al., 2009, 
Potshangbam et 
al., 2017, Wang 
et al., 2016) 
 

Fungi;Ascomycota;Dothideomycetes; 
Capnodiales;Cladosporiaceae; 
Cladosporium 

Hs-C yes yes NS 
Found in rice 
root, leaf, 
shoot 

Dominant 
endophytes act 
against pathogens, 
actively suppress 
rice leaf blast 

(Naik et al., 
2009, Chaibub 
et al., 2016) 
 

Fungi;Ascomycota;Dothideomycetes; 
Pleosporales;Cucurbitariaceae; 
Pyrenochaetopsis 

Hs-C yes yes NS Not found Not found  - 

Fungi;Ascomycota;Sordariomycetes; 
Hypocreales;Nectriaceae;Fusarium 

Hs-C, Fs-C yes yes NS 
Found in rice 
rhizosphere 
soil, rice 

Fungal saprobes and 
some have 
pathogenic role 

(Kim et al., 
2018, 
Potshangbam et 
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leaf/shoot, 
root and seed  

causing rice head 
blight  

al., 2017, Naik 
et al., 2009) 

Fungi;Ascomycota;Sordariomycetes; 
Hypocreales;unidentified;unidentified 

Hs-C yes yes ** 
Found in rice 
root and 
shoot 

Endophytic fungi, 
some help 
decomposition, 
some of the 
Hypocreales are 
pathogenic 

(Potshangbam 
et al., 2017, 
Toledo et al., 
2008)  

Fungi;Ascomycota;Sordariomycetes; 
Hypocreales;Nectriaceae;Nectria 

Hs-C yes yes ** 
Found in 
brown rice 

Endophytic fungi 

(Potshangbam 
et al., 2017, 
Ariefta et al., 
2017) 

Fungi;Chytridiomycota;unidentified; 
unidentified;unidentified;unidentified 

Fs-C yes yes NS 

Found in rice 
rhizosphere 
soil, not 
found in rice 
root  

Saprobic, 
decomposer and 
parasitic 

(Murase et al., 
2014) 

Decreased in treatments 
Significant in 
treatment 
comparison 

FDR 
< 0.05 

DESeq2 
Log2 
FC<1 

ANOVA 
sig 

Presence in 
rice: 

Function References 

Fungi;Ascomycota;Dothideomycetes; 
unidentified;unidentified;unidentified 

A-C, Fs-C, Hs-
C, Mf-C 

yes yes  * 
Found in rice 
rhizosphere 
and stem 

Endophytic fungi, 
some genus of 
Dothideomycetes 
class are strongly 
pathogenic  

(Ohm et al., 
2012, Yuan et 
al., 2011) 
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Fungi;Ascomycota;Sordariomycetes; 
Sordariales;unidentified;unidentified 

Fs-C yes yes NS 
Found in rice 
plant 

Some genus of 
Sordariomycetes 
cause rice blast 

(Potshangbam 
et al., 2017) 
 

Fungi;Ascomycota;Sordariomycetes; 
Hypocreales;Hypocreales_fam_ 
Incertae_sedis;Acremonium 

Fs-C yes yes NS 

Promotes 
plant growth 
potentially 
inhibit 
the growth of 
some 
pathogens  

Found in rice shoot 
and root 

(Naik et al., 
2009, 
Potshangbam et 
al., 2017) 
 

Fungi;Ascomycota;Sordariomycetes; 
Sordariales;Lasiosphaeriaceae;Arnium 

Mf-C yes yes NS Not found Not found  - 

Fungi;Ascomycota;Dothideomycetes; 
Pleosporales;unidentified;unidentified 

Mf-C yes yes NS Found in rice 

Some genus to the 
Dothideomycetes 
class are strongly 
pathogenic and 
cause rice 
blast/blight disease 

(Ohm et al., 
2012) 
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c) DESeq2 analysis at genus level in shoot samples 

At genus level, DESeq2 identified significant fungal OTU’s for the different pairwise 

treatment comparisons in rice shoot were summarized in the Venn diagram (Figure 

5.10). In shoot, DESeq2 analysis identified 2 significant OTU’s, 1 was increased 

(unclassified genera under Ascomycota, FDR < 0.05, log2FC > 1) and 1 was 

decreased (Pseudeurotium, FDR < 0.05, Log2FC < -1) in treatments versus control 

(Table 5.9). Follow up analysis in Minitab 19 (ONEWAY-ANOVA) identified both of 

them were significantly influenced due to the different treatment effects.  

 

Figure 5.10. Venn diagram showing the number of significant individual and 

overlapped DESeq2 normalized count at genus level identified in rice shoot samples 

among the four-treatment comparison. In Figure A, ash; C, control; Fs, full-slurry; 

Hs, half-slurry; and Mf, mineral fertilizer. 
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Table 5.9. Rice shoot samples, DESeq2 and ANOVA analysis summary for fungal genus level OTU’s that show higher copy number in treatment 

versus control (Log2FC > 1, FDR < 0.05) and genus level OTU’s that showed lower copy number in treatment versus control (Log2FC < -1, FDR < 

0.05). Significance levels: NS= P value > 0.05, * P value < 0.05, ** P value < 0.01, *** P value < 0.001. 

Increased in treatments 

Significant 
in 
treatment 
comparison 

FDR < 0.05 
DESeq2 
Log2FC>1 

ANOVA 
sig 

Presence in 
rice: 

Function References 

Fungi;Ascomycota;Sordariomycetes; 
unidentified;unidentified;unidentified 

Mf-C yes yes * 
Found in 
rice root 
and shoot 

Endophytic 
fungi, some 
genus of 
Sordariomycetes 
cause rice blast, 
some help 
decomposition 
and nutrient 
cycling 

 
(Potshangbam 
et al., 2017, 
Zhang et al., 
2006b) 

Decreased in copy number in 
treatments 

Significant 
in 
treatment 
comparison 

FDR < 0.05 
DESeq2 
Log2FC<1 

ANOVA 
sig 

Presence in 
rice: 

Function References 

Fungi;Ascomycota;Leotiomycetes; 
Thelebolales;Pseudeurotiaceae; 
Pseudeurotium 

Fs-C, Hs-C, 
A-C, Mf-C 

yes yes *** 

Not found 
in rice plant 
found in 
rhizosphere 
soil 

The genus could 
solubilize 
inorganic and 
organic P in soil 

(Aseri et al., 
2009) 
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5.4 Discussion 

5.4.1. Context of the chapter 

The size of fungal communities is much smaller than the bacterial community in the 

rice endosphere (Santos-Medellín et al., 2017). Moreover, under traditional rice-

growing condition, root microbiome fungal population were found to be less 

abundant than in the roots of plants grown in upland conditions (Pili et al., 

2016). Although, the role of rhizosphere soil fungi as a decomposer in soil (Fontaine 

et al., 2011, Ma et al., 2013), in symbiotic interactions (Clemmensen et al., 2006, Lu 

et al., 2018, Smith and Read, 2010) and as a pathogens (Ohm et al., 2012, Martin-

Urdiroz et al., 2016, Wang and Valent, 2009) is well understood, yet the effect of 

different fertilizer treatments on the fungal diversity, abundance and their function 

in paddy microbiome is not clearly understood.  

  

Previous research, on the application of bio char evidenced increase in soil fertility 

(Zavalloni et al., 2011), crop productivity (Nurhidayati and Mariati, 2014, Liu et al., 

2016) reduced environmental stresses (Fahad et al., 2016), an increase in plant 

resistance to diseases (Elad et al., 2011, Elmer, 2011, Chen et al., 2013), reduced 

N2O emissions from soil (Taghizadeh‐Toosi et al., 2011), decreased leaching of 

nutrients (Lehmann et al., 2011) and enhancement in soil microbial activity (Smith 

et al., 2010). Earlier, some research focused on the effect of the addition of mineral 

fertilizer on the total fungal community (Weber et al., 2013, Wang et al., 2017a) or 

only considered well known arbuscular mycorrhizal fungi (Fernández et al., 1997). 

In a long term rice-wheat rotation agro-ecosystem the AMF colonization rate was 

not affected by different fertilizer while organic manure significantly enhanced AMF 

colonization (Qin et al., 2015). It was found that, in acidic soil, the application of N 

fertilizer adversely affected fungal population (Zhang et al., 2016), and reduced the 

diversity (Zhou et al., 2016). In alkaline soil, changes in soil nutrient content mostly 

affected the soil fungi (Lauber et al., 2008). However, differences in soil chemistry 

could also greatly influence the endophytic fungal communities of rice plants (Tian 

et al., 2004). The prospective effects of different types of fertilization over total 
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fungal population have not yet reconnoitred. One study revealed that organic soil 

treatments (slurry) enhanced soil organic matter content, and available N, P and K 

and total N, P (Yu et al., 2010), while another study showed soil enzymatic activity 

in rice soil was influenced by organic residue (Tao et al., 2009), but no effect of 

manure addition on the fungal community was revealed. Moreover, very few 

researches broadly defined the fungal community within rice rhizosphere soil, root 

and shoot microbiome. Therefore, the current study provides novel insight as 

investigates the effect of biomass ash, animal manures and chemical fertilizers on 

fungal diversity in rice rhizosphere, root and shoot.  

 

5.4.2 Fungal diversity in the rhizosphere soil, root and shoot 

Amplicon sequencing of the fungal ITS1 showed that animal manure increases 

fungal richness and diversity. In degraded cropland of Maize, Zhen et al. (2014) also 

found that manure and compost enhanced, while mineral fertilizer (N treatment) 

decreased fungal diversity (Shannon index). Zhen also found that the use of manure 

compost along with bio fertilizers can instantly increase the microbial abundance 

and diversity in degraded soils (Zhen et al., 2014). Das et al. (2019) revealed that 

short-term (120 d) treatment with silica, increased the fungal richness and diversity 

in flooded rice. Moreover, Wang et al. (2017a) reported that inorganic fertilizer (N, 

P, K) significantly increased the Chao1 diversity index or the fungal richness. Thus, 

our finding follows some of those previously published trends regarding increase of 

fungal diversity due to application of organic manure.  

 

5.4.2 Relative abundance of fungal community at phylum level 

Regarding the assessment of the fungal diversity in the three compartments, rice 

rhizosphere soil, root and shoot via amplicon sequencing in the current study, 

Ascomycota were identified as the most abundant phylum. In rhizosphere soil, 

Ascomycota comprised > 90 % of the total RA, in root > 97 % and in shoot > 99 %. 

Other phyla found in the rhizosphere soil were Basidiomycota, Chytridiomycota, 

Mortierellomycota and Rozellomycota. In root other fungal phyla identified were 
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Chytridiomycota, Basidiomycota, Rozellomycota and Mortierellomycota. In shoot 

Basidiomycota, Chytridiomycota, and Mortierellomycota were identified. 

Consistent with the present study, previous fungal diversity studies in rice paddy 

also identified Ascomycota as the prominent phylum in the anoxic rice rhizosphere 

(Asiloglu and Murase, 2016) and in rice root, followed by the Basidiomycota 

(Andreo-Jimenez et al., 2019, Yuan et al., 2018). 

 

Asiloglu and Murase (2016) also found that Ascomycota were the most abundant 

phylum in rhizosphere soil at the anoxic stage while Chytridiomycota were 

abundant during the oxic and initial growth stage of rice. In line with these studies, 

we also found that Ascomycota was the dominating phylum in the rice rhizosphere 

soil-root-shoot microbiome. Ascomycota were also found to play an important role 

in carbon and nitrogen cycling as well as showing interaction with plants (Crenshaw 

et al., 2008, Montanaro, 2012), via their active role in nutrient cycling.  

 

Moreover, rice soil and rice root sequences also retrieved OTU’s annotated as 

Chytridiomycota at the phylum level during the grain fill stage of growth. 

Chytridiomycota, an obligate aerobe (Gleason et al., 2008) was not only found as an 

active decomposer of rice roots but also found as a parasite (Asiloglu and Murase, 

2016). Thus, the presence of this phylum in the rice root during the rice grain fill 

stage might indicate its parasitic role.  

 

5.4.3 Relative abundance at genus level 

Previous research showed the presence of Aspergillus, Penicillium and Fusarium, 

Trichoderma sp. in soil, rice root and as shoot-associated endophyte (Potshangbam 

et al., 2017, Santos-Medellín et al., 2017, Leewijit et al., 2016). In one study several 

arsenic bio transforming fungi, Trichoderma aperellum, Penicillium janthinellum, 

and Fusarium oxysporum were reported (Su et al., 2011). In another study 

Aspergillus sp. was shown to synthesize arsenic metabolites such as arsenite [As(III)] 

and arsenate, Penicillium sp. was identified as arsenic accumulator and Trichoderma 
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sp. as arsenic oxidizer (Batista et al., 2016). In addition, Guimarães et al. (2019) 

observed that Aspergillus sp. and Penicillium sp. could volatilize arsenic in rice 

rhizosphere soil. This is of interest, as these fungal genera were also identified in 

the rhizosphere soil, root and leaf in the present study (Table 5.4) and indicates 

their possible involvement in arsenic biotransformation.  

 

Fisher and Petrini (1992) described Fusarium, Aspergillus and Penicillium as 

endophytes and also as possible latent pathogens in paddy plants when any 

environmental factors decline. The presence of these genera in rhizosphere soil, 

root and shoot in the current study may therefore indicate presence of latent 

pathogens which may become active under unfavourable conditions. 

 

Talaromyces sp. has previously been isolated from rice seedlings which is a known 

bio-fungicide against seed-borne pathogens of rice in Japan (Kato et al., 2012). The 

antagonistic effects of Talaromyces sp. against plant pathogenic fungi isolated from 

rice and other plants have been reported in several studies (Miyake et al., 2012, 

Marois et al., 1984, Tjamos and Fravel, 1997, Naraghi et al., 2010). Species of this 

genus were also found to solubilize P, a key nutrient for plant growth (Wakelin et 

al., 2004). In our experiment, Talaromyces was identified as a relatively abundant 

genus in rice rhizosphere soil, were it may play an important role in defence against 

soil-borne pathogens and P availability. 

 

In rice root and shoot, the current study identified Cladosporium as the most 

abundant genus followed by Fusarium in root and Penicillium in shoot (Table 5.4). 

Several studies reported Cladosporium as endophytic fungi that actively protect rice 

plants by activating biochemical defence mechanisms against pathogens including 

rice blast (Fisher and Petrini, 1992, Naik et al., 2009, Chaibub et al., 2016). Within 

this context it is interesting to note that in the current study, the relative 

abundance of Cladosporium increased from rice rhizosphere soil to the rice root 
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and was highest in the rice shoot, as Cladosporium is well known for its ability to 

suppress rice leaf blast (Chaibub et al., 2016). 

 

 With respect to detection of Penicillium in our rice shoots and Fusarium in rice root, 

previous research (Potshangbam et al., 2017) found that Fusarium sp. and 

Acremonium sp. were predominant in rice shoot followed by Penicillium and 

Aspergilius. As stated earlier, multiple studies have reported that both Penicillium 

and Fusarium are arsenic bio-transforming fungi (Su et al., 2011, Guimarães et al., 

2019), this indicating their potential role in rice arsenic metabolism. In addition, 

Penicillium sp. have previously been reported as endophytic fungi that induce 

significant growth promotion (Waqas et al., 2012) and have antagonistic properties 

against fungal pathogens as well as promote P solubilization in rice (Naik et al., 

2009, Potshangbam et al., 2017, Leewijit et al., 2016). Hence in the current study 

the predominance of Cladosporium and Penecilium in the shoot and Cladosporium 

and Fusarium in root may indicate them as beneficial endophytes. 

 

5.4.4 Effect of amendments on fungal diversity in rice microbiome by DESeq2 

analysis 

The fungal community, particularly the Chytridiomycota annotated phylum level 

OTU’s, reduced in copy number in the rice rhizosphere soil in response to ash and 

manure. Previously Chytridiomycota have been found to dominate in the rice 

rhizosphere soil by Ding et al. (2019). In the current study the abundance of fungal 

genus level OTU’s within the phylum Chytridiomycota was also shown to be 

significantly reduced in response to manure and ash treatment. Previous studies 

have shown that the copy number of Chytridiomycota, Glomeromycota, Zgomycota 

and Rozellomycota were strongly correlated with heavy metal contamination and 

to the nutrients of soil organic matter (Lin et al., 2019, Sánchez-Castro et al., 2017). 

The significant effect of manure and ash in reducing the copy number of 

Chytridiomycota could therefore be related to the mobility of soil heavy metals and 

soil nutrients. 
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In rice root and shoot the Ascomycota annotated phylum level OTU’s were shown 

to dominate. Predominance of Ascomycota was also reported by a study which 

showed distinctive endophytic fungal population in the rice stem (Oryza granulate), 

with the majority of the isolates belonging to the phylum Ascomycota and classes 

Sordariomycetes and Dothideomycetes (Yuan et al., 2011).  

 

The presence of the Dothideomycetes class in rice root could be interesting as all 

the treatments were found to significantly lower the copy number of an 

unclassified genera under Dothideomycetes. Fungal species belonging to the 

Sordariomycetes class have previously been identified in rice as endophytic fungi 

(Potshangbam et al., 2017). Further to that in another study, some species within 

the Sordariomycetes class and the order Hypocreales have been identified as rice 

pathogens (Toledo et al., 2008). In our rice root microbiome, the increase in the 

copy number of the two Sordariomycetes OUT’s (one was unclassified genus with 

the order Hypocreales and the other genus was the Nectaria) could therefore be 

harmful to rice under adverse condition.  

 

An unclassified genus level OTU within the class Sordariomycetes was found in our 

rice shoot microbiome in response to mineral fertilizer. While all the treatments 

were shown to reduce the copy number of Pseudeurotium in shoot microbiome. 

Pseudeurotium has previously found to be able to solubilize inorganic and organic 

phosphorus in soil (Vyas et al., 2007, Aseri et al., 2009), but no study has previously 

isolated this organism from rice shoot. Thus, the possibility that Pseudeurotium is 

another rice shoot endophyte could be further investigated. 

 

5.5 Conclusion  

Different sources of fertilizer had a distinct effect on the diversity and abundance of 

the fungal population in the paddy microbiome. ITS1 amplicon sequencing during 
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the grain-fill stage revealed that the diversity of the fungal population was 

significantly different among the three compartments- rice rhizosphere soil, root, 

and shoot. However, different treatments have also shown a significant effect on 

fungal diversity. Out of the total of 129 fungal genus level OTU’s, 16 genera showed 

> 0.7% relative abundance. Of these 7 in rice rhizosphere soil, 14 in the rice root 

and 2 in the rice shoot. Treatment effect was limited to a small number of genus 

level OTUs in soil and root, with most of these showing a response to slurry 

treatments.
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Chapter 6 

Discussions and conclusion 

 

6.1 Summary and discussions 

Rice is the staple diet for circa 50 % of the world’s population but can contain 

approximately 10 times more arsenic than all other cereals (Williams et al., 2007b, 

Williams et al., 2007c). As a Class I carcinogen arsenic in rice is a risk  (Meharg and 

Zhao, 2012, Humans, 2012). Rice is naturally capable of taking up arsenic and 

methylated species derived from paddy soil (Jia et al., 2012, Zhao et al., 2009). 

However, arsenic concentrations in rice grain harvested worldwide have been 

shown to vary widely, this being thought to be due to differences in climate, 

geography, soil, microbial communities within the soil and rice genotype (Zhao et 

al., 2013a, Norton et al., 2009). Paddy management practices such as water 

management and the application of organic manure, biochar and mineral fertilizer 

have been shown to promote arsenic methylation, mobilization in soil, and 

subsequent uptake by rice (Schoof et al., 1999, Meacher et al., 2002, Williams et al., 

2007a, Jia et al., 2013b, Norton et al., 2013, Mestrot et al., 2009). Attention is, 

therefore, needed to ascertain arsenic chemistry, rice plants arsenic metabolism, 

and transformation so that effective mitigation measures could be implemented 

against arsenic contamination in the food chain. Therefore, this research 

hypothesised: “Is there any effect of different fertilizers on microbial population in 

the paddy microbiome, as well as effects on arsenic biogeochemistry, speciation, 

methylation and ultimately assimilation of arsenic into rice grain?” 

 

In the current study, a controlled rice growth experiment was grown in soil 

collected from Ningbo, China and with the application of five treatments: mineral 

fertilizer, biomass ash, half-slurry with half mineral fertilizer, full-slurry and control. 

In Chapter 2 detailed the microcosm experimental setup which also included the 

detail sampling procedure and storage of the rice porewater, rhizosphere soil, rice 

shoot, rice root and grain for the various chemical and molecular analysis. The 
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growth conditions and temperature setup for the microcosm experiment were 

followed considering the standard growing conditions of rice followed in Ningbo, 

China. The ‘Yongyou12’ is a Japonica indica hybrid that required 170 d to complete 

the life cycle in the growth cabinet. During the full life cycle, the rice plants were 

monitored closely by checking day to day moisture requirements and monitoring 

growth parameters. 

 

The study of the biogeochemistry, speciation and assimilation of arsenic in rice as 

well as bacterial abundance under different soil amendments over time were the 

main focus in Chapter 3 of the thesis. For this, rice soil porewater chemistry was 

analysed over a series of different time points; 7, 14, 28, 56, 84 d, during the 

heading stage (at 99-126 d), grain fill stage (at 107-134 d) and dry stage (at 145-170 

d), counting 5 d after the transplanting. This study found that rice porewater 

chemistry varied greatly over different periods of rice growth. Time was shown to 

have a highly significant effect. Previous studies also found that arsenic speciation 

dynamics in soil porewater is complex and showed wide variations over sampling 

time and among different soil (Zhao et al., 2013b). A significant effect in response 

to treatments was observed for pH, Eh, Asi, B, Zn, Rb, Pb, with full-slurry (organic 

manure) resulting in the highest response. Porewater pH and TOC showed a 

significant positive correlation with MMA, DMA, Cu, Zn, Sr and Cd while the same 

showed a negative correlation with Eh, B, Co, Rb, Mo and Pb. These results are of 

interest, as paddy management practices include the application of different water 

regimes that affect the redox potential (Eh) in paddy soil (Kumarathilaka et al., 

2018b). This is because, under submerged paddy condition, water replaces air from 

the soil, with this causing many redox reactions (high Eh, ~+700 mV to low Eh, ~-

300 mV) that enhance reduction of Mn, Fe, S and methane (Sahrawat, 2015). 

 

Rice grain and shoot accumulated inorganic arsenic and DMA, while MMA was only 

found in rice shoots. However, rice grain accumulated more DMA and less inorganic 

arsenic compared to the shoot. In rice shoot, different soil treatments showed 

significant response for B, P, Cr, Mn, Fe, Co, Ni, Zn, Rb, Cd, S, K, Na and Sn; while in 
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rice grain, the treatment effect was not pronounced. Rice porewater arsenic, DMA 

and MMA showed significant linear relations with shoot and grain arsenic species. 

Previously rice grain was found to accumulate high arsenic in response to organic 

matter application in arsenic-rich soil (Norton et al., 2013). Besides, the application 

of different organic fertilizer has previously been shown to influence speciation, 

methylation and uptake of arsenic in rice (Huang et al., 2012, Jia et al., 2012).  

 

Porewater chemistry and arsenic speciation were found to be strongly related to 

the abundance of the bacterial arsM and 16S rRNA gene in rhizosphere soil. The 

qPCR analysis showed an increase in the relative abundance of the arsM gene 

which was highest in rhizosphere soil during 107-134 d or grain fill stage while at 

the same time there was a less pronounced increase for the 16S rRNA gene. 

However, the application of full slurry resulted in a significant increase in 16S rRNA 

copy number with no effect for the arsM gene. Previously, bacterial communities 

have been found to respond to changes in soil moisture, temperature, pH, soil type, 

and nutrient availability (Itoh et al., 2013, Rousk et al., 2010, Dai et al., 2018) 

 

Effect of different fertilizers on the diversity and abundance of the bacterial 

population in rice paddy rhizosphere soil, root and shoot were identified in Chapter 

4 using 16S rRNA amplicon sequencing. This allowed investigation of the potential 

role of different groups of bacteria in arsenic methylation and elemental cycling. As 

to be expected and previously observed in several other studies (Edwards et al., 

2015, Hallmann et al., 1997, Hernández et al., 2015, Mendes et al., 2013, Moronta-

Barrios et al., 2018), the rarefaction analysis with a sequencing depth of 29,000 

showed the highest bacterial richness in rhizosphere soil followed by rice root and 

rice shoot. Further to that, the relative abundance of the bacterial community 

significantly differed in the three compartments. Proteobacteria, Firmicutes, 

Actinobacteria, Planctomycetes, Acidobacteria, Chloroflexi, Gemmatimonadetes 

and Verrucomicrobia showed higher relative abundance in rice rhizosphere soil 

compared to the other two compartments while Proteobacteria dominated in the 

rice leaf. At phylum level, the relative abundance of Proteobacteria in all the three 
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compartments were highest, with Proteobacteria previously been identified as a 

dominant phylum in rice paddy soils (Edwards et al., 2015, Fierer et al., 2012, 

Kuramae et al., 2012, Lopes et al., 2014). Out of the total 27 genera identified, 18 

genera were relatively abundant in rhizosphere soil, 17 genera were identified in 

rice roots and 16 genera were identified in rice shoots with >1 % abundance. 

Among these significant levels of Geobacter, Clostridium, Anaeromyxobacter, 

Opitutus, Desulfocapsa, Methylocystis and Gemmatimonas were found in all the 

three compartments: rice rhizosphere soil, root and shoot. Rhizosphere soil also 

showed significant levels of Singulisphaera, Mycobacterium, Marmoricola, 

Acetivibrio, Arthrobacter, Nocardioides, Tumebacillus, Flavisolibacter, Oryzihumus, 

Sporacetigenium and Sporomusa. Rice roots also showed significant levels of 

Methylibium, Geothrix, Dechloromonas, Desulfovibrio, Methylomonas, 

Pleomorphomonas, Sporomusa, Actinoplanes, Cellvibrio, and Cystobacter. In rice 

shoot, significant levels were also observed for Methylibium, Singulisphaera, 

Mycobacterium, Tumebacillus, Acetivibrio, Arthrobacter, Dechloromonas, Geothrix, 

and Sporacetigenium, but overall the abundance of bacteria in the shoot was very 

low. Clostridium was identified as the most relatively abundant genus in 

rhizosphere soil, and shoot and Geobacter as the most relatively abundant in rice 

root. 

 

Geobacter has previously been found to dominate in flooded soil and could be 

involved in the release and detoxification of arsenic and reduction of iron from soil 

metal hydroxides (Dang et al., 2016, Héry et al., 2015, Héry et al., 2010, Islam et al., 

2004, Breidenbach et al., 2016, Hori et al., 2010). Clostridium sp., 

Anaeromyxobacter sp. and Desulfocapsa were also found to be associated with 

arsenic methylation, transformation and release in paddy soil (Wang et al., 2015b, 

Kudo et al., 2013, Bachate et al., 2009, Luo et al., 2020). While some were found to 

be involved in the biogeochemical cycling of the different elements such as N, Fe 

and S, methane cycling, and act as an active decomposer (mentioned in Table 4.4) 

(Li et al., 2016, Moronta-Barrios et al., 2018, Edwards et al., 2015, Das et al., 2016, 

Santos-Medellín et al., 2017, Aslam et al., 2013, Breidenbach et al., 2016). Hence 
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the relatively high abundance of these bacterial genera in the rice rhizosphere, rice 

root and in shoot demand further investigation with respect to their potential role 

in arsenic detoxification and transformation and biogeochemical cycling in the rice 

paddy compartments.  

 

In rice rhizosphere soil, at the phylum level, an increase in the copy number of 

Planctomycetes was found in response to ash, while a decrease was noticed for 

Bacteria; OP10 and for Chloroflexi for the same treatment. In rice shoot, both 

animal manure and ash were found to reduce the copy number of Firmicutes, 

Planctomycetes, Actinobacteria, Chloroflexi, Proteobacteria and Bacteroidetes 

when compared to the control. At the genus level, DESeq2 analysis identified 32 

OTU’s, out of which 22 genera were found significant in follow-up ANOVA analysis. 

Among these significant genus level OTU’s, three unclassified genera within the 

phylum Cyanobacteria could be important for arsenic transformations in terms of 

both mineralisations, arsenic redox dynamics and formation of organoarsenic 

species (Zhang et al., 2014, Miyashita et al., 2016). With respect to the significant 

OTU’s identified in rice soil, the scientific literature implies that the 

Rhodothermaceae family has the potential to take part in the natural 

transformation of arsenic (Engel et al., 2013, Gu et al., 2017, Van der Merwe et al., 

2010), the Clostridiales;Incertae Sedis XI;Other, Clostridiales;Clostridiaceae;Sarcina 

may methylate As(III) to mono and dimethyl arsenate (Rui et al., 2009, Lloyd, 2003), 

the Bacteroidetes; Bacteroidia; Bacteroidales; Porphyromonadaceae; Other could 

be involved in arsenic methylation and volatilization (Jia et al., 2013a, Xiao et al., 

2016), Paracoccus in arsenic oxidation (Zhang et al., 2015a) and Roseomonas in 

arsenic transformation (Bagade et al., 2016). Other organisms of interest are 

Rhizobiales; Phyllobacteriaceae;Other as are implicated in P solubilization and 

denitrification (Yoshida et al., 2012, Long et al., 2018), 

Planctomycetes;Planctomycetacia; Planctomycetales;Planctomycetaceae; 

Planctomyces and Steroidobacter as may be involved in ammonia transformation 

and N cycling (Zhang et al., 2019, Fuerst and Sagulenko, 2011); Verrucomicrobia as 
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may take part in decomposition and methanogenesis (Wang et al., 2019a, Rui et al., 

2009). 

 

In the rice root microbiome, DESeq2 analysis identified 10 significant OTU’s, of 

which only 3 unclassified genera were found as significant OTU’s. Among the 

unclassified genera, two within the phylum Proteobacteria could be root 

endophytes as well as be involved in methane cycling (Sun et al., 2008, Edwards et 

al., 2015) and one within the phylum Acidobacteria, could be involved in 

denitrification and reduce nitrate and nitrite in rhizosphere soil (Yoshida et al., 

2012). At the genus level in the shoot, DESeq2 analysis identified 8 significant OTU’s 

and follow up analysis also identified all as significant due to the different 

treatment comparisons. Among these, Geobacter is an arsenic respiring bacteria, 

releases arsenic and increases arsenic methylation (Dang et al., 2016, Ohtsuka et 

al., 2013) and reduces Fe (Breidenbach et al., 2016, Yan et al., 2020). In rice shoot 

the genus Clostridium and two unclassified genera within the phylum Clostridiales 

were significant. These could be nitrogen-fixing endophytes, as have previously 

been identified in rice leaf and root (Sun et al., 2008, Santos-Medellín et al., 2017, 

Zhang et al., 2013, Roman-Reyna et al., 2020). In conclusion, the current study 

identified a number of bacterial genus level OTU’s in rice rhizosphere soil, root and 

shoot, which could be involved in arsenic methylation and volatilization. As the 

copy number of these was significantly changed in response to full-slurry and/or 

half-slurry and/or ash treatment, this warrants further investigation.  

 

The effect of different fertilizers on the diversity and abundance of the fungal 

population in rice paddy rhizosphere soil, root and rice shoot was identified in 

chapter 5 using the ITS1 amplicon sequencing. This was conducted to study the 

potential role of the fungi in arsenic transformation and different elemental cycling. 

Rarefaction analysis showed the highest fungal richness in rhizosphere soil followed 

by rice root and rice shoot, with a significant difference between the compartments 

for all alpha diversity measures, while for treatment effects a significant difference 

was only observed for the Shannon and Simpson diversity index.  
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Ascomycota, followed by Basidiomycota, Chytridiomycota, Mortierellomycota and 

Rozellomycota were the most abundant phyla in the rhizosphere soil (relative 

abundance >0.7 %). In rice root Ascomycota followed by Chytridiomycota, 

Basidiomycota, and Rozellomycota were identified and in rice shoot Ascomycetes 

dominated. Ascomycota was retrieved as the most relatively abundant phyla in all 

the three compartments and could play an important role in carbon and nitrogen 

cycling (Crenshaw et al., 2008, Montanaro, 2012). Chytridiomycota had previously 

been reported as decomposers in rice roots and as a potential parasite (Asiloglu 

and Murase, 2016). At the genus level, Arachnomyces, Arnium, Aspergillus, 

Cladosporium, Cyberlindnera, Emericellopsis, Fusarium, Guehomyces, Mortierella, 

Penicillium, Pseudeurotium, Sarocladium, Talaromyces, Trichoderma and Zopfiella 

were relatively abundant in rhizosphere soil. In the rice root microbiome, significant 

levels of Acremonium, Arnium, Cladosporium, Cyberlindnera, Emericellopsis, 

Fusarium, Mortierella, Penicillium, Pseudeurotium, Sarocladium, Talaromyces, 

Trichoderma and Zopfiella were identified and in the shoot, Cladosporium and 

Penicillium were significant. Some of these fungi (Aspergillus, Penicillium and 

Fusarium, Trichoderma sp.) have previously been identified as rice endophytes 

(Potshangbam et al., 2017, Santos-Medellín et al., 2017, Leewijit et al., 2016). Some 

(Talaromyces sp.) have shown antagonistic potential against pathogenic fungi in 

rice (Miyake et al., 2012, Marois et al., 1984, Tjamos and Fravel, 1997, Naraghi et 

al., 2010). Fungal species within the genera Trichoderma, Penicillium and Fusarium 

have, furthermore, been reported to have arsenic biotransformation ability (Su et 

al., 2011). In addition, Penicillium sp. were shown to be arsenic accumulators, 

Trichoderma sp. arsenic oxidizers and Aspergillus sp. and Penicillium sp. found to be 

able to volatilize arsenic in rice rhizosphere soil (Batista et al., 2016, Guimarães et 

al., 2019). Cladosporium, which was found to dominate in rice root and shoot, has 

previously been reported for its ability to suppress rice blast disease and is hence 

commonly seen as beneficial to rice (Fisher and Petrini, 1992, Naik et al., 2009, 

Chaibub et al., 2016). 
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The treatment effects on fungal ITS OTU’s at rice grain fill stage were very small and 

limited to a small number in soil, with ash and full-slurry showing the strongest 

effect, and mineral fertilizer showing no significant effect. In soil, only an 

unclassified genus OTU’s within the phylum Chytridiomycota showed a highly 

significant decrease in copy number in response to ash, half and full-slurry. This is of 

interest as Chytridiomycota have previously been reported to control the mobility 

of soil heavy metals and soil nutrients (Lin et al., 2019, Sánchez-Castro et al., 2017).  

 

In rice root, the copy number of the two genus level OTU’s within the class 

Sordariomycetes was found to be increased in response to half-slurry (one 

unclassified genus within the order Hypocreales and one annotated as Nectar at 

genus level). Sordariomycetes class OTU’s were also found in the rice shoot 

microbiome. This is of interest as Sordariomycetes have previously been reported 

as rice pathogens (Toledo et al., 2008). All treatments significantly reduced the copy 

number of an unclassified genus level OTU within the phylum Ascomycota in root 

and one genus level OTU annotated as Pseudeurotium in the shoot. As the 

availability of inorganic and organic phosphorus in soil had previously been found to 

be regulated by Pseudeurotium (Vyas et al., 2007, Aseri et al., 2009), the presence 

of this genus in rice soil is noteworthy. 

 

6.2 Future directions and recommendation  

In the current rice microcosm experiment sampling for chemical analysis as well as 

for the qPCR was conducted at different time points and growth stages, over the 

full rice life cycle of rice. Further to that, amplicon sequencing was conducted on 

rhizosphere soil, root and shoot at grain fill stage. With respect to the application of 

the slurry, ash and mineral fertilizer, the effect of different levels of application 

rates should be further explored, both in controlled pot experiments and in the 

field. This is important as the current study showed that application of full-slurry 

and half-slurry had the highest impact on inorganic arsenic, MMA, DMA, TMAO and 

also on soil pH, Eh, TOC. Using a higher number of different application rates and a 
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higher number of replicates could provide a more detailed understanding of the 

effect on microbial diversity, nutrient availability and arsenic biogeochemistry. The 

full-slurry application also showed the highest response for inorganic arsenic and 

DMA in rice shoot and grain and resulted in a significant increase of the relative 

copy number of the 16S rRNA gene. 

 

The interaction between rice with the bacterial and fungal population is important 

and demands in-depth study to ascertain the role of microbe mediated 

transformation of arsenic, essential nutrients and other elements. Further 

identification of the effect of slurry, ash, mineral fertilizer (and any combination of 

these) on the paddy soil microbiome should include analysis of multiple 

compartments at multiple time points throughout the rice life cycle. Further to that, 

the effect of alternate submerged and aerated condition in conjunction with soil 

amendments on the paddy microbiome should be explored. It is likely that 

combined optimisation of soil amendments in the context of wetting/drying cycles 

may provide a means to impact toxin and nutrient availability via impact on 

microbial communities and microbially mediated transformations in the rice paddy 

system. It is already known that microbial methylation of arsenic could be a 

possible mitigation strategy. Hence further research should be conducted to verify 

the relative importance of these and other microbially mediated transformations 

and the impact of microbes on the mobility of toxins and nutrients within the rice 

paddy environment over the life cycle of rice.  

 

Further to that, the current study identified the presence of potential endophytic as 

well as potentially pathogenic organisms in rice root and shoot. Identification of 

endophytic and pathogenic bacteria and fungi is of interest. This research has run 

an assessment of the microbial communities in rhizosphere soil, root and shoot at 

rice grain fill stage. Future studies should include assessment of these at different 

rice growth stages (tillering, flowering, maturity etc.) as would allow a more 

detailed evaluation of the relative importance of particular groups of organisms on 

rice health and yield. 
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The present research employed arsM, 16S rRNA and ITS1 as the molecular markers 

for the assessment of bacterial and fungal diversity. Inclusion of other molecular 

markers, as well as assessment of full length target genes using long read third-

generation sequencing nanopore/ Pacific Biosciences, metagenomics and/or 

metatranscriptomics and/or metabolomics could be employed for a more 

detailed/complete assessment of the rice paddy microbiome. Further to that, 

results would need to be verified with the use of different rice genotypes, both in 

controlled pot experiments and in field trials.  

 

6.3 Publication plan 

Publish the results obtained from Chapter 3, 4 and 5. Currently in preparation for 

publication: Late-onset of arsenic methylation in paddy soils corresponds to 

microbial driven step-change in anaerobism.  

 

 



   
  References 

200 
 

References 

 

ABDALLAH, R. Z., WEGNER, C.-E. & LIESACK, W. 2019. Community transcriptomics reveals 
drainage effects on paddy soil microbiome across all three domains of life. Soil 
Biology and Biochemistry, 132, 131-142. 

ABEDIN, M. J., CRESSER, M. S., MEHARG, A. A., FELDMANN, J. & COTTER-HOWELLS, J. 
2002a. Arsenic accumulation and metabolism in rice (Oryza sativa L.). 
Environmental Science & Technology, 36, 962-968. 

ABEDIN, M. J., FELDMANN, J. & MEHARG, A. A. 2002b. Uptake kinetics of arsenic species in 
rice plants. Plant physiology, 128, 1120-1128. 

ADESEMOYE, A. O. & KLOEPPER, J. W. 2009. Plant–microbes interactions in enhanced 
fertilizer-use efficiency. Applied microbiology and biotechnology, 85, 1-12. 

AFROZ, H., SU, S. M., CAREY, M., MEHARG, A. A. & MEHARG, C. 2019. Inhibition of 
Microbial Methylation via arsM in the Rhizosphere: Arsenic Speciation in the Soil to 
Plant Continuum. Environmental Science & Technology, 53, 3451-3463. 

AHMANN, D., ROBERTS, A. L., KRUMHOLZ, L. R. & MOREL, F. M. 1994. Microbe grows by 
reducing arsenic. Nature, 371, 750-750. 

AHN, J.-H., SONG, J., KIM, B.-Y., KIM, M.-S., JOA, J.-H. & WEON, H.-Y. 2012. Characterization 
of the bacterial and archaeal communities in rice field soils subjected to long-term 
fertilization practices. Journal of Microbiology, 50, 754-765. 

AI, P., SUN, S., ZHAO, J., FAN, X., XIN, W., GUO, Q., YU, L., SHEN, Q., WU, P. & MILLER, A. J. 
2009. Two rice phosphate transporters, OsPht1; 2 and OsPht1; 6, have different 
functions and kinetic properties in uptake and translocation. The Plant Journal, 57, 
798-809. 

ALI, M. A., BADRUZZAMAN, A., JALIL, M., HOSSAIN, M., AHMED, M., MASUD, A. & 
KAMRUZZAMAN, M. 2003. Fate of Arsenic in the Environment. Arsenic 
Contamination: Bangladesh Perspective, edited by MF Ahmed, ITN-Bangladesh. 

ANDERSON, G., WILLIAMS, J. & HILLE, R. 1992. The purification and characterization of 
arsenite oxidase from Alcaligenes faecalis, a molybdenum-containing hydroxylase. 
Journal of Biological Chemistry, 267, 23674-23682. 

ANDREO-JIMENEZ, B., VANDENKOORNHUYSE, P., LÊ VAN, A., HEUTINCK, A., DUHAMEL, M., 
KADAM, N., JAGADISH, K., RUYTER-SPIRA, C. & BOUWMEESTER, H. 2019. Plant host 
and drought shape the root associated fungal microbiota in rice. PeerJ, 7, e7463, 1-
23. 

ANDREWS, S. 2010. FastQC: a quality control tool for high throughput sequence data. 
Babraham Bioinformatics, Babraham Institute, Cambridge, United Kingdom. 
Available online at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc 

ARAO, T., KAWASAKI, A., BABA, K., MORI, S. & MATSUMOTO, S. 2009. Effects of water 
management on cadmium and arsenic accumulation and dimethylarsinic acid 
concentrations in Japanese rice. Environmental Science & Technology, 43, 9361-
9367. 

ARIEFTA, N. R., KRISTIANA, P., NURJANTO, H. H., MOMMA, H., KWON, E., ASHITANI, T., 
TAWARAYA, K., MURAYAMA, T., KOSEKI, T. & FURUNO, H. 2017. Nectrianolins A, B, 
and C, new metabolites produced by endophytic fungus Nectria pseudotrichia 120-
1NP. Tetrahedron Letters, 58, 4082-4086. 

ARONESTY, E. 2011. ea-utils: Command-line tools for processing biological 
sequencing data. Durham, NC. Available online at: 
http://scholar.google.com › citations. 



   
  References 

201 
 

ASAKAWA, S. & KIMURA, M. 2008. Comparison of bacterial community structures at main 
habitats in paddy field ecosystem based on DGGE analysis. Soil Biology and 
Biochemistry, 40, 1322-1329. 

ASERI, G., JAIN, N. & TARAFDAR, J. 2009. Hydrolysis of organic phosphate forms by 
phosphatases and phytase producing fungi of arid and semi-arid soils of India. Am 
Eurasian J Agric Environ Sci, 5, 564-570. 

ASIBI, A. E., CHAI, Q. & COULTER, J. A. 2019. Rice Blast: A Disease with Implications for 
Global Food Security. Agronomy, 9, 451. 

ASILOGLU, R. & MURASE, J. 2016. Active community structure of microeukaryotes in a rice 
(Oryza sativa L.) rhizosphere revealed by RNA-based PCR-DGGE. Soil Science and 
Plant Nutrition, 62, 440-446. 

ASLAM, Z., YASIR, M., YOON, H. S., JEON, C. O. & CHUNG, Y. R. 2013. Diversity of the 
bacterial community in the rice rhizosphere managed under conventional and no-
tillage practices. Journal of Microbiology, 51, 747-756. 

AUGÉ, R. M. 2001. Water relations, drought and vesicular-arbuscular mycorrhizal 
symbiosis. Mycorrhiza, 11, 3-42. 

AYYADURAI, N., KIRUBAKARAN, S. I., SRISHA, S. & SAKTHIVEL, N. 2005. Biological and 
molecular variability of Sarocladium oryzae, the sheath rot pathogen of rice (Oryza 
sativa L.). Current Microbiology, 50, 319-323. 

BACHATE, S., CAVALCA, L. & ANDREONI, V. 2009. Arsenic‐resistant bacteria isolated from 
agricultural soils of Bangladesh and characterization of arsenate‐reducing strains. 
Journal of applied microbiology, 107, 145-156. 

BAGADE, A. V., BACHATE, S. P., DHOLAKIA, B. B., GIRI, A. P. & KODAM, K. M. 2016. 
Characterization of Roseomonas and Nocardioides spp. for arsenic transformation. 
Journal of Hazardous Materials, 318, 742-750. 

BÁLINT, M., SCHMIDT, P. A., SHARMA, R., THINES, M. & SCHMITT, I. 2014. An Illumina 
metabarcoding pipeline for fungi. Ecology and evolution, 4, 2642-2653. 

BAO, P., LI, G.-X., SUN, G.-X., XU, Y.-Y., MEHARG, A. A. & ZHU, Y.-G. 2018. The role of 
sulfate-reducing prokaryotes in the coupling of element biogeochemical cycling. 
Science of the Total Environment, 613, 398-408. 

BARREIROS, L., MANAIA, C. M. & NUNES, O. C. 2011. Bacterial diversity and 
bioaugmentation in floodwater of a paddy field in the presence of the herbicide 
molinate. Biodegradation, 22, 445-461. 

BATISTA, B. L., BARIÃO, C. V., SOUZA, J. M. O., PAULELLI, A. C. C., ROCHA, B. A., DE 
OLIVEIRA, A. R. M., SEGURA, F. R., BRAGA, G. Ú. L., TONANI, L. & VON ZESKA-KRESS, 
M. R. 2016. A low-cost and environmentally-friendly potential procedure for 
inorganic-As remediation based on the use of fungi isolated from rice rhizosphere. 
Journal of environmental chemical engineering, 4, 891-898. 

BAYMAN, P. 2007. 13 Fungal Endophytes. Environmental and microbial relationships, 4, 
213. 

BENGTSSON‐PALME, J., RYBERG, M., HARTMANN, M., BRANCO, S., WANG, Z., GODHE, A., 
DE WIT, P., SÁNCHEZ‐GARCÍA, M., EBERSBERGER, I. & DE SOUSA, F. 2013. Improved 
software detection and extraction of ITS1 and ITS 2 from ribosomal ITS sequences 
of fungi and other eukaryotes for analysis of environmental sequencing data. 
Methods in ecology and evolution, 4, 914-919. 

BENTLEY, R. & CHASTEEN, T. G. 2002. Microbial methylation of metalloids: arsenic, 
antimony, and bismuth. Microbiology and molecular biology reviews, 66, 250-271. 

BERNAOLA, L., CANGE, G., WAY, M. O., GORE, J., HARDKE, J. & STOUT, M. 2018. Natural 
colonization of rice by arbuscular mycorrhizal fungi in different production areas. 
Rice Science, 25, 169-174. 



   
  References 

202 
 

BHATTACHARJEE, H. & ROSEN, B. P. 2007. Arsenic metabolism in prokaryotic and 
eukaryotic microbes. Molecular microbiology of heavy metals, Springer, pp 371-
406. 

BHATTACHARYYA, P., GHOSH, A., CHAKRABORTY, A., CHAKRABARTI, K., TRIPATHY, S. & 
POWELL, M. 2003. Arsenic uptake by rice and accumulation in soil amended with 
municipal solid waste compost. Communications in soil science and plant analysis, 
34, 2779-2790. 

BHATTACHARYYA, P. N. & JHA, D. K. 2011. Plant growth-promoting rhizobacteria (PGPR): 
emergence in agriculture. World Journal of Microbiology and Biotechnology, 28, 
1327-1350. 

BING-DA SUN, Y.-G. Z., CHEN, A.-J. & HOUBRAKEN, J. 2019. Phylogeny and a new species of 
the genus Arachnomyces (Arachnomycetaceae). Phytotaxa, 394, 089-097. 

BISSEN, M. & FRIMMEL, F. H. 2003. Arsenic—a review. Part I: occurrence, toxicity, 
speciation, mobility. Acta hydrochimica et hydrobiologica, 31, 9-18. 

BOLAN, N., HEDLEY, M. & WHITE, R. 1991. Processes of soil acidification during nitrogen 
cycling with emphasis on legume based pastures. Plant and soil, 134, 53-63. 

BORAH, M., DAS, S., BORUAH, H., BORO, R. & BAROOAH, M. 2018. Diversity of Culturable 
Endophytic bacteria from Wild and Cultivated Rice showed potential Plant Growth 

Promoting activities. bioRxiv,  doi: https://doi.org/10.1101/310797. 
BOWEN, G. & ROVIRA, A. 1976. Microbial colonization of plant roots. Annual review of 

phytopathology, 14, 121-144. 
BREIDENBACH, B. & CONRAD, R. 2015. Seasonal dynamics of bacterial and archaeal 

methanogenic communities in flooded rice fields and effect of drainage. Frontiers 
in microbiology, 5, 752. 

BREIDENBACH, B., PUMP, J. & DUMONT, M. G. 2016. Microbial community structure in the 
rhizosphere of rice plants. Frontiers in microbiology, 6, 1537. 

BRIONES, A. M., OKABE, S., UMEMIYA, Y., RAMSING, N.-B., REICHARDT, W. & OKUYAMA, H. 
2003. Ammonia-oxidizing bacteria on root biofilms and their possible contribution 
to N use efficiency of different rice cultivars. Plant and Soil, 250, 335-348. 

BUÉE, M., REICH, M., MURAT, C., MORIN, E., NILSSON, R., UROZ, S. & MARTIN, F. 2009. 454 
Pyrosequencing analyses of forest soils reveal an unexpectedly high fungal 
diversity. New phytologist, 184, 449-456. 

BUKHALO, A. 1978. The influence of water-logging stage upon the paddy soil mycoflora in 
the Ukraine. Zentralblatt für Bakteriologie, Parasitenkunde, Infektionskrankheiten 
und Hygiene. Zweite Naturwissenschaftliche Abteilung: Mikrobiologie der 
Landwirtschaft, der Technologie und des Umweltschutzes, 133, 421-425. 

CAI, L., LIU, G., RENSING, C. & WANG, G. 2009. Genes involved in arsenic transformation 
and resistance associated with different levels of arsenic-contaminated soils. BMC 
microbiology, 9, 4. 

CAPORASO, J. G., BITTINGER, K., BUSHMAN, F. D., DESANTIS, T. Z., ANDERSEN, G. L. & 
KNIGHT, R. 2010a. PyNAST: a flexible tool for aligning sequences to a template 
alignment. Bioinformatics, 26, 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. 
& KNIGHT, R. 2010b. QIIME allows analysis of high-throughput community 
sequencing data. Nature Methods, 7, 335-336. 

CAPORASO, J. G., LAUBER, C. L., WALTERS, W. A., BERG-LYONS, D., LOZUPONE, C. A., 
TURNBAUGH, P. J., FIERER, N. & KNIGHT, R. 2011. Global patterns of 16S rRNA 



   
  References 

203 
 

diversity at a depth of millions of sequences per sample. Proceedings of the 
National Academy of Sciences of the United States of America, 108, 4516-4522. 

CAREY, A.-M., SCHECKEL, K. G., LOMBI, E., NEWVILLE, M., CHOI, Y., NORTON, G. J., 
CHARNOCK, J. M., FELDMANN, J., PRICE, A. H. & MEHARG, A. A. 2010. Grain 
unloading of arsenic species in rice. Plant Physiology, 152, 309-319. 

CAREY, A. M., NORTON, G. J., DEACON, C., SCHECKEL, K. G., LOMBI, E., PUNSHON, T., 
GUERINOT, M. L., LANZIROTTI, A., NEWVILLE, M., CHOI, Y. S., PRICE, A. H. & 
MEHARG, A. A. 2011. Phloem transport of arsenic species from flag leaf to grain 
during grain filling. New Phytologist, 192, 87-98. 

CAREY, M., DONALDSON, E., SIGNES-PASTOR, A. J. & MEHARG, A. A. 2018. Dilution of rice 
with other gluten free grains to lower inorganic arsenic in foods for young children 
in response to European Union regulations provides impetus to setting stricter 
standards. Plos One, 13, 9. 

CAREY, M., MEHARG, C., WILLIAMS, P., MARWA, E., JIUJIN, X., FARIAS, J. G., DE SILVA, P. M. 
C., SIGNES-PASTOR, A., LU, Y. & NICOLOSO, F. T. 2019. Global sourcing of low-
inorganic arsenic rice grain. Exposure and Health, 1-9. 

CARRIÓN, V. J., PEREZ-JARAMILLO, J., CORDOVEZ, V., TRACANNA, V., DE HOLLANDER, M., 
RUIZ-BUCK, D., MENDES, L. W., VAN IJCKEN, W. F., GOMEZ-EXPOSITO, R. & 
ELSAYED, S. S. 2019. Pathogen-induced activation of disease-suppressive functions 
in the endophytic root microbiome. Science, 366, 606-612. 

CARROLL, G. 1988. Fungal endophytes in stems and leaves: from latent pathogen to 
mutualistic symbiont. Ecology, 69, 2-9. 

CHADHA, N., MISHRA, M., RAJPAL, K., BAJAJ, R., CHOUDHARY, D. K. & VARMA, A. 2015. An 
ecological role of fungal endophytes to ameliorate plants under biotic stress. 
Archives of microbiology, 197, 869-881. 

CHAIBUB, A. A., DE CARVALHO, J. C. B., DE SOUSA SILVA, C., COLLEVATTI, R. G., 
GONÇALVES, F. J., CÔRTES, M. V. D. C. B., DE FILIPPI, M. C. C., DE FARIA, F. P., 
LOPES, D. C. B. & DE ARAÚJO, L. G. 2016. Defence responses in rice plants in prior 
and simultaneous applications of Cladosporium sp. during leaf blast suppression. 
Environmental Science and Pollution Research, 23, 21554-21564. 

CHAIN, E. P. O. C. I. T. F. 2009. Scientific Opinion on arsenic in food. EFSA Journal, 7, 1351. 
CHAO, A. 1984. NONPARAMETRIC-ESTIMATION OF THE NUMBER OF CLASSES IN A 

POPULATION. Scandinavian Journal of Statistics, 11, 265-270. 
CHAROENRAK, P. & CHAMSWARNG, C. 2016. Efficacies of wettable pellet and fresh culture 

of Trichoderma asperellum biocontrol products in growth promoting and reducing 
dirty panicles of rice. Agriculture and Natural Resources, 50, 243-249. 

CHARTER, R. A., TABATABAI, M. A. & SCHAFER, J. W. 1995. ARSENIC, MOLYBDENUM, 
SELENIUM, AND TUNGSTEN CONTENTS OF FERTILIZERS AND PHOSPHATE ROCKS. 
Communications in Soil Science and Plant Analysis, 26, 3051-3062. 

CHEN, H., TANG, Z., WANG, P. & ZHAO, F.-J. 2018a. Geographical variations of cadmium 
and arsenic concentrations and arsenic speciation in Chinese rice. Environmental 
Pollution, 238, 482-490. 

CHEN, J., GUO, Q., LIU, D., HU, C., SUN, J., WANG, X., LIANG, G. & ZHOU, W. 2020a. 
Composition, predicted functions, and co-occurrence networks of fungal and 
bacterial communities_ Links to soil organic carbon under long-term fertilization in 
a rice-wheat cropping system. European Journal of Soil Biology, 100, 103226. 

CHEN, J., LIU, X., ZHENG, J., ZHANG, B., LU, H., CHI, Z., PAN, G., LI, L., ZHENG, J. & ZHANG, X. 
2013. Biochar soil amendment increased bacterial but decreased fungal gene 
abundance with shifts in community structure in a slightly acid rice paddy from 
Southwest China. Applied Soil Ecology, 71, 33-44. 



   
  References 

204 
 

CHEN, M., TONG, H., LI, F., LIU, C., LAN, Q. & LIU, C. 2018b. The effect of electron donors on 
the dechlorination of pentachlorophenol (PCP) and prokaryotic diversity in paddy 
soil. European Journal of Soil Biology, 86, 8-15. 

CHEN, X. P., ZHU, Y. G., HONG, M. N., KAPPLER, A. & XU, Y. X. 2008. Effects of different 
forms of nitrogen fertilizers on arsenic uptake by rice plants. Environmental 
Toxicology and Chemistry, 27, 881-887. 

CHEN, Z., WANG, Q., MA, J., ZOU, P., YU, Q. & JIANG, L. 2020b. Fungal community 
composition change and heavy metal accumulation in response to the long-term 
application of anaerobically digested slurry in a paddy soil. Ecotoxicology and 
Environmental Safety, 196, 110453. 

CHEN, Z., ZHU, Y. G., LIU, W. J. & MEHARG, A. A. 2005. Direct evidence showing the effect 
of root surface iron plaque on arsenite and arsenate uptake into rice (Oryza sativa) 
roots. New Phytologist, 165, 91-97. 

CHIALVA, M., GHIGNONE, S., COZZI, P., LAZZARI, B., BONFANTE, P., ABBRUSCATO, P. & 
LUMINI, E. 2020. Water management and phenology influence the root-associated 
rice field microbiota. FEMS Microbiology Ecology, 96, fiaa146. 
https://doi.org/10.1093/femsec/fiaa146 

CHIN, K.-J., HAHN, D., HENGSTMANN, U., LIESACK, W. & JANSSEN, P. H. 1999. 
Characterization and identification of numerically abundant culturable bacteria 
from the anoxic bulk soil of rice paddy microcosms. Applied and Environmental 
Microbiology, 65, 5042-5049. 

CLÉMENT, J.-C., SHRESTHA, J., EHRENFELD, J. G. & JAFFÉ, P. R. 2005. Ammonium oxidation 
coupled to dissimilatory reduction of iron under anaerobic conditions in wetland 
soils. Soil Biology and Biochemistry, 37, 2323-2328. 

CLEMMENSEN, K. E., MICHELSEN, A., JONASSON, S. & SHAVER, G. R. 2006. Increased 
ectomycorrhizal fungal abundance after long‐term fertilization and warming of two 
arctic tundra ecosystems. New phytologist, 171, 391-404. 

COLARD, A., ANGELARD, C. & SANDERS, I. R. 2011. Genetic exchange in an arbuscular 
mycorrhizal fungus results in increased rice growth and altered mycorrhiza-specific 
gene transcription. Appl. Environ. Microbiol., 77, 6510-6515. 

COLLINS, L., JONES, P., INGRAM, K. & PAMPLONA, R. 1995. Open-top chambers for field 
studies of rice response to carbon dioxide and temperature: system design. Climate 
change and rice, 232-243. 

COLMER, T. 2002. Aerenchyma and an inducible barrier to radial oxygen loss facilitate root 
aeration in upland, paddy and deep‐water rice (Oryza sativa L.). Annals of Botany, 
91, 301-309. 

CONRAD, R., KLOSE, M., NOLL, M., KEMNITZ, D. & BODELIER, P. L. E. 2008. Soil type links 
microbial colonization of rice roots to methane emission. Global Change Biology, 
14, 657-669. 

COTHER, E. J., NOBLE, D. H., DE VEN, R. J. V., LANOISELET, V., ASH, G., VUTHY, N., VISARTO, 
P. & STODART, B. 2010. Bacterial pathogens of rice in the Kingdom of Cambodia 
and description of a new pathogen causing a serious sheath rot disease. Plant 
Pathology, 59, 944-953. 

CRENSHAW, C., LAUBER, C., SINSABAUGH, R. & STAVELY, L. 2008. Fungal dominance of 
nitrogen transformation in semi-arid grassland. Biogeochemistry, 87, 17-27. 

CROSSMAN, L. C., CHEN, H., CERDENO-TARRAGA, A. M., BROOKS, K., QUAIL, M. A., PINEIRO, 
S. A., HOBLEY, L., SOCKETT, R. E., BENTLEY, S. D., PARKHILL, J., WILLIAMS, H. N. & 
STINE, O. C. 2013. A small predatory core genome in the divergent marine 
Bacteriovorax marinus SJ and the terrestrial Bdellovibrio bacteriovorus. Isme 
Journal, 7, 148-160. 

https://doi.org/10.1093/femsec/fiaa146


   
  References 

205 
 

CULLEN, W. R. & REIMER, K. J. 1989. Arsenic speciation in the environment. Chemical 
reviews, 89, 713-764. 

DAI, Z., SU, W., CHEN, H., BARBERÁN, A., ZHAO, H., YU, M., YU, L., BROOKES, P. C., SCHADT, 
C. W. & CHANG, S. X. 2018. Long‐term nitrogen fertilization decreases bacterial 
diversity and favors the growth of Actinobacteria and Proteobacteria in agro‐
ecosystems across the globe. Global change biology, 24, 3452-3461. 

DANG, Y., WALKER, D. J., VAUTOUR, K. E., DIXON, S. & HOLMES, D. E. 2016. Arsenic 
detoxification by Geobacter species. Appl. Environ. Microbiol., 83, e02689-16. 
https://doi.org/10.1128/AEM.02689-16 

DANGAR, T., KUMAR, U. & CRRI, C. 2013. Characterization of phosphate solubilizing and 
siderophore producing fungi from rice rhizosphere. CRRI Newsletter, April-June. 

DAS, S., CHOU, M.-L., JEAN, J.-S., LIU, C.-C. & YANG, H.-J. 2016. Water management impacts 
on arsenic behavior and rhizosphere bacterial communities and activities in a rice 
agro-ecosystem. Science of the Total Environment, 542, 642-652. 

DAS, S., JEONG, S. T., DAS, S. & KIM, P. J. 2017. Composted cattle manure increases 
microbial activity and soil fertility more than composted swine manure in a 
submerged rice paddy. Frontiers in microbiology, 8, 1702. 

DAS, S., LEE, J. G., CHO, S. R., SONG, H. J. & KIM, P. J. 2019. Silicate Fertilizer Amendment 
Alters Fungal Communities and Accelerates Soil Organic Matter Decomposition. 
Frontiers in Microbiology, 10, 2950. 

DEMEYER, A., NKANA, J. V. & VERLOO, M. 2001. Characteristics of wood ash and influence 
on soil properties and nutrient uptake: an overview. Bioresource technology, 77, 
287-295. 

DESANTIS, T. Z., HUGENHOLTZ, P., LARSEN, N., ROJAS, M., BRODIE, E. L., KELLER, K., HUBER, 
T., DALEVI, D., HU, P. & ANDERSEN, G. L. 2006. Greengenes, a chimera-checked 16S 
rRNA gene database and workbench compatible with ARB. Appl. Environ. 
Microbiol., 72, 5069-5072. 

DING, L.-J., CUI, H.-L., NIE, S.-A., LONG, X.-E., DUAN, G.-L. & ZHU, Y.-G. 2019. Microbiomes 
inhabiting rice roots and rhizosphere. FEMS microbiology ecology, 95, fiz040. 

DING, L.-J., SU, J.-Q., XU, H.-J., JIA, Z.-J. & ZHU, Y.-G. 2015. Long-term nitrogen fertilization 
of paddy soil shifts iron-reducing microbial community revealed by RNA-13 C-
acetate probing coupled with pyrosequencing. The ISME journal, 9, 721-734. 

DITTMAR, J., VOEGELIN, A., ROBERTS, L. C., HUG, S. J., SAHA, G. C., ALI, M. A., 
BADRUZZAMAN, A. B. M. & KRETZSCHMAR, R. 2007. Spatial distribution and 
temporal variability of arsenic in irrigated rice fields in Bangladesh. 2. Paddy soil. 
Environmental science & technology, 41, 5967-5972. 

DU LAING, G., RINKLEBE, J., VANDECASTEELE, B., MEERS, E. & TACK, F. M. 2009. Trace metal 
behaviour in estuarine and riverine floodplain soils and sediments: a review. 
Science of the total environment, 407, 3972-3985. 

DUAN, G., LIU, W., CHEN, X., HU, Y. & ZHU, Y. 2013. Association of arsenic with nutrient 
elements in rice plants. Metallomics, 5, 784-792. 

EDGAR, R. C. 2010. Search and clustering orders of magnitude faster than BLAST. 
Bioinformatics, 26, 2460-2461. 

EDWARDS, J., JOHNSON, C., SANTOS-MEDELLÍN, C., LURIE, E., PODISHETTY, N. K., 
BHATNAGAR, S., EISEN, J. A. & SUNDARESAN, V. 2015. Structure, variation, and 
assembly of the root-associated microbiomes of rice. Proceedings of the National 
Academy of Sciences, 112, E911-E920. 

EDWARDS, J., SANTOS-MEDELLÍN, C., NGUYEN, B., KILMER, J., LIECHTY, Z., VELIZ, E., NI, J., 
PHILLIPS, G. & SUNDARESAN, V. 2019. Soil domestication by rice cultivation results 
in plant-soil feedback through shifts in soil microbiota. Genome biology, 20, 1-14. 

https://doi.org/10.1128/AEM.02689-16


   
  References 

206 
 

EL ZAHAR HAICHAR, F., MAROL, C., BERGE, O., RANGEL-CASTRO, J. I., PROSSER, J. I., 
BALESDENT, J. M., HEULIN, T. & ACHOUAK, W. 2008. Plant host habitat and root 
exudates shape soil bacterial community structure. The ISME journal, 2, 1221-1230. 

ELAD, Y., CYTRYN, E., HAREL, Y. M., LEW, B. & GRABER, E. R. 2011. The biochar effect: plant 
resistance to biotic stresses. Phytopathologia Mediterranea, 50, 335-349. 

ELBELTAGY, A., NISHIOKA, K., SATO, T., SUZUKI, H., YE, B., HAMADA, T., ISAWA, T., MITSUI, 
H. & MINAMISAWA, K. 2001. Endophytic colonization and in planta nitrogen 
fixation by a Herbaspirillum sp. isolated from wild rice species. Appl. Environ. 
Microbiol., 67, 5285-5293. 

ELMER, W. Use of biochar to increase mycorrhizal colonization and suppress Fusarium 
crown rot of asparagus in replant soils.  Phytopathology, 2011. AMER 
PHYTOPATHOLOGICAL SOC 3340 PILOT KNOB ROAD, ST PAUL, MN 55121 USA, 
S258-S258. 

ENGEL, A. S., JOHNSON, L. R. & PORTER, M. L. 2013. Arsenite oxidase gene diversity among 
C hloroflexi and P roteobacteria from El Tatio Geyser Field, Chile. FEMS 
microbiology ecology, 83, 745-756. 

FAHAD, S., HUSSAIN, S., SAUD, S., HASSAN, S., TANVEER, M., IHSAN, M. Z., SHAH, A. N., 
ULLAH, A., KHAN, F. & ULLAH, S. 2016. A combined application of biochar and 
phosphorus alleviates heat-induced adversities on physiological, agronomical and 
quality attributes of rice. Plant physiology and biochemistry, 103, 191-198. 

FAITH, D. P. 1992. Conservation evaluation and phylogenetic diversity. Biological 
conservation, 61, 1-10. 

FENDORF, S., HERBEL, M., TUFANO, K. & KOCAR, B. 2008. Biogeochemical processes 
controlling the cycling of arsenic in soils and sediments. Biophysico-chemical 
processes of heavy metals and metalloids in soil environments, 313-338. 

FERNÁNDEZ, F., ORTIZ, R., MARTÍNEZ, M., COSTALES, A. & LLONÍN, D. 1997. THE EFFECT OF 
COMMERCIAL ARBUSCULAR MYCORRHIZAL FUNGl (AMF) INOCULANTS ON RICE (O 
p sativa) IN DIFFERENT TYPES OF SOlLS. Cultivos tropicales, 18, 5-9. 

FERRANDO, L. & FERNÁNDEZ SCAVINO, A. 2015. Strong shift in the diazotrophic endophytic 
bacterial community inhabiting rice (Oryza sativa) plants after flooding. FEMS 
microbiology ecology, 91. 

FIERER, N., BRADFORD, M. A. & JACKSON, R. B. 2007. Toward an ecological classification of 
soil bacteria. Ecology, 88, 1354-1364. 

FIERER, N., LAUBER, C. L., RAMIREZ, K. S., ZANEVELD, J., BRADFORD, M. A. & KNIGHT, R. 
2012. Comparative metagenomic, phylogenetic and physiological analyses of soil 
microbial communities across nitrogen gradients. The ISME journal, 6, 1007-1017. 

FISHER, P. & PETRINI, O. 1992. Fungal saprobes and pathogens as endophytes of rice (Oryza 
sativa L.). New Phytologist, 120, 137-143. 

FITZ, W. J. & WENZEL, W. W. 2002. Arsenic transformations in the soil–rhizosphere–plant 
system: fundamentals and potential application to phytoremediation. Journal of 
biotechnology, 99, 259-278. 

FONTAINE, S., HENAULT, C., AAMOR, A., BDIOUI, N., BLOOR, J., MAIRE, V., MARY, B., 
REVAILLOT, S. & MARON, P. 2011. Fungi mediate long term sequestration of carbon 
and nitrogen in soil through their priming effect. Soil biology and Biochemistry, 43, 
86-96. 

FRANKENBERGER, W. 1998. Effects of trace elements on arsenic volatilization. Soil biology 
& biochemistry, 30, 269-274. 

FRIEDRICH, C. G., QUENTMEIER, A., BARDISCHEWSKY, F., ROTHER, D., KRAFT, R., KOSTKA, S. 
& PRINZ, H. 2000. Novel genes coding for lithotrophic sulfur oxidation of 
Paracoccus pantotrophus GB17. Journal of bacteriology, 182, 4677-4687. 



   
  References 

207 
 

FROHNE, T., RINKLEBE, J., DIAZ-BONE, R. A. & DU LAING, G. 2011. Controlled variation of 
redox conditions in a floodplain soil: impact on metal mobilization and 
biomethylation of arsenic and antimony. Geoderma, 160, 414-424. 

FUERST, J. A. & SAGULENKO, E. 2011. Beyond the bacterium: planctomycetes challenge our 
concepts of microbial structure and function. Nature Reviews Microbiology, 9, 403-
413. 

GARCIA-DOMINGUEZ, E., MUMFORD, A., RHINE, E. D., PASCHAL, A. & YOUNG, L. Y. 2008. 
Novel autotrophic arsenite-oxidizing bacteria isolated from soil and sediments. 
FEMS microbiology ecology, 66, 401-410. 

GE, T., YUAN, H., ZHU, H., WU, X., NIE, S. A., LIU, C., TONG, C., WU, J. & BROOKES, P. 2012. 
Biological carbon assimilation and dynamics in a flooded rice–soil system. Soil 
Biology and Biochemistry, 48, 39-46. 

GHANNOUM, M. A., JUREVIC, R. J., MUKHERJEE, P. K., CUI, F., SIKAROODI, M., NAQVI, A. & 
GILLEVET, P. M. 2010. Characterization of the oral fungal microbiome (mycobiome) 
in healthy individuals. PLoS pathogens, 6. 

GIANINAZZI, S., GOLLOTTE, A., BINET, M.-N., VAN TUINEN, D., REDECKER, D. & WIPF, D. 
2010. Agroecology: the key role of arbuscular mycorrhizas in ecosystem services. 
Mycorrhiza, 20, 519-530. 

GLEASON, F. H., KAGAMI, M., LEFEVRE, E. & SIME-NGANDO, T. 2008. The ecology of 
chytrids in aquatic ecosystems: roles in food web dynamics. Fungal Biology 
Reviews, 22, 17-25. 

GLEASON, F. H., KARPOV, S. A., LILJE, O., MACARTHUR, D. J., VAN OTGEN, F. F. & SIME-
NGANDO, T. 2014. 13 Zoosporic parasites of phytoplankton, pp 279-304. 

GNANAMANICKAM, S., KRISHNAMURTHY, K. & MAHADEVAN, A. 2000. Biological control of 
major fungal diseases of rice and other food grains with bacterial antagonists. 
Biocontrol Potential and its Exploitation in Sustainable Agriculture. Springer, pp267-
278. 

GOWDAR, S., DEEPA, H. & AMARESH, Y. 2018. A brief review on biocontrol potential and 
PGPR traits of Streptomyces sp. for the management of plant diseases. J 
Pharmacogn Phytochem, 7, 03-07. 

GRYBOS, M., DAVRANCHE, M., GRUAU, G. & PETITJEAN, P. 2007. Is trace metal release in 
wetland soils controlled by organic matter mobility or Fe-oxyhydroxides reduction? 
Journal of colloid and interface science, 314, 490-501. 

GU, Y. F., VAN NOSTRAND, J. D., WU, L. Y., HE, Z. L., QIN, Y. J., ZHAO, F. J. & ZHOU, J. Z. 
2017. Bacterial community and arsenic functional genes diversity in arsenic 
contaminated soils from different geographic locations. Plos One, 12. 
https://doi.org/10.1371/journal.pone.0176696 

GUAN, X., YAN, X., LI, Y., JIANG, B., LUO, X. & CHI, X. 2017. Diversity and arsenic-tolerance 
potential of bacterial communities from soil and sediments along a gold tailing 
contamination gradient. Canadian journal of microbiology, 63, 788-805. 

GUIDE, F. R. 2012. Bangladesh Agricultural Research Council (BARC). Farmgate, Dhaka, 
1215, 81. 

GUIMARÃES, L. H. S., SEGURA, F. R., TONANI, L., VON-ZESKA-KRESS, M. R., RODRIGUES, J. L., 
CALIXTO, L. A., SILVA, F. F. & BATISTA, B. L. 2019. Arsenic volatilization by 
Aspergillus sp. and Penicillium sp. isolated from rice rhizosphere as a promising 
eco-safe tool for arsenic mitigation. Journal of environmental management, 237, 
170-179. 

GUO, T., LI, L., ZHAI, W., XU, B., YIN, X., HE, Y., XU, J., ZHANG, T. & TANG, X. 2019. 
Distribution of arsenic and its biotransformation genes in sediments from the East 
China Sea. Environmental Pollution, 253, 949-958. 

https://doi.org/10.1371/journal.pone.0176696


   
  References 

208 
 

GUTEKUNST, M. Y., VARGAS, R. & SEYFFERTH, A. L. 2017. Impacts of soil incorporation of 
pre-incubated silica-rich rice residue on soil biogeochemistry and greenhouse gas 
fluxes under flooding and drying. Science of the Total Environment, 593, 134-143. 

HAAS, B. J., GEVERS, D., EARL, A. M., FELDGARDEN, M., WARD, D. V., GIANNOUKOS, G., 
CIULLA, D., TABBAA, D., HIGHLANDER, S. K. & SODERGREN, E. 2011. Chimeric 16S 
rRNA sequence formation and detection in Sanger and 454-pyrosequenced PCR 
amplicons. Genome research, 21, 494-504. 

HAGEDORN, F., KAISER, K., FEYEN, H. & SCHLEPPI, P. 2000. Effects of redox conditions and 
flow processes on the mobility of dissolved organic carbon and nitrogen in a forest 
soil. Journal of Environmental Quality, 29, 288-297. 

HALLMANN, J., QUADTHALLMANN, A., MAHAFFEE, W. F. & KLOEPPER, J. W. 1997. Bacterial 
endophytes in agricultural crops. Canadian Journal of Microbiology, 43, 895-914. 

HAMM, A. 2014. Bacterial community ecology and fate in integrated livestock production 
systems. http://hdl.handle.net/1993/23726 

HAMON, R. E., LOMBI, E., FORTUNATI, P., NOLAN, A. L. & MCLAUGHLIN, M. J. 2004. 
Coupling speciation and isotope dilution techniques to study arsenic mobilization in 
the environment. Environmental science & technology, 38, 1794-1798. 

HAN, L., ZHOU, X., ZHAO, Y., ZHU, S., WU, L., HE, Y., PING, X., LU, X., HUANG, W. & QIAN, J. 
2020. Colonization of endophyte Acremonium sp. D212 in Panax notoginseng and 
rice mediated by auxin and jasmonic acid. Journal of Integrative Plant Biology, 62, 
1433-1451. https://doi.org/10.1111/jipb.12905 

HANSEN, H. R., RAAB, A., PRICE, A. H., DUAN, G., ZHU, Y., NORTON, G. J., FELDMANN, J. & 
MEHARG, A. A. 2011. Identification of tetramethylarsonium in rice grains with 
elevated arsenic content. Journal of Environmental Monitoring, 13, 32-34. 

HARDOIM, P. R., ANDREOTE, F. D., REINHOLD-HUREK, B., SESSITSCH, A., VAN OVERBEEK, L. 
S. & VAN ELSAS, J. D. 2011. Rice root-associated bacteria: insights into community 
structures across 10 cultivars. FEMS microbiology ecology, 77, 154-164. 

HEIKENS, A., PANAULLAH, G. M. & MEHARG, A. A. 2007. Arsenic behaviour from 
groundwater and soil to crops: impacts on agriculture and food safety. Reviews of 
environmental contamination and toxicology. Springer, 189, 43-87. 

HERNÁNDEZ, M., DUMONT, M. G., YUAN, Q. & CONRAD, R. 2015. Different bacterial 
populations associated with the roots and rhizosphere of rice incorporate plant-
derived carbon. Appl. Environ. Microbiol., 81, 2244-2253. 

HÉRY, M., RIZOULIS, A., SANGUIN, H., COOKE, D. A., PANCOST, R. D., POLYA, D. A. & LLOYD, 
J. R. 2015. Microbial ecology of arsenic‐mobilizing C ambodian sediments: 
lithological controls uncovered by stable‐isotope probing. Environmental 
microbiology, 17, 1857-1869. 

HÉRY, M., VAN DONGEN, B., GILL, F., MONDAL, D., VAUGHAN, D., PANCOST, R., POLYA, D. 
& LLOYD, J. 2010. Arsenic release and attenuation in low organic carbon aquifer 
sediments from West Bengal. Geobiology, 8, 155-168. 

HILLIS, D. M. & DIXON, M. T. 1991. Ribosomal DNA: molecular evolution and phylogenetic 
inference. The Quarterly review of biology, 66, 411-453. 

HORI, T., MÜLLER, A., IGARASHI, Y., CONRAD, R. & FRIEDRICH, M. W. 2010. Identification of 
iron-reducing microorganisms in anoxic rice paddy soil by 13 C-acetate probing. The 
ISME journal, 4, 267-278. 

HORINO, H., ITO, M. & TONOUCHI, A. 2015. Clostridium oryzae sp. nov., from soil of a 
Japanese rice field. International journal of systematic and evolutionary 
microbiology, 65, 943-951. 

HOUGARDY, A. & KLEMME, J.-H. 1995. Nitrate reduction in a new strain ofRhodoferax 
fermentans. Archives of microbiology, 164, 358-362. 

http://hdl.handle.net/1993/23726


   
  References 

209 
 

HUANG, H. 1989. Distribution of Verticillium albo-atrum in symptomed and symptomless 
leaflets of alfalfa. Canadian Journal of Plant Pathology, 11, 235-241. 

HUANG, H., JIA, Y., SUN, G.-X. & ZHU, Y.-G. 2012. Arsenic speciation and volatilization from 
flooded paddy soils amended with different organic matters. Environmental science 
& technology, 46, 2163-2168. 

HUANG, J.-H. & MATZNER, E. 2006. Dynamics of organic and inorganic arsenic in the 
solution phase of an acidic fen in Germany. Geochimica et Cosmochimica Acta, 70, 
2023-2033. 

HUANG, Q., WANG, J., WANG, C. & WANG, Q. 2019. The 19-years inorganic fertilization 
increased bacterial diversity and altered bacterial community composition and 
potential functions in a paddy soil. Applied Soil Ecology, 144, 60-67. 

HUBBARD, M., GERMIDA, J. & VUJANOVIC, V. 2014. Fungal endophytes enhance wheat 
heat and drought tolerance in terms of grain yield and second‐generation seed 
viability. Journal of applied microbiology, 116, 109-122. 

HUMANS, I. W. G. O. T. E. O. C. R. T. 2012. Arsenic, metals, fibres, and dusts. IARC 
monographs on the evaluation of carcinogenic risks to humans, 100, 11-465. 

HUSSAIN, Q., PAN, G., LIU, Y., ZHANG, A., LI, L., ZHANG, X. & JIN, Z. 2012. Microbial 
community dynamics and function associated with rhizosphere over periods of rice 
growth. Plant, Soil and Environment, 58, 55-61. 

IARC 2004. Some drinking-water disinfectants and contaminants, including arsenic. IARC 
Monogr Eval Carcinog Risk Hum, 84, 269-477. 

IKENAGA, M., ASAKAWA, S., MURAOKA, Y. & KIMURA, M. 2003. Bacterial communities 
associated with nodal roots of rice plants along with the growth stages: estimation 
by PCR-DGGE and sequence analyses. Soil science and plant nutrition, 49, 591-602. 

INSKEEP, W., MCDERMOTT, T. & FENDORF, S. 2002. Arsenic (V)/(III) cycling in soils and 
natural waters: Chemical and microbiological processes: Environmental Chemistry 
of Arsenic, 183-215. 

ISLAM, F. S., GAULT, A. G., BOOTHMAN, C., POLYA, D. A., CHARNOCK, J. M., CHATTERJEE, D. 
& LLOYD, J. R. 2004. Role of metal-reducing bacteria in arsenic release from Bengal 
delta sediments. Nature, 430, 68-71. 

ITOH, H., ISHII, S., SHIRATORI, Y., OSHIMA, K., OTSUKA, S., HATTORI, M. & SENOO, K. 2013. 
Seasonal transition of active bacterial and archaeal communities in relation to 
water management in paddy soils. Microbes and environments, ME13030, 28, 370-
380. https://doi.org/10.1264/jsme2.ME13030. 

JAMES, T. Y., LETCHER, P. M., LONGCORE, J. E., MOZLEY-STANDRIDGE, S. E., PORTER, D., 
POWELL, M. J., GRIFFITH, G. W. & VILGALYS, R. 2006. A molecular phylogeny of the 
flagellated fungi (Chytridiomycota) and description of a new phylum 
(Blastocladiomycota). Mycologia, 98, 860-871. 

JI, M., SANG, W., TSANG, D. C., USMAN, M., ZHANG, S. & LUO, G. 2020. Molecular and 
microbial insights towards understanding the effects of hydrochar on methane 
emission from paddy soil. Science of The Total Environment, 714, 136769. 

JIA, H., REN, H., GU, M., ZHAO, J., SUN, S., ZHANG, X., CHEN, J., WU, P. & XU, G. 2011. The 
phosphate transporter gene OsPht1; 8 is involved in phosphate homeostasis in rice. 
Plant Physiology, 156, 1164-1175. 

JIA, Y., BAO, P. & ZHU, Y. G. 2015. Arsenic bioavailability to rice plant in paddy soil: 
influence of microbial sulfate reduction. Journal of Soils and Sediments, 15, 1960-
1967. 

JIA, Y., HUANG, H., CHEN, Z. & ZHU, Y. G. 2014. Arsenic Uptake by Rice Is Influenced by 
Microbe-Mediated Arsenic Redox Changes in the Rhizosphere. Environmental 
Science & Technology, 48, 1001-1007. 

https://www.jstage.jst.go.jp/article/jsme2/28/3/28_ME13030/_article/-char/ja
https://www.jstage.jst.go.jp/article/jsme2/28/3/28_ME13030/_article/-char/ja
https://doi.org/10.1264/jsme2.ME13030


   
  References 

210 
 

JIA, Y., HUANG, H., SUN, G.-X., ZHAO, F.-J. & ZHU, Y.-G. 2012. Pathways and relative 
contributions to arsenic volatilization from rice plants and paddy soil. 
Environmental science & technology, 46, 8090-8096. 

JIA, Y., HUANG, H., ZHONG, M., WANG, F.-H., ZHANG, L.-M. & ZHU, Y.-G. 2013a. Microbial 
arsenic methylation in soil and rice rhizosphere. Environmental science & 
technology, 47, 3141-3148. 

JIA, Y., SUN, G.-X., HUANG, H. & ZHU, Y.-G. 2013b. Biogas slurry application elevated arsenic 
accumulation in rice plant through increased arsenic release and methylation in 
paddy soil. Plant and soil, 365, 387-396. 

JOGAWAT, A., SAHA, S., BAKSHI, M., DAYAMAN, V., KUMAR, M., DUA, M., VARMA, A., 
OELMÜLLER, R., TUTEJA, N. & JOHRI, A. K. 2013. Piriformospora indica rescues 
growth diminution of rice seedlings during high salt stress. Plant signaling & 
behavior, 8 (10), e26891. https://doi.org/10.4161/psb.26891. 

JOHNSON, N. C., GRAHAM, J. & SMITH, F. 1997. Functioning of mycorrhizal associations 
along the mutualism–parasitism continuum. The New Phytologist, 135, 575-585. 

JONES, C., LANGNER, H., ANDERSON, K., MCDERMOTT, T. & INSKEEP, W. 2000. Rates of 
microbially mediated arsenate reduction and solubilization. Soil Science Society of 
America Journal, 64, 600-608. 

JUNG, S. C., MARTINEZ-MEDINA, A., LOPEZ-RAEZ, J. A. & POZO, M. J. 2012. Mycorrhiza-
induced resistance and priming of plant defenses. Journal of chemical ecology, 38, 
651-664. 

KAGEYAMA, A., TAKAHASHI, Y., SEKI, T., TOMODA, H. & ŌMURA, S. 2005. Oryzihumus 
leptocrescens gen. nov., sp. nov. International journal of systematic and 
evolutionary microbiology, 55, 2555-2559. 

KALBITZ, K., SOLINGER, S., PARK, J.-H., MICHALZIK, B. & MATZNER, E. 2000. Controls on the 
dynamics of dissolved organic matter in soils: a review. Soil science, 165, 277-304. 

KATO, A., MIYAKE, T., NISHIGATA, K., TATEISHI, H., TERAOKA, T. & ARIE, T. 2012. Use of 
fluorescent proteins to visualize interactions between the Bakanae disease 
pathogen Gibberella fujikuroi and the biocontrol agent Talaromyces sp. KNB-422. 
Journal of general plant pathology, 78, 54-61. 

KERL, C. F., RAFFERTY, C., CLEMENS, S. & PLANER-FRIEDRICH, B. 2018. Monothioarsenate 
uptake, transformation, and translocation in rice plants. Environmental science & 
technology, 52, 9154-9161. 

KHUNNAMWONG, P., JINDAMORAKOT, S. & LIMTONG, S. 2018. Endophytic yeast diversity 
in leaf tissue of rice, corn and sugarcane cultivated in Thailand assessed by a 
culture-dependent approach. Fungal biology, 122, 785-799. 

KIM, J.-D. 2006. Screening of cyanobacteria (blue-green algae) from rice paddy soil for 
antifungal activity against plant pathogenic fungi. Mycobiology, 34, 138-142. 

KIM, J., CHOI, O. & KIM, W.-I. 2015. First report of sheath brown rot of rice caused by 
Pseudomonas fuscovaginae in Korea. Plant Disease, 99, 1033-1033. 

KIM, Y., KANG, I. J., SHIN, D. B., ROH, J. H., HEU, S. & SHIM, H. K. 2018. Timing of Fusarium 
Head Blight Infection in Rice by Heading Stage. Mycobiology, 46, 283-286. 

KIM, Y. C., LEVEAU, J., GARDENER, B. B. M., PIERSON, E. A., PIERSON, L. S. & RYU, C.-M. 
2011. The multifactorial basis for plant health promotion by plant-associated 
bacteria. Appl. Environ. Microbiol., 77, 1548-1555. 

KIRK, G. 2004. The biogeochemistry of submerged soils, John Wiley & Sons. 1-183. 
KNIEF, C., DELMOTTE, N., CHAFFRON, S., STARK, M., INNEREBNER, G., WASSMANN, R., VON 

MERING, C. & VORHOLT, J. A. 2012. Metaproteogenomic analysis of microbial 
communities in the phyllosphere and rhizosphere of rice. The ISME journal, 6, 
1378-1390. 



   
  References 

211 
 

KOECK, D. E., PECHTL, A., ZVERLOV, V. V. & SCHWARZ, W. H. 2014. Genomics of cellulolytic 
bacteria. Current opinion in biotechnology, 29, 171-183. 

KÖGEL-KNABNER, I., AMELUNG, W., CAO, Z., FIEDLER, S., FRENZEL, P., JAHN, R., KALBITZ, K., 
KÖLBL, A. & SCHLOTER, M. 2010. Biogeochemistry of paddy soils. Geoderma, 157, 
1-14. 

KUDO, K., YAMAGUCHI, N., MAKINO, T., OHTSUKA, T., KIMURA, K., DONG, D. T. & AMACHI, 
S. 2013. Release of arsenic from soil by a novel dissimilatory arsenate-reducing 
bacterium, Anaeromyxobacter sp. strain PSR-1. Applied and environmental 
microbiology, 79, 4635-4642. 

KUMAR, P., SINGH, J., SAINI, A. & SINGH, B. 2020. Antifungal activity exhibited bacterial 
strains isolated from wheat-rice rhizosphere soils and their antagonistic nature 
toward various fungal isolates. Journal of Pharmacognosy and Phytochemistry, 9, 
1521-1525. 

KUMAR, U., NAYAK, A. K., SHAHID, M., GUPTA, V. V., PANNEERSELVAM, P., MOHANTY, S., 
KAVIRAJ, M., KUMAR, A., CHATTERJEE, D. & LAL, B. 2018. Continuous application of 
inorganic and organic fertilizers over 47 years in paddy soil alters the bacterial 
community structure and its influence on rice production. Agriculture, Ecosystems 
& Environment, 262, 65-75. 

KUMARATHILAKA, P., SENEWEERA, S., MEHARG, A. & BUNDSCHUH, J. 2018a. Arsenic 
accumulation in rice (Oryza sativa L.) is influenced by environment and genetic 
factors. Science of the total environment, 642, 485-496. 

KUMARATHILAKA, P., SENEWEERA, S., MEHARG, A. & BUNDSCHUH, J. 2018b. Arsenic 
speciation dynamics in paddy rice soil-water environment: sources, physico-
chemical, and biological factors - A review. Water Research, 140, 403-414. 

KUNDA, P., DHAL, P. K. & MUKHERJEE, A. 2018. Endophytic bacterial community of rice 
(Oryza sativa L.) from coastal saline zone of West Bengal: 16S rRNA gene based 
metagenomics approach. Meta Gene, 18, 79-86. 

KURAMAE, E. E., YERGEAU, E., WONG, L. C., PIJL, A. S., VAN VEEN, J. A. & KOWALCHUK, G. 
A. 2012. Soil characteristics more strongly influence soil bacterial communities than 
land-use type. FEMS Microbiology Ecology, 79, 12-24. 

KURAMATA, M., SAKAKIBARA, F., KATAOKA, R., ABE, T., ASANO, M., BABA, K., TAKAGI, K. & 
ISHIKAWA, S. 2015. Arsenic biotransformation by S treptomyces sp. isolated from 
rice rhizosphere. Environmental microbiology, 17, 1897-1909. 

LAHA, G., RAO, M. R., ABRIGO, E., OLIVA, N., DATTA, K. & DATTA, S. 2003. 38. Evaluation of 
durable resistance of transgenic hybrid maintainer line IR58025B for bacterial 
blight disease of rice. Rice Genetics Newsletter, 20, 88-91. 

LAKSHMANAN, V., SHANTHARAJ, D., LI, G., SEYFFERTH, A. L., SHERRIER, D. J. & BAIS, H. P. 
2015. A natural rice rhizospheric bacterium abates arsenic accumulation in rice 
(Oryza sativa L.). Planta, 242, 1037-1050. 

LAUBER, C. L., STRICKLAND, M. S., BRADFORD, M. A. & FIERER, N. 2008. The influence of 
soil properties on the structure of bacterial and fungal communities across land-
use types. Soil Biology and Biochemistry, 40, 2407-2415. 

LEE, H. J., JEONG, S. E., KIM, P. J., MADSEN, E. L. & JEON, C. O. 2015. High resolution depth 
distribution of Bacteria, Archaea, methanotrophs, and methanogens in the bulk 
and rhizosphere soils of a flooded rice paddy. Frontiers in microbiology, 6, 639. 

LEE, H. J., KIM, S. Y., KIM, P. J., MADSEN, E. L. & JEON, C. O. 2014. Methane emission and 
dynamics of methanotrophic and methanogenic communities in a flooded rice field 
ecosystem. FEMS microbiology ecology, 88, 195-212. 

LEE, H. S., MADHAIYAN, M., KIM, C. W., CHOI, S. J., CHUNG, K. Y. & SA, T. M. 2006. 
Physiological enhancement of early growth of rice seedlings (Oryza sativa L.) by 



   
  References 

212 
 

production of phytohormone of N 2-fixing methylotrophic isolates. Biology and 
fertility of soils, 42, 402-408. 

LEE, S. 2006. Geochemistry and partitioning of trace metals in paddy soils affected by metal 
mine tailings in Korea. Geoderma, 135, 26-37. 

LEEWIJIT, T., PONGNAK, W., SOYTONG, K. & POEAIM, S. 2016. Isolation of Soil and 
Endophytic Fungi from Rice (Oryza sativa L.). International Journal of Agricultural 
Technology, 12, 2191-2202. 

LEHMANN, J., RILLIG, M. C., THIES, J., MASIELLO, C. A., HOCKADAY, W. C. & CROWLEY, D. 
2011. Biochar effects on soil biota–a review. Soil biology and biochemistry, 43, 
1812-1836. 

LEI, X., ZHAO, L., BROOKES, P. C., WANG, F., CHEN, C., YANG, W. & XING, S. 2018. Fungal 
communities and functions response to long-term fertilization in paddy soils. 
Applied soil ecology, 130, 251-258. 

LI, R.-Y., AGO, Y., LIU, W.-J., MITANI, N., FELDMANN, J., MCGRATH, S. P., MA, J. F. & ZHAO, 
F.-J. 2009a. The rice aquaporin Lsi1 mediates uptake of methylated arsenic species. 
Plant Physiology, 150, 2071-2080. 

LI, R., STROUD, J., MA, J., MCGRATH, S. & ZHAO, F. 2009b. Mitigation of arsenic 
accumulation in rice with water management and silicon fertilization. 
Environmental Science & Technology, 43, 3778-3783. 

LI, X., WANG, H., LI, X., LI, X. & ZHANG, H. 2020a. Distribution characteristics of fungal 
communities with depth in paddy fields of three soil types in China. Journal of 
Microbiology, 1-9. 

LI, X., ZHANG, W., LIU, T., CHEN, L., CHEN, P. & LI, F. 2016. Changes in the composition and 
diversity of microbial communities during anaerobic nitrate reduction and Fe (II) 
oxidation at circumneutral pH in paddy soil. Soil Biology and Biochemistry, 94, 70-
79. 

LI, Y. & WANG, X. 2013. Root-induced changes in radial oxygen loss, rhizosphere oxygen 
profile, and nitrification of two rice cultivars in Chinese red soil regions. Plant and 
soil, 365, 115-126. 

LI, Y., YUAN, L., XUE, S., LIU, B. & JIN, G. 2020b. The recruitment of bacterial communities 
by the plant root system changed by acid mine drainage pollution in soils. FEMS 
Microbiology Letters, 367, fnaa117. 

LIESACK, W., SCHNELL, S. & REVSBECH, N. P. 2000. Microbiology of flooded rice paddies. 
FEMS Microbiology Reviews, 24, 625-645. 

LIN, Y., YE, Y., WU, C., HU, Y. & SHI, H. 2020. Changes in microbial community structure 
under land consolidation in paddy soils: A case study in eastern China. Ecological 
Engineering, 145, 105696. 

LIN, Y., YE, Y., WU, C., YANG, J., HU, Y. & SHI, H. 2019. Comprehensive assessment of paddy 
soil quality under land consolidation: a novel perspective of microbiology. PeerJ, 7, 
e7351. https://doi.org/10.7717/peerj.7351. 

LIN, Z.-Q. 2008. Volatalization. Encyclopedia of Ecology, 5, pp. 3700-3705. 
LIU, M., LIU, J., CHEN, X., JIANG, C., WU, M. & LI, Z. 2018. Shifts in bacterial and fungal 

diversity in a paddy soil faced with phosphorus surplus. Biology and fertility of soils, 
54, 259-267. 

LIU, W. J., ZHU, Y. G., HU, Y., WILLIAMS, P. N., GAULT, A. G., MEHARG, A. A., CHARNOCK, J. 
M. & SMITH, F. A. 2006. Arsenic sequestration in iron plaque, its accumulation and 
speciation in mature rice plants (Oryza sativa L.). Environmental Science & 
Technology, 40, 5730-5736. 

LIU, Y., LU, H., YANG, S. & WANG, Y. 2016. Impacts of biochar addition on rice yield and soil 
properties in a cold waterlogged paddy for two crop seasons. Field crops research, 
191, 161-167. 

https://doi.org/10.7717/peerj.7351


   
  References 

213 
 

LLOYD, J. R. 2003. Microbial reduction of metals and radionuclides. FEMS microbiology 
reviews, 27, 411-425. 

LOMAX, C., LIU, W. J., WU, L. Y., XUE, K., XIONG, J. B., ZHOU, J. Z., MCGRATH, S. P., 
MEHARG, A. A., MILLER, A. J. & ZHAO, F. J. 2012. Methylated arsenic species in 
plants originate from soil microorganisms. New Phytologist, 193, 665-672. 

LONG, X.-E., YAO, H., HUANG, Y., WEI, W. & ZHU, Y.-G. 2018. Phosphate levels influence the 
utilisation of rice rhizodeposition carbon and the phosphate-solubilising microbial 
community in a paddy soil. Soil Biology and Biochemistry, 118, 103-114. 

LOPES, A. R., FARIA, C., PRIETO-FERNÁNDEZ, Á., TRASAR-CEPEDA, C., MANAIA, C. M. & 
NUNES, O. C. 2011. Comparative study of the microbial diversity of bulk paddy soil 
of two rice fields subjected to organic and conventional farming. Soil Biology and 
Biochemistry, 43, 115-125. 

LOPES, A. R., MANAIA, C. M. & NUNES, O. C. 2014. Bacterial community variations in an 
alfalfa-rice rotation system revealed by 16S rRNA gene 454-pyrosequencing. FEMS 
microbiology ecology, 87, 650-663. 

LOVE, M. I., HUBER, W. & ANDERS, S. 2014. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome biology, 15, 1-21. 

LU, T., KE, M., PEIJNENBURG, W., ZHU, Y., ZHANG, M., SUN, L., FU, Z. & QIAN, H. 2018. 
Investigation of rhizospheric microbial communities in wheat, barley, and two rice 
varieties at the seedling stage. Journal of agricultural and food chemistry, 66, 2645-
2653. 

LU, Y. & CONRAD, R. 2005. In situ stable isotope probing of methanogenic archaea in the 
rice rhizosphere. Science, 309, 1088-1090. 

LU, Y., ROSENCRANTZ, D., LIESACK, W. & CONRAD, R. 2006. Structure and activity of 
bacterial community inhabiting rice roots and the rhizosphere. Environmental 
microbiology, 8, 1351-1360. 

LUO, T., HUANG, Z., LI, X. & ZHANG, Y. 2020. Anaerobic microbe mediated arsenic reduction 
and redistribution in coastal wetland soil. Science of The Total Environment, 727, 
138630. 

MA, A., ZHUANG, X., WU, J., CUI, M., LV, D., LIU, C. & ZHUANG, G. 2013. Ascomycota 
members dominate fungal communities during straw residue decomposition in 
arable soil. PloS one, 8 (6), e66146. https://doi.org/10.1371/journal.pone.0066146.  

MA, J. F., TAMAI, K., YAMAJI, N., MITANI, N., KONISHI, S., KATSUHARA, M., ISHIGURO, M., 
MURATA, Y. & YANO, M. 2006. A silicon transporter in rice. Nature, 440, 688-691. 

MA, J. F. & YAMAJI, N. 2008. Functions and transport of silicon in plants. Cellular and 
molecular life sciences, 65, 3049-3057. 

MA, J. F., YAMAJI, N., MITANI, N., XU, X. Y., SU, Y. H., MCGRATH, S. P. & ZHAO, F. J. 2008. 
Transporters of arsenite in rice and their role in arsenic accumulation in rice grain. 
Proceedings of the National Academy of Sciences of the United States of America, 
105, 9931-9935. 

MA, R., SHEN, J., WU, J., TANG, Z., SHEN, Q. & ZHAO, F.-J. 2014. Impact of agronomic 
practices on arsenic accumulation and speciation in rice grain. Environmental 
Pollution, 194, 217-223. 

MA, X., DU, M., LIU, P., TANG, Y., LI, H., YUAN, Q., RUAN, Y., MENG, L., ZHANG, J. & LIN, M. 
2020. Alternation of soil bacterial and fungal communities by tomato–rice rotation 
in Hainan Island in Southeast of China. Archives of Microbiology, 1-13. 

MAARASTAWI, S. A., FRINDTE, K., GEER, R., KRÖBER, E. & KNIEF, C. 2018. Temporal 
dynamics and compartment specific rice straw degradation in bulk soil and the 
rhizosphere of maize. Soil Biology and Biochemistry, 127, 200-212. 

MACEDO, S. M., DE JESUS, R. M., GARCIA, K. S., HATJE, V., QUEIROZ, A. F. D. & FERREIRA, S. 
L. C. 2009. Determination of total arsenic and arsenic (III) in phosphate fertilizers 



   
  References 

214 
 

and phosphate rocks by HG-AAS after multivariate optimization based on Box-
Behnken design. Talanta, 80, 974-979. 

MACUR, R. E., JACKSON, C. R., BOTERO, L. M., MCDERMOTT, T. R. & INSKEEP, W. P. 2004. 
Bacterial populations associated with the oxidation and reduction of arsenic in an 
unsaturated soil. Environmental science & technology, 38, 104-111. 

MACUR, R. E., WHEELER, J. T., MCDERMOTT, T. R. & INSKEEP, W. P. 2001. Microbial 
populations associated with the reduction and enhanced mobilization of arsenic in 
mine tailings. Environmental science & technology, 35, 3676-3682. 

MAJZLAN, J., DRAHOTA, P. & FILIPPI, M. 2014. Parageneses and crystal chemistry of arsenic 
minerals. Reviews in Mineralogy and Geochemistry, 79, 17-184. 

MALASARN, D., SALTIKOV, C., CAMPBELL, K., SANTINI, J., HERING, J. & NEWMAN, D. 2004. 
arrA is a reliable marker for As (V) respiration. Science, 306, 455-455. 

MANO, H., TANAKA, F., NAKAMURA, C., KAGA, H. & MORISAKI, H. 2007. Culturable 
endophytic bacterial flora of the maturing leaves and roots of rice plants (Oryza 
sativa) cultivated in a paddy field. Microbes and Environments, 22, 175-185. 

MARIN, A., MASSCHELEYN, P. & PATRICK, W. 1993. Soil redox-pH stability of arsenic species 
and its influence on arsenic uptake by rice. Plant and Soil, 152, 245-253. 

MAROIS, J., FRAVEL, D. & PAPAVIZAS, G. 1984. Ability of Talaromyces flavus to occupy the 
rhizosphere and its interaction with Verticillium dahliae. Soil Biology and 
Biochemistry, 16, 387-390. 

MARSCHNER, P., KANDELER, E. & MARSCHNER, B. 2003. Structure and function of the soil 
microbial community in a long-term fertilizer experiment. Soil Biology and 
Biochemistry, 35, 453-461. 

MARTIN-URDIROZ, M., OSES-RUIZ, M., RYDER, L. S. & TALBOT, N. J. 2016. Investigating the 
biology of plant infection by the rice blast fungus Magnaporthe oryzae. Fungal 
Genetics and Biology, 90, 61-68. 

MARTINS, W. F. X. & RODRIGUES, B. F. 2018. Arbuscular mycorrhizal fungal diversity in 
Oryza sativa (rice) varieties cultivated in Khazan lands in Goa, 50, 48-52. 

MASSCHELEYN, P. H., DELAUNE, R. D. & PATRICK JR, W. H. 1991. Effect of redox potential 
and pH on arsenic speciation and solubility in a contaminated soil. Environmental 
science & technology, 25, 1414-1419. 

MASUDA, S., BAO, Z., OKUBO, T., SASAKI, K., IKEDA, S., SHINODA, R., ANDA, M., KONDO, R., 
MORI, Y. & MINAMISAWA, K. 2016. Sulfur fertilization changes the community 
structure of rice root-, and soil-associated bacteria. Microbes and environments, 
31, 70-75. 

MATSUYAMA, N., SAIGUSA, M., SAKAIYA, E., TAMAKAWA, K., OYAMADA, Z. & KUDO, K. 
2005. Acidification and soil productivity of allophanic Andosols affected by heavy 
application of fertilizers. Soil Science & Plant Nutrition, 51, 117-123. 

MEACHER, D. M., MENZEL, D. B., DILLENCOURT, M. D., BIC, L. F., SCHOOF, R. A., YOST, L. J., 
EICKHOFF, J. C. & FARR, C. H. 2002. Estimation of multimedia inorganic arsenic 
intake in the US population. Human and Ecological Risk Assessment, 8, 1697-1721. 

MEHARG, A. A. & RAHMAN, M. M. 2003. Arsenic contamination of Bangladesh paddy field 
soils: implications for rice contribution to arsenic consumption. Environmental 
science & technology, 37, 229-234. 

MEHARG, A. A., WILLIAMS, P. N., ADOMAKO, E., LAWGALI, Y. Y., DEACON, C., VILLADA, A., 
CAMBELL, R. C., SUN, G., ZHU, Y.-G. & FELDMANN, J. 2009a. Geographical variation 
in total and inorganic arsenic content of polished (white) rice. Environmental 
science & technology, 43, 1612-1617. 

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. & YANAI, J. 2009b. Geographical Variation in Total and Inorganic 



   
  References 

215 
 

Arsenic Content of Polished (White) Rice. Environmental Science & Technology, 43, 
1612-1617. 

MEHARG, A. A. & ZHAO, F.-J. 2012. Arsenic & rice, Springer Science & Business Media, 1-
172. 

MEHARG, C. & 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, 8-17. 

MEJÍA, L. C., ROJAS, E. I., MAYNARD, Z., VAN BAEL, S., ARNOLD, A. E., HEBBAR, P., SAMUELS, 
G. J., ROBBINS, N. & HERRE, E. A. 2008. Endophytic fungi as biocontrol agents of 
Theobroma cacao pathogens. Biological Control, 46, 4-14. 

MELLO, A., NAPOLI, C., MURAT, C., MORIN, E., MARCEDDU, G. & BONFANTE, P. 2011. ITS-1 
versus ITS-2 pyrosequencing: a comparison of fungal populations in truffle grounds. 
Mycologia, 103, 1184-1193. 

MENDES, R., GARBEVA, P. & RAAIJMAKERS, J. M. 2013. The rhizosphere microbiome: 
significance of plant beneficial, plant pathogenic, and human pathogenic 
microorganisms. FEMS microbiology reviews, 37, 634-663. 

MENG, D., LI, J., LIU, T., LIU, Y., YAN, M., HU, J., LI, X., LIU, X., LIANG, Y. & LIU, H. 2019. 
Effects of redox potential on soil cadmium solubility: insight into microbial 
community. Journal of Environmental Sciences, 75, 224-232. 

MESTROT, A., FELDMANN, J., KRUPP, E. M., HOSSAIN, M. S., ROMAN-ROSS, G. & MEHARG, 
A. A. 2011. Field fluxes and speciation of arsines emanating from soils. 
Environmental science & technology, 45, 1798-1804. 

MESTROT, A., UROIC, M. K., PLANTEVIN, T., ISLAM, M. R., KRUPP, E. M., FELDMANN, J. R. & 
MEHARG, A. A. 2009. Quantitative and qualitative trapping of arsines deployed to 
assess loss of volatile arsenic from paddy soil. Environmental science & technology, 
43, 8270-8275. 

MESTROT, A., XIE, W.-Y., XUE, X. & ZHU, Y.-G. 2013. Arsenic volatilization in model 
anaerobic biogas digesters. Applied geochemistry, 33, 294-297. 

MICHALKE, K., WICKENHEISER, E., MEHRING, M., HIRNER, A. & HENSEL, R. 2000. Production 
of volatile derivatives of metal (loid) s by microflora involved in anaerobic digestion 
of sewage sludge. Applied and Environmental Microbiology, 66, 2791-2796. 

MILLAR, C. & CS, M. 1980. Infection processes on conifer needles, In: Blakeman JP, London, 
Academic Press, 185-209. 

MINAMI, K., MOSIER, A. & SASS, R. CH4 and N2O global emissions and controls from rice 
fields and other agricultural and industrial sources.  International Workshop: 
Methane and Nitrous Oxide Emission from Natural and Anthropogenic Sources and 
their Reduction Research Plan25-26 Mar 1992Tsukuba (Japón), 1994. National 
Institute of Agro-Environmental Sciences, Tsukuba (Japón). 

MINAMISAWA, K., NISHIOKA, K., MIYAKI, T., YE, B., MIYAMOTO, T., YOU, M., SAITO, A., 
SAITO, M., BARRAQUIO, W. L. & TEAUMROONG, N. 2004. Anaerobic nitrogen-fixing 
consortia consisting of clostridia isolated from gramineous plants. Appl. Environ. 
Microbiol., 70, 3096-3102. 

MIYAKE, T., KATO, A., TATEISHI, H., TERAOKA, T. & ARIE, T. 2012. Mode of action of 
Talaromyces sp. KNB422, a biocontrol agent against rice seedling diseases. Journal 
of Pesticide Science, 37 (1), 56. https://doi.org/10.1584/jpestics.D11-002. 

MIYASHITA, S.-I., MUROTA, C., KONDO, K., FUJIWARA, S. & TSUZUKI, M. 2016. Arsenic 
metabolism in cyanobacteria. Environmental Chemistry, 13, 577-589. 

MONTANARO, G. 2012. Advances in selected plant physiology aspects, BoD–Books on 
Demand. 

MORONTA-BARRIOS, F., GIONECHETTI, F., PALLAVICINI, A., MARYS, E. & VENTURI, V. 2018. 
Bacterial microbiota of rice roots: 16S-based taxonomic profiling of endophytic and 

https://doi.org/10.1584/jpestics.D11-002


   
  References 

216 
 

rhizospheric diversity, endophytes isolation and simplified endophytic community. 
Microorganisms, 6, 14. 

MORRISSEY, J. P., DOW, J. M., MARK, G. L. & O'GARA, F. 2004. Are microbes at the root of a 
solution to world food production? EMBO reports, 5, 922-926. 

MURASE, J., TAKENOUCHI, Y., IWASAKI, K. & KIMURA, M. 2014. Microeukaryotic 
community and oxygen response in rice field soil revealed using a combined rRNA-
gene and rRNA-based approach. Microbes and environments, ME13128, 29 (1), 74-
81. https://doi.org/10.1264/jsme2.ME13128. 

MUSONERIMANA, S., BEZ, C., LICASTRO, D., HABARUGIRA, G., BIGIRIMANA, J. & VENTURI, 
V. 2020. Pathobiomes Revealed that Pseudomonas fuscovaginae and Sarocladium 
oryzae Are Independently Associated with Rice Sheath Rot. Microbial Ecology, 80, 
627-642. 

NAIK, B. S., SHASHIKALA, J. & KRISHNAMURTHY, Y. 2009. Study on the diversity of 
endophytic communities from rice (Oryza sativa L.) and their antagonistic activities 
in vitro. Microbiological Research, 164, 290-296. 

NAIK, P. R., RAMAN, G., NARAYANAN, K. B. & SAKTHIVEL, N. 2008. Assessment of genetic 
and functional diversity of phosphate solubilizing fluorescent pseudomonads 
isolated from rhizospheric soil. BMC microbiology, 8, 230. 

NAIR, D. N. & PADMAVATHY, S. 2014. Impact of endophytic microorganisms on plants, 
environment and humans. The Scientific World Journal, 2014, 1-11. 

NAKAGAWA, T. & IMAIZUMI-ANRAKU, H. 2015. Rice arbuscular mycorrhiza as a tool to 
study the molecular mechanisms of fungal symbiosis and a potential target to 
increase productivity. Rice, 8, 32. 

NALLEY, L., TSIBOE, F., DURAND-MORAT, A., SHEW, A. & THOMA, G. 2016. Economic and 
environmental impact of rice blast pathogen (Magnaporthe oryzae) alleviation in 
the United States. PloS one, 11 (12).https://doi.org/10.1371/journal.pone.0167295. 

NARAGHI, L., HEYDARI, A., REZAEE, S., RAZAVI, M. & JAHANIFAR, H. 2010. Study on 
antagonistic effects of Talaromyces flavus on Verticillium albo-atrum, the causal 
agent of potato wilt disease. Crop protection, 29, 658-662. 

NASIR, F., SHI, S., TIAN, L., CHANG, C., MA, L., LI, X., GAO, Y. & TIAN, C. 2019. Strigolactones 
shape the rhizomicrobiome in rice (Oryza sativa). Plant Science, 286, 118-133. 

NATHANIELS, N. & TAYLOR, G. 1983. Latent infection of winter oilseed rape by 
Leptosphaeria maculans. Plant Pathology, 32, 23-31. 

NEWMAN, D. K., KENNEDY, E. K., COATES, J. D., AHMANN, D., ELLIS, D. J., LOVLEY, D. R. & 
MOREL, F. M. 1997. Dissimilatory arsenate and sulfate reduction in 
Desulfotomaculum auripigmentum sp. nov. Archives of Microbiology, 168, 380-388. 

NH, S.-H., , S. P., , N. S. & , B. N. A. P. O. 2019. Diversity of sporulating rice endophytic fungi 
associated with Thairice cultivars (Oryza sativa L.) cultivated in Suphanburi and 
ChainatProvinces, Thailand. Current Research in Environmental & Applied Mycology 
(Journal of Fungal Biology), 9, 1-14. 

NICKSON, R., MCARTHUR, J., BURGESS, W., AHMED, K. M., RAVENSCROFT, P. & RAHMANÑ, 
M. 1998. Arsenic poisoning of Bangladesh groundwater. Nature, 395, 338-338. 

NICKSON, R., MCARTHUR, J., RAVENSCROFT, P., BURGESS, W. & AHMED, K. 2000. 
Mechanism of arsenic release to groundwater, Bangladesh and West Bengal. 
Applied Geochemistry, 15, 403-413. 

NIHORIMBERE, V., ONGENA, M., SMARGIASSI, M. & THONART, P. 2011. Beneficial effect of 
the rhizosphere microbial community for plant growth and health. Biotechnologie, 
Agronomie, Société et Environnement, 15, 327-337. 

NILSSON, R. H., LARSSON, K.-H., TAYLOR, A. F. S., BENGTSSON-PALME, J., JEPPESEN, T. S., 
SCHIGEL, D., KENNEDY, P., PICARD, K., GLÖCKNER, F. O. & TEDERSOO, L. 2019. The 

https://doi.org/10.1264/jsme2.ME13128


   
  References 

217 
 

UNITE database for molecular identification of fungi: handling dark taxa and 
parallel taxonomic classifications. Nucleic acids research, 47, D259-D264. 

NOLL, M., MATTHIES, D., FRENZEL, P., DERAKSHANI, M. & LIESACK, W. 2005. Succession of 
bacterial community structure and diversity in a paddy soil oxygen gradient. 
Environmental Microbiology, 7, 382-395. 

NORTON, G. J., ADOMAKO, E. E., DEACON, C. M., CAREY, A. M., PRICE, A. H. & MEHARG, A. 
A. 2013. Effect of organic matter amendment, arsenic amendment and water 
management regime on rice grain arsenic species. Environmental Pollution, 177, 
38-47. 

NORTON, G. J., ISLAM, M. R., DEACON, C. M., ZHAO, F.-J., STROUD, J. L., MCGRATH, S. P., 
ISLAM, S., JAHIRUDDIN, M., FELDMANN, J. & PRICE, A. H. 2009. Identification of low 
inorganic and total grain arsenic rice cultivars from Bangladesh. Environmental 
Science & Technology, 43, 6070-6075. 

NORTON, G. J., SHAFAEI, M., TRAVIS, A. J., DEACON, C. M., DANKU, J., POND, D., 
COCHRANE, N., LOCKHART, K., SALT, D. & ZHANG, H. 2017. Impact of alternate 
wetting and drying on rice physiology, grain production, and grain quality. Field 
Crops Research, 205, 1-13. 

NRC, U. 2001. Arsenic in drinking water: 2001 update. National Academies Press. 
NURHIDAYATI, N. & MARIATI, M. 2014. Utilization of maize cob biochar and rice husk 

charcoal as soil amendment for improving acid soil fertility and productivity. 
Journal of Degraded and Mining Lands Management, 2, 223. 

NWITE, J., OBALUM, S., IGWE, C. & WAKATSUKI, T. 2011. Properties and potential of 
selected ash sources for improving soil condition and sawah rice yields in a 
degraded inland valley in Southeastern Nigeria. World Journal of Agricultural 
Sciences, 7, 304-310. 

OHM, R. A., FEAU, N., HENRISSAT, B., SCHOCH, C. L., HORWITZ, B. A., BARRY, K. W., 
CONDON, B. J., COPELAND, A. C., DHILLON, B. & GLASER, F. 2012. Diverse lifestyles 
and strategies of plant pathogenesis encoded in the genomes of eighteen 
Dothideomycetes fungi. PLoS Pathogens, 8(12), e1003037. 

OHTSUKA, T., YAMAGUCHI, N., MAKINO, T., SAKURAI, K., KIMURA, K., KUDO, K., HOMMA, 
E., DONG, D. T. & AMACHI, S. 2013. Arsenic dissolution from Japanese paddy soil by 
a dissimilatory arsenate-reducing bacterium Geobacter sp. OR-1. Environmental 
science & technology, 47, 6263-6271. 

OLIVEROS, J. C. 2018. VENNY. An interactive tool for comparing lists with Venn Diagrams. 
2007. 

OREMLAND, R. S. & STOLZ, J. F. 2005. Arsenic, microbes and contaminated aquifers. Trends 
in microbiology, 13, 45-49. 

ORGANIZATION, W. H. 2019. International agency for research on cancer. 
OSCARSON, D., HUANG, P., DEFOSSE, C. & HERBILLON, A. 1981. Oxidative power of Mn (IV) 

and Fe (III) oxides with respect to As (III) in terrestrial and aquatic environments. 
Nature, 291, 50-51. 

OYAIZU-MASUCHI, Y. & KOMAGATA, K. 1988. Isolation of free-living nitrogen-fixing bacteria 
from the rhizosphere of rice. The Journal of General and Applied Microbiology, 34, 
127-164. 

PAL, A., CHOWDHURY, U. K., MONDAL, D., DAS, B., NAYAK, B., GHOSH, A., MAITY, S. & 
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, 3349-3355. 

PAN, Y. Y., KOOPMANS, G. F., BONTEN, L. T. C., SONG, J., LUO, Y. M., TEMMINGHOFF, E. J. 
M. & COMANS, R. N. J. 2014. Influence of pH on the redox chemistry of metal 



   
  References 

218 
 

(hydr)oxides and organic matter in paddy soils. Journal of Soils and Sediments, 14, 
1713-1726. 

PANAULLAH, G. M., ALAM, T., HOSSAIN, M. B., LOEPPERT, R. H., LAUREN, J. G., MEISNER, C. 
A., AHMED, Z. U. & DUXBURY, J. M. 2009. Arsenic toxicity to rice (Oryza sativa L.) in 
Bangladesh. Plant and soil, 317, 31-39. 

PANG, Z., XU, P. & YU, D. 2020a. Environmental adaptation of the root microbiome in two 
rice ecotypes. Microbiological Research, 241, 126588. 

PANG, Z., ZHAO, Y., XU, P. & YU, D. 2020b. Microbial Diversity of Upland Rice Roots and 
Their Influence on Rice Growth and Drought Tolerance. Microorganisms, 8 (9), 
1329. https://doi.org/10.3390/microorganisms8091329. 

PASZKOWSKI, U., KROKEN, S., ROUX, C. & BRIGGS, S. P. 2002. Rice phosphate transporters 
include an evolutionarily divergent gene specifically activated in arbuscular 
mycorrhizal symbiosis. Proceedings of the National Academy of Sciences, 99, 
13324-13329. 

PATEL, H. K., MATIUZZO, M., BERTANI, I., DE PAUL BIGIRIMANA, V., ASH, G. J., HÖFTE, M. & 
VENTURI, V. 2014. Identification of virulence associated loci in the emerging broad 
host range plant pathogen Pseudomonas fuscovaginae. BMC microbiology, 14, 274. 

PATTERSON, S. J., ACHARYA, S. N., THOMAS, J. E., BERTSCHI, A. B. & ROTHWELL, R. L. 2004. 
Barley biomass and grain yield and canola seed yield response to land application 
of wood ash. Agronomy journal, 96, 971-977. 

PENG, Q.-A., SHAABAN, M., WU, Y., HU, R., WANG, B. & WANG, J. 2016. The diversity of 
iron reducing bacteria communities in subtropical paddy soils of China. Applied Soil 
Ecology, 101, 20-27. 

PILI, N. N., FRANÇA, S. C., KYNDT, T., MAKUMBA, B. A., SKILTON, R., HÖFTE, M., MIBEY, R. K. 
& GHEYSEN, G. 2016. Analysis of fungal endophytes associated with rice roots from 
irrigated and upland ecosystems in Kenya. Plant and Soil, 405, 371-380. 

PITTOL, M., SCULLY, E., MILLER, D., DURSO, L., MARIANA FIUZA, L. & VALIATI, V. H. 2018. 
Bacterial community of the rice floodwater using cultivation-independent 
approaches. International Journal of Microbiology, 2018, 1-13. 

PLUGGE, C. M., ZHANG, W., SCHOLTEN, J. & STAMS, A. J. 2011. Metabolic flexibility of 
sulfate-reducing bacteria. Frontiers in microbiology, 2, 81. 

PONNAMPERUMA, F. N. 1972. The chemistry of submerged soils. Advances in agronomy. 
Elsevier, 24, 29-96. 

POTSHANGBAM, M., DEVI, S. I., SAHOO, D. & STROBEL, G. A. 2017. Functional 
characterization of endophytic fungal community associated with Oryza sativa L. 
and Zea mays L. Frontiers in microbiology, 8, 325. 

PRAKASH, N., NAGARAJ, H., GURUSWAMY, K., VISHWANATHA, B., NARAYANASWAMY, C., 
GOWDA, N., VASUKI, N., SIDDARAMAPPA, R. & GKVK, B. 2007. Rice hull ash as a 
source of silicon and phosphatic fertilizers: effect on growth and yield of rice in 
coastal Karnataka, India. International Rice Research Notes, 32, 34. 

PRASAD, R., SHIVAY, Y. S. & KUMAR, D. 2017. Current status, challenges, and opportunities 
in rice production. Rice Production Worldwide. Springer, 1-32. 

PUNSHON, T., JACKSON, B. P., MEHARG, A. A., WARCZACK, T., SCHECKEL, K. & GUERINOT, 
M. L. 2017. Understanding arsenic dynamics in agronomic systems to predict and 
prevent uptake by crop plants. Science of the Total Environment, 581, 209-220. 

QIAO, J.-T., LI, X.-M. & LI, F.-B. 2018. Roles of different active metal-reducing bacteria in 
arsenic release from arsenic-contaminated paddy soil amended with biochar. 
Journal of hazardous materials, 344, 958-967. 

QIN, H., LU, K., STRONG, P., XU, Q., WU, Q., XU, Z., XU, J. & WANG, H. 2015. Long-term 
fertilizer application effects on the soil, root arbuscular mycorrhizal fungi and 
community composition in rotation agriculture. Applied Soil Ecology, 89, 35-43. 

https://doi.org/10.3390/microorganisms8091329


   
  References 

219 
 

QIN, J., LEHR, C. R., YUAN, C., LE, X. C., MCDERMOTT, T. R. & ROSEN, B. P. 2009. 
Biotransformation of arsenic by a Yellowstone thermoacidophilic eukaryotic alga. 
Proceedings of the National Academy of Sciences, 106, 5213-5217. 

QIN, J., ROSEN, B. P., ZHANG, Y., WANG, G., FRANKE, S. & RENSING, C. 2006a. Arsenic 
detoxification and evolution of trimethylarsine gas by a microbial arsenite S-
adenosylmethionine methyltransferase. Proceedings of the National Academy of 
Sciences, 103, 2075-2080. 

QIN, J., ROSEN, B. P., ZHANG, Y., WANG, G. J., FRANKE, S. & RENSING, C. 2006b. Arsenic 
detoxification and evolution of trimethylarsine gas by a microbial arsenite S-
adenosylmethionine methyltransferase. Proceedings of the National Academy of 
Sciences of the United States of America, 103, 2075-2080. 

QIU, Q., NOLL, M., ABRAHAM, W.-R., LU, Y. & CONRAD, R. 2008. Applying stable isotope 
probing of phospholipid fatty acids and rRNA in a Chinese rice field to study activity 
and composition of the methanotrophic bacterial communities in situ. The ISME 
journal, 2, 602-614. 

RAAB, A., WILLIAMS, P. N., MEHARG, A. & FELDMANN, J. 2007. Uptake and translocation of 
inorganic and methylated arsenic species by plants. Environmental Chemistry, 4, 
197-203. 

RAAIJMAKERS, J. M. & MAZZOLA, M. 2012. Diversity and natural functions of antibiotics 
produced by beneficial and plant pathogenic bacteria. Annual review of 
phytopathology, 50, 403-424. 

RATERING, S. & SCHNELL, S. 2001. Nitrate‐dependent iron (II) oxidation in paddy soil. 
Environmental Microbiology, 3, 100-109. 

RAVI, R. K., WALTON, K. & KHOSROHEIDARI, M. 2018. MiSeq: a next generation sequencing 
platform for genomic analysis. Disease Gene Identification. Springer, 1706, 223-
232. 

REDMAN, R. S., KIM, Y. O., WOODWARD, C. J., GREER, C., ESPINO, L., DOTY, S. L. & 
RODRIGUEZ, R. J. 2011. Increased fitness of rice plants to abiotic stress via habitat 
adapted symbiosis: a strategy for mitigating impacts of climate change. PLOS one, 6 
(7), e14823. https://doi.org/10.1371/journal.pone.0014823. 

REID, M. C., MAILLARD, J., BAGNOUD, A., FALQUET, L., LE VO, P. & BERNIER-LATMANI, R. 
2017a. Arsenic methylation dynamics in a rice paddy soil anaerobic enrichment 
culture. Environmental science & technology, 51, 10546-10554. 

REID, M. C., MAILLARD, J., BAGNOUD, A., FALQUET, L., VO, P. L. & BERNIER-LATMANI, R. 
2017b. Arsenic Methylation Dynamics in a Rice Paddy Soil Anaerobic Enrichment 
Culture. Environmental Science & Technology, 51, 10546-10554. 

REIM, A., LÜKE, C., KRAUSE, S., PRATSCHER, J. & FRENZEL, P. 2012. One millimetre makes 
the difference: high-resolution analysis of methane-oxidizing bacteria and their 
specific activity at the oxic–anoxic interface in a flooded paddy soil. The ISME 
journal, 6, 2128-2139. 

REN, G., ZHANG, H., LIN, X., ZHU, J. & JIA, Z. 2014. Response of phyllosphere bacterial 
communities to elevated CO 2 during rice growing season. Applied microbiology 
and biotechnology, 98, 9459-9471. 

REVSBECH, N., PEDERSEN, O., REICHARDT, W. & BRIONES, A. 1999. Microsensor analysis of 
oxygen and pH in the rice rhizosphere under field and laboratory conditions. 
Biology and Fertility of soils, 29, 379-385. 

REYNOLDS, J., NAYLOR, D. & FENDORF, S. 1999. Arsenic sorption in phosphate‐amended 
soils during flooding and subsequent aeration. Soil Science Society of America 
Journal, 63, 1149-1156. 



   
  References 

220 
 

RINKLEBE, J., SHAHEEN, S. M. & YU, K. 2016. Release of As, Ba, Cd, Cu, Pb, and Sr under pre-
definite redox conditions in different rice paddy soils originating from the USA and 
Asia. Geoderma, 270, 21-32. 

ROCHETTE, E. A., BOSTICK, B. C., LI, G. & FENDORF, S. 2000. Kinetics of arsenate reduction 
by dissolved sulfide. Environmental Science & Technology, 34, 4714-4720. 

ROGNES, T., FLOURI, T., NICHOLS, B., QUINCE, C. & MAHÉ, F. 2016. VSEARCH: a versatile 
open source tool for metagenomics. PeerJ, 4, e2584. 
https://doi.org/10.7717/peerj.2584. 

ROMAN-REYNA, V., PINILI, D., BORJA, F. N., QUIBOD, I. L., GROEN, S. C., ALEXANDROV, N., 
MAULEON, R. & OLIVA, R. 2020. Characterization of the leaf microbiome from 
whole-genome sequencing data of the 3000 rice genomes project, 13 (72), 1-8. 

ROSENBLUETH, M. & MARTÍNEZ-ROMERO, E. 2006. Bacterial endophytes and their 
interactions with hosts. Molecular plant-microbe interactions, 19, 827-837. 

ROSENCRANTZ, D., RAINEY, F. A. & JANSSEN, P. H. 1999. Culturable populations of 
Sporomusa spp. and Desulfovibrio spp. in the anoxic bulk soil of flooded rice 
microcosms. Applied and environmental microbiology, 65, 3526-3533. 

ROUSK, J., BÅÅTH, E., BROOKES, P. C., LAUBER, C. L., LOZUPONE, C., CAPORASO, J. G., 
KNIGHT, R. & FIERER, N. 2010. Soil bacterial and fungal communities across a pH 
gradient in an arable soil. The ISME journal, 4, 1340-1351. 

ROWLAND, H., BOOTHMAN, C., PANCOST, R., GAULT, A., POLYA, D. & LLOYD, J. 2009. The 
role of indigenous microorganisms in the biodegradation of naturally occurring 
petroleum, the reduction of iron, and the mobilization of arsenite from West 
Bengal aquifer sediments. Journal of environmental quality, 38, 1598-1607. 

RUI, J., PENG, J. & LU, Y. 2009. Succession of bacterial populations during plant residue 
decomposition in rice field soil. Appl. Environ. Microbiol., 75, 4879-4886. 

RUSMANA, I. & LESTARI, Y. 2015. Metagenomic of actinomycetes based on 16S rRNA and 
nifH genes in soil and roots of four Indonesian rice cultivars using PCR-DGGE. 
HAYATI Journal of Biosciences, 22, 113-121. 

SAARSALMI, A., MÄLKÖNEN, E. & PIIRAINEN, S. 2001. Effects of wood ash fertilization on 
forest soil chemical properties, 35 (3), 355-368. 

SAHOO, R. K., ANSARI, M. W., PRADHAN, M., DANGAR, T. K., MOHANTY, S. & TUTEJA, N. 
2014. Phenotypic and molecular characterization of native Azospirillum strains 
from rice fields to improve crop productivity. Protoplasma, 251, 943-953. 

SAHRAWAT, K. 2005. Fertility and organic matter in submerged rice soils. Current science, 
88(5), 735-739. 

SAHRAWAT, K. L. 2012. Soil fertility in flooded and non-flooded irrigated rice systems. 
Archives of Agronomy and Soil Science, 58, 423-436. 

SAHRAWAT, K. L. 2015. Redox Potential and pH as Major Drivers of Fertility in Submerged 
Rice Soils: A Conceptual Framework for Management. Communications in Soil 
Science and Plant Analysis, 46, 1597-1606. 

SÁNCHEZ-CASTRO, I., GIANINAZZI-PEARSON, V., CLEYET-MAREL, J. C., BAUDOIN, E. & VAN 
TUINEN, D. 2017. Glomeromycota communities survive extreme levels of metal 
toxicity in an orphan mining site. Science of the Total Environment, 598, 121-128. 

SANTINI, J. M., SLY, L. I., SCHNAGL, R. D. & MACY, J. M. 2000. A new chemolithoautotrophic 
arsenite-oxidizing bacterium isolated from a gold mine: phylogenetic, physiological, 
and preliminary biochemical studies. Applied and environmental microbiology, 66, 
92-97. 

SANTOS-MEDELLÍN, C., EDWARDS, J., LIECHTY, Z., NGUYEN, B. & SUNDARESAN, V. 2017. 
Drought stress results in a compartment-specific restructuring of the rice root-
associated microbiomes. MBio, 8(4), e00764-17. 



   
  References 

221 
 

SAUNDERS, J., LEE, M. K., UDDIN, A., MOHAMMAD, S., WILKIN, R. T., FAYEK, M. & KORTE, N. 
E. 2005. Natural arsenic contamination of Holocene alluvial aquifers by linked 
tectonic, weathering, and microbial processes. Geochemistry, Geophysics, 
Geosystems, 6(4), 1-7. 

SAVAGE, L., CAREY, M., HOSSAIN, M., ISLAM, M. R., DE SILVA, P., WILLIAMS, P. N. & 
MEHARG, A. A. 2017. Elevated Trimethylarsine Oxide and Inorganic Arsenic in 
Northern Hemisphere Summer Monsoonal Wet Deposition. Environmental Science 
& Technology, 51, 12210-12218. 

SAWADA, K., FUNAKAWA, S. & KOSAKI, T. 2019. Immediate and subsequent effects of 
drying and rewetting on microbial biomass in a paddy soil. Soil Science and Plant 
Nutrition, 65, 28-35. 

SCHEID, D. & STUBNER, S. 2001. Structure and diversity of Gram-negative sulfate-reducing 
bacteria on rice roots. FEMS microbiology ecology, 36, 175-183. 

SCHIEMENZ, K. & EICHLER-LÖBERMANN, B. 2010. Biomass ashes and their phosphorus 
fertilizing effect on different crops. Nutrient cycling in agroecosystems, 87, 471-
482. 

SCHOOF, R., YOST, L., EICKHOFF, J., CRECELIUS, E., CRAGIN, D., MEACHER, D. & MENZEL, D. 
1999. A market basket survey of inorganic arsenic in food. Food and Chemical 
Toxicology, 37, 839-846. 

SEYFFERTH, A. L., MORRIS, A. H., GILL, R., KEARNS, K. A., MANN, J. N., PAUKETT, M. & 
LESKANIC, C. 2016. Soil incorporation of silica-rich rice husk decreases inorganic 
arsenic in rice grain. Journal of Agricultural and Food Chemistry, 64, 3760-3766. 

SHAHEEN, S. M., RINKLEBE, J., RUPP, H. & MEISSNER, R. 2014. Lysimeter trials to assess the 
impact of different flood–dry-cycles on the dynamics of pore water concentrations 
of As, Cr, Mo and V in a contaminated floodplain soil. Geoderma, 228, 5-13. 

SHANNON, C. E. 1948. A mathematical theory of communication. Bell system technical 
journal, 27, 379-423. 

SHAO, J., HE, Y., ZHANG, H., CHEN, A., LEI, M., CHEN, J., PENG, L. & GU, J.-D. 2016. Silica 
fertilization and nano-MnO 2 amendment on bacterial community composition in 
high arsenic paddy soils. Applied microbiology and biotechnology, 100, 2429-2437. 

SHARMA, S., THIND, H., SINGH, Y., SINGH, V. & SINGH, B. 2015. Soil enzyme activities with 
biomass ashes and phosphorus fertilization to rice–wheat cropping system in the 
Indo-Gangetic plains of India. Nutrient Cycling in Agroecosystems, 101, 391-400. 

SHEN, L.-D., LIU, S., HUANG, Q., LIAN, X., HE, Z.-F., GENG, S., JIN, R.-C., HE, Y.-F., LOU, L.-P. & 
XU, X.-Y. 2014. Evidence for the cooccurrence of nitrite-dependent anaerobic 
ammonium and methane oxidation processes in a flooded paddy field. Appl. 
Environ. Microbiol., 80, 7611-7619. 

SHENG, R., QIN, H., O’DONNELL, A. G., HUANG, S., WU, J. & WEI, W. 2015. Bacterial 
succession in paddy soils derived from different parent materials. Journal of Soils 
and Sediments, 15, 982-992. 

SHI, S., WANG, T., CHEN, Z., TANG, Z., WU, Z., SALT, D. E., CHAO, D.-Y. & ZHAO, F.-J. 2016. 
OsHAC1; 1 and OsHAC1; 2 function as arsenate reductases and regulate arsenic 
accumulation. Plant Physiology, 172, 1708-1719. 

SHIMIZU, M., ARAI, Y. & SPARKS, D. L. 2011. Multiscale assessment of methylarsenic 
reactivity in soil. 2. Distribution and speciation in soil. Environmental science & 
technology, 45, 4300-4306. 

SHIN, H., SHIN, H. S., DEWBRE, G. R. & 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. The Plant Journal, 39, 629-642. 

SHRESTHA, M., SHRESTHA, P. M., FRENZEL, P. & CONRAD, R. 2010. Effect of nitrogen 
fertilization on methane oxidation, abundance, community structure, and gene 



   
  References 

222 
 

expression of methanotrophs in the rice rhizosphere. The ISME journal, 4, 1545-
1556. 

SHRESTHA, P. M., NOLL, M. & LIESACK, W. 2007. Phylogenetic identity, growth‐response 
time and rRNA operon copy number of soil bacteria indicate different stages of 
community succession. Environmental microbiology, 9, 2464-2474. 

SIGNES-PASTOR, A. J., CAREY, M., CARBONELL-BARRACHINA, A. A., MORENO-JIMENEZ, E., 
GREEN, A. J. & MEHARG, A. A. 2016. Geographical variation in inorganic arsenic in 
paddy field samples and commercial rice from the Iberian Peninsula. Food 
Chemistry, 202, 356-363. 

SIGNES-PASTOR, A. J., CAREY, M. & MEHARG, A. A. 2017. Inorganic arsenic removal in rice 
bran by percolating cooking water. Food Chemistry, 234, 76-80. 

SIMPSON, E. H. 1949. Measurement of diversity. Nature, 163, 688-688. 
SINGH, L. P., GILL, S. S. & TUTEJA, N. 2011. Unraveling the role of fungal symbionts in plant 

abiotic stress tolerance. Plant signaling & behavior, 6, 175-191. 
SINGH, R., SRIVASTAVA, P., SINGH, P., SHARMA, A. K., SINGH, H. & RAGHUBANSHI, A. S. 

2019. Impact of rice-husk ash on the soil biophysical and agronomic parameters of 
wheat crop under a dry tropical ecosystem. Ecological indicators, 105, 505-515. 

SLYEMI, D. & BONNEFOY, V. 2012. How prokaryotes deal with arsenic. Environmental 
microbiology reports, 4, 571-586. 

SMEDLEY, P. L. & KINNIBURGH, D. G. 2002. A review of the source, behaviour and 
distribution of arsenic in natural waters. Applied geochemistry, 17, 517-568. 

SMITH, J. L., COLLINS, H. P. & BAILEY, V. L. 2010. The effect of young biochar on soil 
respiration. Soil Biology and Biochemistry, 42, 2345-2347. 

SMITH, S. E. & READ, D. J. 2010. Mycorrhizal symbiosis, Academic press, 3, 1-769. 
SOLAIMAN, M. Z. & HIRATA, H. 1995. Effects of indigenous arbuscular mycorrhizal fungi in 

paddy fields on rice growth and N, P, K nutrition under different water regimes. Soil 
Science and Plant Nutrition, 41, 505-514. 

SOMENAHALLY, A. C., HOLLISTER, E. B., YAN, W., GENTRY, T. J. & LOEPPERT, R. H. 2011. 
Water management impacts on arsenic speciation and iron-reducing bacteria in 
contrasting rice-rhizosphere compartments. Environmental science & technology, 
45, 8328-8335. 

SRIVASTAVA, P. K., VAISH, A., DWIVEDI, S., CHAKRABARTY, D., SINGH, N. & TRIPATHI, R. D. 
2011. Biological removal of arsenic pollution by soil fungi. Science of the Total 
Environment, 409, 2430-2442. 

STOLZ, J. F., BASU, P., SANTINI, J. M. & OREMLAND, R. S. 2006. Arsenic and selenium in 
microbial metabolism. Annu. Rev. Microbiol., 60, 107-130. 

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. & ZHAO, F.-J. 2011. Assessing the labile 
arsenic pool in contaminated paddy soils by isotopic dilution techniques and simple 
extractions. Environmental science & technology, 45, 4262-4269. 

SU, S., ZENG, X., BAI, L., LI, L. & DUAN, R. 2011. Arsenic biotransformation by arsenic-
resistant fungi Trichoderma asperellum SM-12F1, Penicillium janthinellum SM-
12F4, and Fusarium oxysporum CZ-8F1. Science of the total Environment, 409, 
5057-5062. 

SU, Y.-H., MCGRATH, S. P. & ZHAO, F.-J. 2010. Rice is more efficient in arsenite uptake and 
translocation than wheat and barley. Plant and Soil, 328, 27-34. 

SUN, H., DENG, S. P. & RAUN, W. R. 2004. Bacterial community structure and diversity in a 
century-old manure-treated agroecosystem. Appl. Environ. Microbiol., 70, 5868-
5874. 



   
  References 

223 
 

SUN, L., QIU, F., ZHANG, X., DAI, X., DONG, X. & SONG, W. 2008. Endophytic bacterial 
diversity in rice (Oryza sativa L.) roots estimated by 16S rDNA sequence analysis. 
Microbial ecology, 55, 415-424. 

SUN, M., XIAO, T., NING, Z., XIAO, E. & SUN, W. 2015. Microbial community analysis in rice 
paddy soils irrigated by acid mine drainage contaminated water. Applied 
microbiology and biotechnology, 99, 2911-2922. 

SUZUKI, K., TAKEMURA, M., MIKI, T., NONAKA, M. & HARADA, N. 2019. Differences in Soil 
Bacterial Community Compositions in Paddy Fields under Organic and Conventional 
Farming Conditions. Microbes and environments, 34, 108-111. 

SYU, C.-H., JIANG, P.-Y., HUANG, H.-H., CHEN, W.-T., LIN, T.-H. & LEE, D.-Y. 2013. Arsenic 
sequestration in iron plaque and its effect on As uptake by rice plants grown in 
paddy soils with high contents of As, iron oxides, and organic matter. Soil Science 
and Plant Nutrition, 59, 463-471. 

TACK, F., VAN RANST, E., LIEVENS, C. & VANDENBERGHE, R. 2006. Soil solution Cd, Cu and 
Zn concentrations as affected by short-time drying or wetting: The role of hydrous 
oxides of Fe and Mn. Geoderma, 137, 83-89. 

TAGHIZADEH‐TOOSI, A., CLOUGH, T. J., CONDRON, L. M., SHERLOCK, R. R., ANDERSON, C. R. 
& CRAIGIE, R. A. 2011. Biochar incorporation into pasture soil suppresses in situ 
nitrous oxide emissions from ruminant urine patches. Journal of environmental 
quality, 40, 468-476. 

TAKAHASHI, Y., MINAMIKAWA, R., HATTORI, K. H., KURISHIMA, K., KIHOU, N. & YUITA, K. 
2004. Arsenic behavior in paddy fields during the cycle of flooded and non-flooded 
periods. Environmental Science & Technology, 38, 1038-1044. 

TAKAMATSU, T., AOKI, H. & YOSHIDA, T. 1982. Determination of arsenate, arsenite, 
monomethylarsonate, and dimethylarsinate in soil polluted with arsenic. Soil 
Science, 133, 239-246. 

TANJI, K., GAO, S., SCARDACI, S. & CHOW, A. 2003. Characterizing redox status of paddy 
soils with incorporated rice straw. Geoderma, 114, 333-353. 

TAO, J., GRIFFITHS, B., ZHANG, S., CHEN, X., LIU, M., HU, F. & LI, H. 2009. Effects of 
earthworms on soil enzyme activity in an organic residue amended rice–wheat 
rotation agro-ecosystem. Applied Soil Ecology, 42, 221-226. 

TAYLOR, D. L., WALTERS, W. A., LENNON, N. J., BOCHICCHIO, J., KROHN, A., CAPORASO, J. 
G. & PENNANEN, T. 2016. Accurate estimation of fungal diversity and abundance 
through improved lineage-specific primers optimized for Illumina amplicon 
sequencing. Appl. Environ. Microbiol., 82, 7217-7226. 

TEASLEY, W. A., LIMMER, M. A. & SEYFFERTH, A. L. 2017. How rice (Oryza sativa L.) 
responds to elevated as under different Si-rich soil amendments. Environmental 
Science & Technology, 51, 10335-10343. 

TIAN, X., CAO, L., TAN, H., HAN, W., CHEN, M., LIU, Y. & ZHOU, S. 2007. Diversity of 
cultivated and uncultivated actinobacterial endophytes in the stems and roots of 
rice. Microbial ecology, 53, 700-707. 

TIAN, X., CAO, L., TAN, H., ZENG, Q., JIA, Y., HAN, W. & ZHOU, S. 2004. Study on the 
communities of endophytic fungi and endophytic actinomycetes from rice and their 
antipathogenic activities in vitro. World Journal of Microbiology and Biotechnology, 
20, 303-309. 

TJAMOS, E. & FRAVEL, D. 1997. Distribution and establishment of the biocontrol fungus 
Talaromyces flavus in soil and on roots of solanaceous crops. Crop protection, 16, 
135-139. 

TOLEDO, A. V., GIAMBELLUCA, L., MARINO DE REMES LENICOV, A. & LÓPEZ LASTRA, C. 
2008. Pathogenic fungi of planthoppers associated with rice crops in Argentina. 
International Journal of Pest Management, 54, 363-368. 



   
  References 

224 
 

TONOUCHI, A. 2009. Isolation and characterization of a novel facultative anaerobic 
filamentous fungus from Japanese rice field soil. International Journal of 
Microbiology, 2009, 571383, 1-9. 

TREUDE, N., ROSENCRANTZ, D., LIESACK, W. & SCHNELL, S. 2003. Strain FAc12, a 
dissimilatory iron-reducing member of the Anaeromyxobacter subgroup of 
Myxococcales. FEMS microbiology ecology, 44, 261-269. 

TUFANO, K. J., REYES, C., SALTIKOV, C. W. & FENDORF, S. 2008. Reductive processes 
controlling arsenic retention: revealing the relative importance of iron and arsenic 
reduction. Environmental Science & Technology, 42, 8283-8289. 

TURPEINEN, R., PANTSAR-KALLIO, M. & KAIRESALO, T. 2002. Role of microbes in controlling 
the speciation of arsenic and production of arsines in contaminated soils. Science of 
the total environment, 285, 133-145. 

UEDA, T., SUGA, Y., YAHIRO, N. & MATSUGUCHI, T. 1995. Genetic diversity of N2-fixing 
bacteria associated with rice roots by molecular evolutionary analysis of a nifD 
library. Canadian journal of microbiology, 41, 235-240. 

VAN DER MERWE, J., DEANE, S. & RAWLINGS, D. 2010. The chromosomal arsenic resistance 
genes of Sulfobacillus thermosulfidooxidans. Hydrometallurgy, 104, 477-482. 

VAN ES, H. M., SOGBEDJI, J. M. & SCHINDELBECK, R. R. 2006. Effect of manure application 
timing, crop, and soil type on nitrate leaching. Journal of environmental quality, 35, 
670-679. 

VAN GEEN, A., ROSE, J., THORAL, S., GARNIER, J.-M., ZHENG, Y. & BOTTERO, J.-Y. 2004. 
Decoupling of As and Fe release to Bangladesh groundwater under reducing 
conditions. Part II: Evidence from sediment incubations. Geochimica et 
Cosmochimica Acta, 68, 3475-3486. 

VANCE, E. D. 1996. Land application of wood‐fired and combination boiler ashes: An 
overview. Journal of Environmental Quality, 25, 937-944. 

VERGARA, C., ARAUJO, K. E., URQUIAGA, S., SANTA-CATARINA, C., SCHULTZ, N., DA SILVA 
ARAÚJO, E., DE CARVALHO BALIEIRO, F., XAVIER, G. R. & ZILLI, J. É. 2018. Dark 
septate endophytic fungi increase green manure-15N recovery efficiency, N 
contents, and micronutrients in rice grains. Frontiers in plant science, 9, 613. 

VERMA, S., VERMA, P. K. & CHAKRABARTY, D. 2019. Arsenic bio-volatilization by engineered 
yeast promotes rice growth and reduces arsenic accumulation in grains. 
International Journal of Environmental Research, 13, 475-485. 

VERMA, S., VERMA, P. K., MEHER, A. K., DWIVEDI, S., BANSIWAL, A. K., PANDE, V., 
SRIVASTAVA, P. K., VERMA, P. C., TRIPATHI, R. D. & CHAKRABARTY, D. 2016. A novel 
arsenic methyltransferase gene of Westerdykella aurantiaca isolated from arsenic 
contaminated soil: phylogenetic, physiological, and biochemical studies and its role 
in arsenic bioremediation. Metallomics, 8, 344-353. 

VILLEGAS-TORRES, M. F., BEDOYA-REINA, O. C., SALAZAR, C., VIVES-FLOREZ, M. J. & 
DUSSAN, J. 2011. Horizontal arsC gene transfer among microorganisms isolated 
from arsenic polluted soil. International Biodeterioration & Biodegradation, 65, 
147-152. 

VINK, J. P., HARMSEN, J. & RIJNAARTS, H. 2010. Delayed immobilization of heavy metals in 
soils and sediments under reducing and anaerobic conditions; consequences for 
flooding and storage. Journal of Soils and Sediments, 10, 1633-1645. 

VISHWAKARMA, P. & DUBEY, S. K. 2020. Diversity of endophytic bacterial community 
inhabiting in tropical aerobic rice under aerobic and flooded condition. Archives of 
Microbiology, 202, 17-29. 

VYAS, P., RAHI, P., CHAUHAN, A. & GULATI, A. 2007. Phosphate solubilization potential and 
stress tolerance of Eupenicillium parvum from tea soil. Mycological research, 111, 
931-938. 



   
  References 

225 
 

WAKELIN, S. A., WARREN, R. A., HARVEY, P. R. & RYDER, M. H. 2004. Phosphate 
solubilization by Penicillium spp. closely associated with wheat roots. Biology and 
Fertility of Soils, 40, 36-43. 

WALITANG, D., SAMADDAR, S., CHOUDHURY, A. R., CHATTERJEE, P., AHMED, S. & SA, T. 
2019. Diversity and Plant Growth-Promoting Potential of Bacterial Endophytes in 
Rice. Plant Growth Promoting Rhizobacteria (PGPR): Prospects for Sustainable 
Agriculture. Springer, 3-17. 

WANG, J., CHAPMAN, S. J., YE, Q. & YAO, H. 2019a. Limited effect of planting transgenic 
rice on the soil microbiome studied by continuous 13 CO 2 labeling combined with 
high-throughput sequencing. Applied microbiology and biotechnology, 103, 4217-
4227. 

WANG, J., RHODES, G., HUANG, Q. & SHEN, Q. 2018. Plant growth stages and fertilization 
regimes drive soil fungal community compositions in a wheat-rice rotation system. 
Biology and Fertility of Soils, 54, 731-742. 

WANG, J., SONG, Y., MA, T., RAZA, W., LI, J., HOWLAND, J. G., HUANG, Q. & SHEN, Q. 2017a. 
Impacts of inorganic and organic fertilization treatments on bacterial and fungal 
communities in a paddy soil. Applied Soil Ecology, 112, 42-50. 

WANG, N., DING, L.-J., XU, H.-J., LI, H.-B., SU, J.-Q. & ZHU, Y.-G. 2015a. Variability in 
responses of bacterial communities and nitrogen oxide emission to urea 
fertilization among various flooded paddy soils. FEMS microbiology ecology, 91(3), 
1-11. 

WANG, N., XUE, X.-M., JUHASZ, A. L., CHANG, Z.-Z. & LI, H.-B. 2017b. Biochar increases 
arsenic release from an anaerobic paddy soil due to enhanced microbial reduction 
of iron and arsenic. Environmental Pollution, 220, 514-522. 

WANG, P.-P., BAO, P. & SUN, G.-X. 2015b. Identification and catalytic residues of the 
arsenite methyltransferase from a sulfate-reducing bacterium, Clostridium sp. 
BXM. FEMS Microbiol Lett, 362, 1-8. 

WANG, P., SUN, G., JIA, Y., MEHARG, A. A. & ZHU, Y. 2014. A review on completing arsenic 
biogeochemical cycle: microbial volatilization of arsines in environment. Journal of 
Environmental Sciences, 26, 371-381. 

WANG, Q., GARRITY, G. M., TIEDJE, J. M. & COLE, J. R. 2007. Naive Bayesian classifier for 
rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. 
Environ. Microbiol., 73, 5261-5267. 

WANG, R., WEI, S., JIA, P., LIU, T., HOU, D., XIE, R., LIN, Z., GE, J., QIAO, Y. & CHANG, X. 
2019b. Biochar significantly alters rhizobacterial communities and reduces Cd 
concentration in rice grains grown on Cd-contaminated soils. Science of the Total 
Environment, 676, 627-638. 

WANG, W., ZHAI, Y., CAO, L., TAN, H. & ZHANG, R. 2016. Endophytic bacterial and fungal 
microbiota in sprouts, roots and stems of rice (Oryza sativa L.). Microbiological 
research, 188, 1-8. 

WANG, X. & VALENT, B. 2009. Advances in genetics, genomics and control of rice blast 
disease, Springer Science & Business Media, 1-429. 

WANG, Y., GAO, B. L., LI, X. X., ZHANG, Z. B., YAN, R. M., YANG, H. L. & ZHU, D. 2015c. 
Phylogenetic diversity of culturable endophytic fungi in Dongxiang wild rice (Oryza 
rufipogon Griff), detection of polyketide synthase gene and their antagonistic 
activity analysis. Fungal biology, 119, 1032-1045. 

WAQAS, M., KHAN, A. L., KAMRAN, M., HAMAYUN, M., KANG, S.-M., KIM, Y.-H. & LEE, I.-J. 
2012. Endophytic fungi produce gibberellins and indoleacetic acid and promotes 
host-plant growth during stress. Molecules, 17, 10754-10773. 

WARD, N. L., CHALLACOMBE, J. F., JANSSEN, P. H., HENRISSAT, B., COUTINHO, P. M., WU, 
M., XIE, G., HAFT, D. H., SAIT, M. & BADGER, J. 2009. Three genomes from the 



   
  References 

226 
 

phylum Acidobacteria provide insight into the lifestyles of these microorganisms in 
soils. Applied and environmental microbiology, 75, 2046-2056. 

WEBER, C. F., VILGALYS, R. & KUSKE, C. R. 2013. Changes in fungal community composition 
in response to elevated atmospheric CO2 and nitrogen fertilization varies with soil 
horizon. Frontiers in Microbiology, 4, 78. 

WEBER, F.-A., HOFACKER, A. F., VOEGELIN, A. & KRETZSCHMAR, R. 2010. Temperature 
dependence and coupling of iron and arsenic reduction and release during flooding 
of a contaminated soil. Environmental science & technology, 44, 116-122. 

WEN-YING, H., HUI-QIN, Y. & YUE-RONG, X. Investigation on ecological distribution of fungi 
in paddy soils.  Proceedings of Symposium on Paddy Soils, 1981. Springer, 323-329. 

WHITE, T. J., BRUNS, T., LEE, S. & TAYLOR, J. 1990. Amplification and direct sequencing of 
fungal ribosomal RNA genes for phylogenetics. PCR protocols: a guide to methods 
and applications, 18, 315-322. 

WILLIAMS, P., PRICE, A., RAAB, A., HOSSAIN, S., FELDMANN, J. & MEHARG, A. A. 2005. 
Variation in arsenic speciation and concentration in paddy rice related to dietary 
exposure. Environmental science & technology, 39, 5531-5540. 

WILLIAMS, P., RAAB, A., FELDMANN, J. & MEHARG, A. 2007a. High levels of arsenic in South 
Central US rice grain: consequences for human dietary exposure. Environ. Sci. 
Technol, 41, 2178-2183. 

WILLIAMS, P., RAAB, A., FELDMANN, J. & MEHARG, A. 2007b. Market basket survey shows 
elevated levels of As in South Central US processed rice compared to California: 
consequences for human dietary exposure. Environmental science & technology, 
41, 2178-2183. 

WILLIAMS, P. N., ISLAM, M., ADOMAKO, E., RAAB, A., HOSSAIN, S., ZHU, Y., FELDMANN, J. & 
MEHARG, A. A. 2006. Increase in rice grain arsenic for regions of Bangladesh 
irrigating paddies with elevated arsenic in groundwaters. Environmental science & 
technology, 40, 4903-4908. 

WILLIAMS, P. N., ISLAM, S., ISLAM, R., JAHIRUDDIN, M., ADOMAKO, E., SOLIAMAN, A., 
RAHMAN, G., LU, Y., DEACON, C. & ZHU, Y.-G. 2009a. Arsenic limits trace mineral 
nutrition (selenium, zinc, and nickel) in Bangladesh rice grain. Environmental 
science & technology, 43, 8430-8436. 

WILLIAMS, P. N., LEI, M., SUN, G., HUANG, Q., LU, Y., DEACON, C., MEHARG, A. A. & ZHU, Y.-
G. 2009b. Occurrence and partitioning of cadmium, arsenic and lead in mine 
impacted paddy rice: Hunan, China. Environmental science & technology, 43, 637-
642. 

WILLIAMS, P. N., VILLADA, A., DEACON, C., RAAB, A., FIGUEROLA, J., GREEN, A. J., 
FELDMANN, J. & MEHARG, A. A. 2007c. Greatly enhanced arsenic shoot 
assimilation in rice leads to elevated grain levels compared to wheat and barley. 
Environmental Science & Technology, 41, 6854-6859. 

WILLIAMS, P. N., ZHANG, H., DAVISON, W., MEHARG, A. A., HOSSAIN, M., NORTON, G. J., 
BRAMMER, H. & ISLAM, M. R. 2011. Organic Matter-Solid Phase Interactions Are 
Critical for Predicting Arsenic Release and Plant Uptake in Bangladesh Paddy Soils. 
Environmental Science & Technology, 45, 6080-6087. 

WOOLSON, E. A. & KEARNEY, P. C. 1973. Persistence and reactions of [14C]-cacodylic acid 
in soils. Environmental science & technology, 7, 47-50. 

WU, Z., LIU, Q., LI, Z., CHENG, W., SUN, J., GUO, Z., LI, Y., ZHOU, J., MENG, D. & LI, H. 2018. 
Environmental factors shaping the diversity of bacterial communities that promote 
rice production. BMC microbiology, 18, 1-11. 

WU, Z., REN, H., MCGRATH, S. P., WU, P. & ZHAO, F.-J. 2011. Investigating the contribution 
of the phosphate transport pathway to arsenic accumulation in rice. Plant 
Physiology, 157, 498-508. 



   
  References 

227 
 

XIAO, K.-Q., LI, L.-G., MA, L.-P., ZHANG, S.-Y., BAO, P., ZHANG, T. & ZHU, Y.-G. 2016. 
Metagenomic analysis revealed highly diverse microbial arsenic metabolism genes 
in paddy soils with low-arsenic contents. Environmental pollution, 211, 1-8. 

XIE, Z. M. & HUANG, C. Y. 1998. Control of arsenic toxicity in rice plants grown on an 
arsenic‐polluted paddy soil. Communications in Soil Science and Plant Analysis, 29, 
2471-2477. 

XU, X., MCGRATH, S., MEHARG, A. & ZHAO, F. 2008. Growing rice aerobically markedly 
decreases arsenic accumulation. Environmental science & technology, 42, 5574-
5579. 

XU, X., MCGRATH, S. & ZHAO, F. 2007. Rapid reduction of arsenate in the medium 
mediated by plant roots. New Phytologist, 176, 590-599. 

YAMAGUCHI, N., NAKAMURA, T., DONG, D., TAKAHASHI, Y., AMACHI, S. & MAKINO, T. 
2011. Arsenic release from flooded paddy soils is influenced by speciation, Eh, pH, 
and iron dissolution. Chemosphere, 83, 925-932. 

YAN, M., ZENG, X., WANG, J., MEHARG, A. A., MEHARG, C., TANG, X., ZHANG, L., BAI, L., 
ZHANG, J. & SU, S. 2020. Dissolved organic matter differentially influences arsenic 
methylation and volatilization in paddy soils. Journal of hazardous materials, 388, 
121795. 

YANG, C., YANG, L., YANG, Y. & OUYANG, Z. 2004. Rice root growth and nutrient uptake as 
influenced by organic manure in continuously and alternately flooded paddy soils. 
Agricultural Water Management, 70, 67-81. 

YANG, J., KLOEPPER, J. W. & RYU, C.-M. 2009. Rhizosphere bacteria help plants tolerate 
abiotic stress. Trends in plant science, 14, 1-4. 

YANG, T., MA, S. & DAI, C. 2014. Drought degree constrains the beneficial effects of a 
fungal endophyte on A tractylodes lancea. Journal of applied microbiology, 117, 
1435-1449. 

YAO, Q., LIU, J., YU, Z., LI, Y., JIN, J., LIU, X. & WANG, G. 2017. Three years of biochar 
amendment alters soil physiochemical properties and fungal community 
composition in a black soil of northeast China. Soil Biology and Biochemistry, 110, 
56-67. 

YE, J., RENSING, C., ROSEN, B. P. & ZHU, Y.-G. 2012. Arsenic biomethylation by 
photosynthetic organisms. Trends in plant science, 17, 155-162. 

YIN, X.-X., CHEN, J., QIN, J., SUN, G.-X., ROSEN, B. P. & ZHU, Y.-G. 2011. Biotransformation 
and volatilization of arsenic by three photosynthetic cyanobacteria. Plant 
physiology, 156, 1631-1638. 

YOSHIDA, M., ISHII, S., FUJII, D., OTSUKA, S. & SENOO, K. 2012. Identification of active 
denitrifiers in rice paddy soil by DNA-and RNA-based analyses. Microbes and 
environments, 27, 456-461. 

YOSHINAGA, M., CAI, Y. & ROSEN, B. P. 2011. Demethylation of methylarsonic acid by a 
microbial community. Environmental microbiology, 13, 1205-1215. 

YU, F.-B., LUO, X.-P., SONG, C.-F., ZHANG, M.-X. & SHAN, S.-D. 2010. Concentrated biogas 
slurry enhanced soil fertility and tomato quality. Acta Agriculturae Scandinavica 
Section B–Soil and Plant Science, 60, 262-268. 

YU, K., BÖHME, F., RINKLEBE, J., NEUE, H.-U. & DELAUNE, R. D. 2007. Major Biogeochemical 
Processes in Soils‐A Microcosm Incubation from Reducing to Oxidizing Conditions. 
Soil Science Society of America Journal, 71, 1406-1417. 

YUAN, C., ZHANG, L., HU, H., WANG, J., SHEN, J. & HE, J. 2018. The biogeography of fungal 
communities in paddy soils is mainly driven by geographic distance. Journal of Soils 
and Sediments, 18, 1795-1805. 



   
  References 

228 
 

YUAN, H., ZHU, Z., LIU, S., GE, T., JING, H., LI, B., LIU, Q., LYNN, T. M., WU, J. & KUZYAKOV, Y. 
2016. Microbial utilization of rice root exudates: 13 C labeling and PLFA 
composition. Biology and Fertility of Soils, 52, 615-627. 

YUAN, Z.-L., SU, Z.-Z., MAO, L.-J., PENG, Y.-Q., YANG, G.-M., LIN, F.-C. & ZHANG, C.-L. 2011. 
Distinctive endophytic fungal assemblage in stems of wild rice (Oryza granulata) in 
China with special reference to two species of Muscodor (Xylariaceae). The Journal 
of Microbiology, 49, 15-23. 

YUAN, Z.-L., ZHANG, C.-L., LIN, F.-C. & KUBICEK, C. P. 2010. Identity, diversity, and molecular 
phylogeny of the endophytic mycobiota in the roots of rare wild rice (Oryza 
granulate) from a nature reserve in Yunnan, China. Appl. Environ. Microbiol., 76, 
1642-1652. 

ZAKARIA, L., YAAKOP, A. S., SALLEH, B. & ZAKARIA, M. 2010. Endophytic fungi from paddy. 
Tropical life sciences research, 21, 101. 

ZAVALA, Y. J., GERADS, R., GÜRLEYÜK, H. & DUXBURY, J. M. 2008. Arsenic in rice: II. Arsenic 
speciation in USA grain and implications for human health. Environmental Science 
& Technology, 42, 3861-3866. 

ZAVALLONI, C., ALBERTI, G., BIASIOL, S., DELLE VEDOVE, G., FORNASIER, F., LIU, J. & 
PERESSOTTI, A. 2011. Microbial mineralization of biochar and wheat straw mixture 
in soil: a short-term study. Applied Soil Ecology, 50, 45-51. 

ZECCHIN, S., CORSINI, A., MARTIN, M., ROMANI, M., BEONE, G. M., ZANCHI, R., ZANZO, E., 
TENNI, D., FONTANELLA, M. C. & CAVALCA, L. 2017. Rhizospheric iron and arsenic 
bacteria affected by water regime: implications for metalloid uptake by rice. Soil 
Biology and Biochemistry, 106, 129-137. 

ZHAI, W., WONG, M. T., LUO, F., HASHMI, M. Z., LIU, X., EDWARDS, E. A., TANG, X. & XU, J. 
2017. Arsenic methylation and its relationship to abundance and diversity of arsM 
genes in composting manure. Scientific reports, 7, 42198. 

ZHANG, G.-P., YAO, H.-G., WU, W. & XU, M. 2006a. Genotypic and environmental variation 
in cadmium, chromium, arsenic, nickel, and lead concentrations in rice grains. 
Journal of Zhejiang University Science B, 7, 565-571. 

ZHANG, J., ZHOU, W., LIU, B., HE, J., SHEN, Q. & ZHAO, F.-J. 2015a. Anaerobic arsenite 
oxidation by an autotrophic arsenite-oxidizing bacterium from an arsenic-
contaminated paddy soil. Environmental science & technology, 49, 5956-5964. 

ZHANG, N., CASTLEBURY, L. A., MILLER, A. N., HUHNDORF, S. M., SCHOCH, C. L., SEIFERT, K. 
A., ROSSMAN, A. Y., ROGERS, J. D., KOHLMEYER, J. & VOLKMANN-KOHLMEYER, B. 
2006b. An overview of the systematics of the Sordariomycetes based on a four-
gene phylogeny. Mycologia, 98, 1076-1087. 

ZHANG, S.-Y., ZHAO, F.-J., SUN, G.-X., SU, J.-Q., YANG, X.-R., LI, H. & ZHU, Y.-G. 2015b. 
Diversity and abundance of arsenic biotransformation genes in paddy soils from 
southern China. Environmental science & technology, 49, 4138-4146. 

ZHANG, S., RENSING, C. & ZHU, Y.-G. 2014. Cyanobacteria-mediated arsenic redox 
dynamics is regulated by phosphate in aquatic environments. Environmental 
science & technology, 48, 994-1000. 

ZHANG, T., WANG, N.-F., LIU, H.-Y., ZHANG, Y.-Q. & YU, L.-Y. 2016. Soil pH is a key 
determinant of soil fungal community composition in the Ny-Ålesund Region, 
Svalbard (High Arctic). Frontiers in microbiology, 7, 227. 

ZHANG, W., ZHENG, J., ZHENG, P., TSANG, D. C. & QIU, R. 2015c. Sludge‐Derived Biochar for 
Arsenic (III) Immobilization: Effects of Solution Chemistry on Sorption Behavior. 
Journal of environmental quality, 44, 1119-1126. 

ZHANG, X.-X., GAO, J.-S., CAO, Y.-H., MA, X.-T. & HE, J.-Z. 2013. Long-term rice and green 
manure rotation alters the endophytic bacterial communities of the rice root. 
Microbial ecology, 66, 917-926. 



   
  References 

229 
 

ZHANG, Y., LI, Q., CHEN, Y., DAI, Q. & HU, J. 2019. Dynamic change in enzyme activity and 
bacterial community with long-term rice cultivation in mudflats. Current 
microbiology, 76, 361-369. 

ZHAO, F.-J., MCGRATH, S. P. & MEHARG, A. A. 2010a. Arsenic as a food chain contaminant: 
mechanisms of plant uptake and metabolism and mitigation strategies. Annual 
review of plant biology, 61, 535-559. 

ZHAO, F.-J., ZHU, Y.-G. & MEHARG, A. A. 2013a. Methylated arsenic species in rice: 
geographical variation, origin, and uptake mechanisms. Environmental Science & 
Technology, 47, 3957-3966. 

ZHAO, F. J., AGO, Y., MITANI, N., LI, R. Y., SU, Y. H., YAMAJI, N., MCGRATH, S. P. & MA, J. F. 
2010b. The role of the rice aquaporin Lsi1 in arsenite efflux from roots. New 
Phytologist, 186, 392-399. 

ZHAO, F. J., HARRIS, E., YAN, J., MA, J. C., WU, L. Y., LIU, W. J., MCGRATH, S. P., ZHOU, J. Z. & 
ZHU, Y. G. 2013b. Arsenic Methylation in Soils and Its Relationship with Microbial 
arsM Abundance and Diversity, and As Speciation in Rice. Environmental Science & 
Technology, 47, 7147-7154. 

ZHAO, F. J., MA, J. F., MEHARG, A. & MCGRATH, S. 2009. Arsenic uptake and metabolism in 
plants. New Phytologist, 181, 777-794. 

ZHAO, Z., GE, T., GUNINA, A., LI, Y., ZHU, Z., PENG, P., WU, J. & KUZYAKOV, Y. 2019. Carbon 
and nitrogen availability in paddy soil affects rice photosynthate allocation, 
microbial community composition, and priming: combining continuous 13 C 
labeling with PLFA analysis. Plant and Soil, 445, 137-152. 

ZHEN, Z., LIU, H., WANG, N., GUO, L., MENG, J., DING, N., WU, G. & JIANG, G. 2014. Effects 
of manure compost application on soil microbial community diversity and soil 
microenvironments in a temperate cropland in China. PloS one, 9(10), e108555. 

ZHENG, J., CHEN, J., PAN, G., LIU, X., ZHANG, X., LI, L., BIAN, R., CHENG, K. & JINWEI, Z. 
2016. Biochar decreased microbial metabolic quotient and shifted community 
composition four years after a single incorporation in a slightly acid rice paddy from 
southwest China. Science of the Total Environment, 571, 206-217. 

ZHENG, M. Z., CAI, C., HU, Y., SUN, G. X., WILLIAMS, P. N., CUI, H. J., LI, G., ZHAO, F. J. & 
ZHU, Y. G. 2011. Spatial distribution of arsenic and temporal variation of its 
concentration in rice. New Phytologist, 189, 200-209. 

ZHOU, J., JIANG, X., ZHOU, B., ZHAO, B., MA, M., GUAN, D., LI, J., CHEN, S., CAO, F. & SHEN, 
D. 2016. Thirty four years of nitrogen fertilization decreases fungal diversity and 
alters fungal community composition in black soil in northeast China. Soil Biology 
and Biochemistry, 95, 135-143. 

ZHU, W., LU, H., HILL, J., GUO, X., WANG, H. & WU, W. 2014. 13C pulse-chase labeling 
comparative assessment of the active methanogenic archaeal community 
composition in the transgenic and nontransgenic parental rice rhizospheres. FEMS 
microbiology ecology, 87, 746-756. 

ZHU, Y.-G., SUN, G.-X., LEI, M., TENG, M., LIU, Y.-X., CHEN, N.-C., WANG, L.-H., CAREY, A., 
DEACON, C. & RAAB, A. 2008. High percentage inorganic arsenic content of mining 
impacted and nonimpacted Chinese rice. Environmental science & technology, 42, 
5008-5013. 

ZHU, Y.-G., XUE, X.-M., KAPPLER, A., ROSEN, B. P. & MEHARG, A. A. 2017. Linking genes to 
microbial biogeochemical cycling: lessons from arsenic. Environmental science & 
technology, 51, 7326-7339. 

           

   

 



   
  Appendix 

230 
 

Appendix 

Chapter 3 Supporting information 

SI Table 3.1. Rice soil genomic DNA concentration at 14 d and 56 d. 

Sample 
No(Ref. ID) 
 

Sample ID 
 

Concentration 
of DNA ng/µl 
 

Absorbance 
ratios at 
260/280  

Absorbance 
ratios at 
260/230 

1 R-C-1, day-14 52.48 1.82 3.96 
2 R-C-2, day-14 64.94 1.86 3.51 
3 R-C-3, day-14 51.07 1.84 3.22 
4 R-C-4, day-14 54.3 1.84 3.97 
5 R-A-1, day-14 38.31 1.87 3.19 
6 R-A-2, day-14 65.89 1.89 2.98 
7 R-A-3, day-14 76.27 1.89 2.8 
8 R-A-4, day-14 67.51 1.88 3.05 
9 R-Hs-1, day-14 54.69 1.84 3.39 
10 R-Hs2, day-14 67.58 1.85 3.02 
11 R-Hs-3, day-14 83.32 1.89 2.72 
12 R-Hs-4, day-14 59.53 1.86 3.09 
13 R-Fs-1, day-14 99.39 1.86 2.58 
14 R-Fs-2, day-14 69.24 1.86 2.93 
15 R-Fs-3, day-14 69.4 1.85 2.92 
16 R-Fs-4, day-14 55.26 1.84 3.31 
17 R-Mf-1, day-14 56.48 1.82 2.91 
18 R-Mf-2, day-14 49.02 1.83 3.33 
19 R-Mf-3, day-14 61.31 1.83 2.81 
20 R-Mf-4, day-14 51.75 1.85 3.44 
21 R-C-1, day-56 65.8 1.87 2.25 
22 R-C-2 , day-56 60.47 1.85 2.06 
23 R-C-3, day-56 55.27 1.9 2.15 
24 R-C-4, day-56 60.59 1.86 2.28 
25 R-A-1, day-56 58.9 1.87 2.31 
26 R-A-2, day-56 59 1.86 2.38 
27 R-A-3, day-56 47.38 1.85 2.25 
28 R-A-4 , day-56 74.74 1.89 2.18 
29 R-Hs-1, day-56 62.81 1.75 1.72 
30 R-Hs-2, day-56 72.77 1.75 1.55 
31 R-Hs-3, day-56 51.62 1.75 1.73 
32 R-Hs4, day-56 61.61 1.77 1.8 
33 R-Fs-1, day-56 68.37 1.77 1.92 
34 R-Fs-2, day-56 67.9 1.76 1.83 
35 R-Fs-3, day-56 83.18 1.8 1.83 
36 R-Fs-4, day-56 60.17 1.74 1.72 
37 R-Mf-1, day-56 66.3 1.9 2.36 
38 R-Mf-2, day-56 62.43 1.84 2.09 
39 R-Mf-3, day-56 79.58 1.94 1.87 
40 R-Mf-4, day-56 74.25 1.85 1.96 
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SI Table 3.2. Rice soil genomic DNA concentrations at grain filling (107-134 d) and 

dray stage (145-170 d). 

Sample 
no. 

Sample ID 
Concentration 
of DNA ng/µl 

Absorbance 
ratios at 
260/280  

Absorbance 
ratios at 
260/230 

41 R-C-1, day 107-134 63.19 1.85 3.16 
42 R-C-2, day 107-134 36.69 1.94 6.38 
43 R-C-3, day 107-134 68.79 1.85 3.29 
44 R-C-4, day 107-134 112.6 1.87 2.52 
45 R-A-1, day 107-134 61.53 1.82 3.29 
46 R-A-2, day 107-134 59.22 1.83 3.34 
47 R-A-3, day 107-134 77.8 1.84 2.79 
48 R-A-4, day 107-134 83.12 1.86 2.92 
49 R-Hs-1, day 107-134 68.86 1.83 3.09 
50 R-Hs-2, day 107-134 71.9 1.82 2.07 
51 R-Hs-3, day 107-134 79.59 1.92 2.86 
52 R-Hs-4, day 107-134 67.41 1.87 2.64 
53 R-Fs-1, day 107-134 81.21 1.9 2.34 
54 R-Fs-2, day 107-134 72.8 1.92 2.85 
55 R-Fs-3, day 107-134 75.92 1.92 2.64 
56 R-Fs-4, day 107-134 74.23 1.9 2.82 
57 R-Mf-1, day 107-134 58.58 1.86 2.66 
58 R-Mf-2, day 107-134 71.22 1.9 2.88 
59 R-Mf-3, day 107-134 85.62 1.92 2.68 
60 R-Mf-4 , day 107-134 50.68 1.91 2.98 
61 R-C-1, day145-170 67.14 1.85 2.58 
62 R-C-2, day145-170 68.41 1.87 2.62 
63 R-C-3, day145-170 55.18 1.83 2.62 
64 R-C-4, day145-170 69.41 1.88 2.69 
65 R-A-1, day145-170 73.62 1.88 2.74 
66 R-A-2, day145-170 75.78 1.89 2.78 
67 R-A-3, day145-170 70.74 1.89 2.64 
68 R-A-4, day145-170 77.77 1.9 2.64 
69 R-Hs-1, day145-170 59.4 1.85 2.89 
70 R-Hs-2, day145-170 77.98 1.97 2.43 
71 R-Hs-3, day145-170 57.38 1.81 4.08 
72 R-Hs-4, day145-170 67.26 1.92 2.47 
73 R-Fs-1, day145-170 61.5 1.86 2.9 
74 R-Fs-2, day145-170 66.61 1.87 2.7 
75 R-Fs-3, day145-170 83.29 1.91 2.64 
76 R-Fs-4, day145-170 77.23 1.88 2.87 
77 R-Mf-1, day145-170 90.08 1.86 2.1 
78 R-Mf-2, day145-170 73.08 2.03 1.79 
79 R-Mf-3, day145-170 82.23 1.97 2 
80 R-Mf-4, day145-170 69.51 1.96 2.31 
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SI Table 3.3. qPCR standard curve parameters for 16S rRNA and arsM bacterial copy number.  

arsM 

Standard curve parameters 28 d 56 d 107-134 d 145-170 d 

Slope -3.38 -3.38 -3.38 -3.342 

Y-Intercept 32.73 32.73 32.73 32.92 

Efficiency 0.98 0.98 0.98 0.99 

R^2 0.987 0.987 0.987 0.997 

CT vs SYBR 
y = -0.2447X+8.4797 y = -0.2949X+9.3245 y = -0.2705X+9.204  y = -0.2709X+9.2952  

graph equation 

R2 R2 = 0.9903 R2 = 0.9946 R2 = 0.9882 R2 = 0.9888 

16S rRNA 

Standard curve parameters 28 d 56 d 107-134 d 145-170 d 

Slope -3.407 -3.411 -3.378 -3.419 

Y-Intercept 25.35 25.48 25.04 25.21 

Efficiency 0.97 0.96 0.98 0.96 

R^2 1 1 1 1 

CT vs SYBR 
 y = -0.2935x+7.4405   y = -0.2933x+7.471  

 y = -
0.2966x+7.4229  

 y = -0.2934x+7.3799 
graph equation 

R2 0.9999 1 0.9996 0.9998 
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(a)

 

(b) 

 

SI Figure 3.1. Genomic DNA gel pictures from rice rhizosphere soil samples collected 

at different time from rice pot; a, soils collected at 14 d; b, soils collected at 56 d 

from rhizosphere. In gel picture C, control; A, ash; Hs, half-slurry; Fs, full-slurry; Mf, 

mineral fertiliser; 1, 2, 3, 4 are the number of replicates. 
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(c)

 

(b) 

 

SI Figure 3.2. Genomic DNA gel pictures from soil samples collected at different 

time from rice pot; c, soils collected at grain filling (107-134 d); d, soils collected at 

soil drying stage (145-170 d) from rhizosphere. In gel picture C, control; A, ash; Hs, 

half-slurry; Fs, full-slurry; Mf, mineral fertiliser; 1, 2, 3, 4 are the number of 

replicates. 
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Chapter 4 Supporting information 

SI Table 4.1. Concentration and absorbance ratio at 260/280 and 260/230 of the 

DNA extracted from rice rhizosphere soil (S) at grain fill: C=control; A=ash; Hs=half-

slurry; Fs=full-slurry; Mf=mineral fertilizer. The numbers are for replicates 1 to 4 

within each treatment.  

 
DNA Sample  
 

 
Concentration 
of DNA ng/µl  
 

 
Absorbance 
ratio at 260/280  
 

 
Absorbance 
ratio at 260/230 
 

S-C1  81.75 1.82 2.33 

S-C2  95.69 1.82 2.27 

S-C3 106.7 1.83 2.17 

S-C4 144 1.86 2.13 

S-A1 93.57 1.83 1.89 

S-A2 83.85 1.88 2.29 

S-A3 91.55 1.85 2.11 

S-A4 141.1 1.9 2.07 

S-Hs-1 143.7 1.89 1.94 

S-Hs-2 118.5 1.88 1.9 

S-Hs-3 197 1.94 2.05 

S-Hs-4 102.5 1.87 2.08 

S-Fs-1 127.8 1.86 1.78 

S-Fs-2 201.4 1.93 1.82 

S-Fs-3 176.1 1.91 1.89 

S-Fs-4 155.6 1.88 1.84 

S-Mf-1 101.2 1.9 2.04 

S-Mf-2 106.5 1.87 1.68 

S-Mf-3 141.7 1.91 1.78 

S-Mf-4 112.6 1.88 1.85 
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SI Table 4.2. Concentration and absorbance ratio at 260/280 and 260/230 of the 

DNA extracted from rice leaf tissue (L) at grain fill: C=control; A=ash; Hs=half-slurry; 

Fs=full-slurry; Mf=mineral fertilizer. The numbers are for replicates 1 to 4 within 

each treatment.  

 
DNA Sample  
 

 
Concentration 
of DNA ng/µl 
 

 
Absorbance 
ratio at 260/280  
 

 
Absorbance 
ratio at 260/230  

L-C1  106.3 1.82 2.21 

L-C2 161.2 1.85 2.26 

L-C3 190.1 1.88 2.26 

L-C4 253.5 1.86 2.14 

L-A1 167.1 1.82 2.23 

L-A2 210.5 1.85 2.29 

L-A3 110.5 1.86 2.34 

L-A4 121.8 1.87 2.34 

L-Hs-1 132.7 1.88 2.52 

L-Hs-2 145.9 1.88 2.51 

L-Hs-3 171.2 1.89 2.46 

L-Hs-4 139.5 1.86 2.34 

L-Fs-1 107.7 1.84 2.52 

L-Fs-2 139.8 1.87 2.49 

L-Fs-3 127.8 1.85 2.18 

L-Fs-4 159.2 1.93 2.41 

L-Mf-1 125.8 1.87 2.32 

L-Mf-2 179.3 1.9 2.33 

L-Mf-3 161.8 1.89 2.43 

L-Mf-4 143 1.82 2.97 
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SI Table 4.3. Concentration and absorbance ratio at 260/280 and 260/230 of the 

DNA extracted from rice root tissue (R) at grain fill: C=control; A=ash; Hs=half-slurry; 

Fs=full-slurry; Mf=mineral fertilizer. The numbers are for replicates 1 to 4 within 

each treatment.  

 
DNA Sample  
 

 
Concentration 
of DNA ng/µl  
 

 
Absorbance 
ratio at 260/280  
 

 
Absorbance 
ratio at 260/230  
 

R-C1 41.47 1.84 2.57 

R-C2 61.59 1.83 2.46 

R-C3 64.23 1.82 2.21 

R-C4 45.72 1.78 2.05 

R-A1 42.35 1.81 2.25 

R-A2 67.71 1.82 2.03 

R-A3 25.46 1.71 1.37 

R-A4 108.4 1.83 2.02 

R-Hs-1 47.67 1.86 1.95 

R-Hs-2 66.1 1.8 1.82 

R-Hs-3 48.52 1.81 1.8 

R-Hs-4 61.23 1.83 1.81 

R-Fs-1 65.48 1.77 1.83 

R-Fs-2 45.32 1.52 1.77 

R-Fs-3 39.33 1.82 2.09 

R-Fs-4 38.99 1.8 1.71 

R-Mf-1 32.31 1.8 2.08 

R-Mf-2 37.57 1.8 2.13 

R-Mf-3 27.46 1.8 2.28 

R-Mf-4 40.06 1.76 1.97 

negative control 
extraction 

14.54  1.8 1.52 
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SI Table 4.4. Total number of 16S rRNA sequences in soil samples before and after clipping, trimming and quality control. 

Treatments 
Total number of 
reads before 
joining 

Total Joined 
reads after 
clipping and 
trimming  

Reads too short 
after quality 
truncation 

Total number 
sequences 
written after qc 

% reads retained 
after clipping and 
trimming or qc 

S-C1 228915 191083 557 190526 99.71 
S-C2 186387 155673 205 155468 99.87 
S-C3 209319 172214 537 171677 99.69 
S-C4 195284 163911 217 163694 99.87 
S-A1 194287 162407 135 162272 99.92 
S-A2 251641 207216 381 206835 99.82 
S-A3 250424 209049 351 208698 99.83 
S-A4 139249 106732 135 106597 99.87 
S-Hs1 78468 66646 110 66536 99.83 
S-Hs2 108429 90641 178 90463 99.8 
S-Hs3 203005 170342 63 170279 99.96 
S-Hs4 220454 183951 319 183632 99.83 
S-Fs1 330320 273676 459 273217 99.83 
S-Fs2 209683 168850 244 168606 99.86 
S-Fs3 357523 287355 782 286573 99.73 
S-Fs4 194629 162190 300 161890 99.82 
S-Mf1 384950 328258 752 327506 99.77 
S-Mf2 369435 308153 706 307447 99.77 
S-Mf3 247933 204955 487 204468 99.76 
S-Mf4 511877 422865 875 421990 99.79 

 



    
   Appendix 
 

239 
 

SI Table 4.5. Total number of 16S rRNA sequences in shoot samples before and after clipping, trimming and quality control. 

Treatments 
Total number of 
reads before 
joining 

Total Joined 
reads after 
clipping and 
trimming 

Read too short 
after quality 
truncation 

Total number 
sequences 
written after qc 

% reads retained 
after clipping and 
trimming or qc 

L-C1 120785 107423 53 107370 99.95 
L-C2 226469 193732 42 193690 99.98 
L-C3 309237 261585 74 261511 99.97 
L-C4 328811 264123 67 264056 99.97 
L-A1 139882 113689 41 113648 99.96 
L-A2 111681 91850 25 91825 99.97 
L-A3 108192 82701 44 82657 99.95 
L-A4 108648 91008 38 90970 99.96 
L-Hs1 131977 113819 65 113754 99.94 
L-Hs2 159726 134858 47 134811 99.97 
L-Hs3 84891 66068 16 66052 99.98 
L-Hs4 109337 91323 69 91254 99.92 
L-Fs1 34620 29282 30 29252 99.9 
L-Fs2 90679 75683 41 75642 99.95 
L-Fs3 115613 95189 43 95146 99.95 
L-Fs4 139203 114062 50 114012 99.96 
L-Mf1 229850 200078 86 199992 99.96 
L-Mf2 183920 158894 39 158855 99.98 
L-Mf3 195749 167651 88 167563 99.95 
L-Mf4 171449 117825 23 117802 99.98 

 



    
   Appendix 
 

240 
 

SI Table 4.6. Total number of 16S rRNA sequences in root samples before and after clipping, trimming and quality control. 

Treatments 
Total number of 
reads before 
joining 

Total Joined 
reads after 
clipping and 
trimming 

Reads too short 
after quality 
truncation 

Total number 
sequences 
written after qc 

% reads retained 
after clipping and 
trimming or qc 

R-C1 195686 161100 193 160907 99.88 
R-C2 299309 257370 621 256749 99.76 
R-C3 204964 179784 516 179268 99.71 
R-C4 254833 232783 51 232732 99.98 
R-A1 90542 79939 132 79807 99.83 
R-A2 108790 92571 106 92465 99.89 
R-A3 225659 194072 140 193932 99.93 
R-A4 216582 184590 248 184342 99.87 
R-Hs1 253801 223414 206 223208 99.91 
R-Hs2 131418 113042 94 112948 99.92 
R-Hs3 273964 227207 217 226990 99.9 
R-Hs4 158072 139111 166 138945 99.88 
R-Fs1 192370 164050 0 164050 100 
R-Fs2 184902 149904 0 149904 100 
R-Fs3 210525 180928 225 180703 99.88 
R-Fs4 202460 169419 275 169144 99.84 
R-Mf1 66936 57576 99 57477 99.83 
R-Mf2 105214 89992 99 89893 99.89 
R-Mf3 212308 176954 204 176750 99.88 
R-Mf4 182379 154733 217 154516 99.86 
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SI Figure 4.1. Agarose gel (0.8 % agarose) showing the bands obtained for GF 

genomic DNA: a) rice rhizosphere soil; b) rice shoot; c) rice root. In gel picture a) 

Lane 1-20= soil samples 1-20, lane 21= reagent control, lane 22= negative DNA 

extraction control; b) lane 23-42= shoot samples 1-20; c) lane 43-62= root samples 

1-20.  
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SI Figure 4.2. Agarose gel showing the molecular weight of the PCR product 

obtained from amplification of DNA with 16S rRNA primers BACT 1369F and PROK 

1492R: a) rhizosphere soil; b) rice shoot; c) rice root. In gel picture a) Lane 1-20= soil 

samples 1-20, lane 21= negative control, lane 22= PCR reagent control; b) lane 23-

42= shoot samples 1-20, lane 43= negative control, lane 44= PCR reagent control; c) 

lane 45-64= root samples 1-20, lane 65= negative control, lane 66= PCR reagent 

control.  
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Chapter 5 Supporting information 

SI Table 5.1. Total number of ITS1 sequences from GF rhizosphere soil samples before and after joining and quality control. 

Sample ID: 
 
 

Total number of paired 
reads (fastq1 or fastq2) 
before joining 
 

 
Total reads after QC and 
joining 
 

Average sequence length 
of joined reads 
 

% GC content of 
joined reads 
 

S-C1 208573 76204 200-302 48 

S-C2 193725 81521 200-302 46 

S-C3 256680 71366 200-302 47 

S-C4 229473 102281 200-302 47 

S-A1 274083 107805 200-302 47 

S-A2 208980 82276 200-302 46 

S-A3 269199 91967 201-302 50 

S-A4 153723 44582 200-302 47 

S-Hs1 132499 47842 200-302 47 

S-Hs2 173934 63844 200-302 46 

S-Hs3 241718 81445 200-302 47 

S-Hs4 288871 113023 200-302 47 

S-Fs1 290232 119737 200-302 47 

S-Fs2 234159 77199 200-302 47 

S-Fs3 210916 73435 200-302 47 

S-Fs4 225446 91009 200-302 48 

S-Mf1 218310 94065 200-302 47 

S-Mf2 270140 125862 200-302 47 

S-Mf3 299714 109755 201-302 46 

S-Mf4 162934 59140 200-302 46 
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          SI Table 5.2. Total number of ITS1 sequences from rice GF shoot DNA samples before and after joining and quality control. 

Sample ID: 
 
 

Total number of paired 
reads (fastq1 or fastq2) 
before joining 

 
Total reads after QC and 
joining 
 

Average sequence length 
of joined reads 
 

% GC content of 
joined reads 
 

L-C1 146821 52739 200-302 51 

L-C2 102402 37728 200-302 51 

L-C3 211778 75590 200-302 51 

L-C4 237082 96380 200-302 50 

L-A1 149548 63065 200-302 51 

L-A2 82127 20945 200-302 52 

L-A3 121523 28400 200-302 53 

L-A4 91133 35179 200-302 51 

L-Hs1 154937 74385 200-302 50 

L-Hs2 94785 37932 200-302 50 

L-Hs3 93730 26642 200-302 54 

L-Hs4 118853 47780 200-302 50 

L-Fs1 107424 43342 200-302 51 

L-Fs2 289457 130267 200-302 50 

L-Fs3 208463 96850 200-302 51 

L-Fs4 441157 146522 200-302 51 

L-Mf1 213610 62294 200-302 52 

L-Mf2 277903 94195 200-302 50 

L-Mf3 313961 151727 200-302 50 

L-Mf4 357910 141099 200-302 50 
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SI Table 5.3 Total number of ITS1 sequences obtained from rice GF root DNA samples before and after joining and quality control. 

Sample ID: 
 
 

Total number of paired 
reads (fastq1 or fastq2) 
before joining  

 
Total reads after QC and 
joining 
 

Average sequence length 
of joined reads 
 

% GC content of 
joined reads 
 

R-C1 203787 24590 200-302 48 

R-C2 164462 64088 200-302 51 

R-C3 268129 67084 200-302 48 

R-C4 260893 61213 200-302 47 

R-A1 217512 96656 200-302 50 

R-A2 367410 68435 200-302 50 

R-A3 336836 62738 200-302 53 

R-A4 268351 21056 200-302 43 

R-Hs1 437779 73399 200-302 51 

R-Hs2 256133 28889 200-302 47 

R-Hs3 410078 161228 200-302 50 

R-Hs4 347690 79600 200-302 43 

R-Fs1 222883 32206 200-302 51 

R-Fs2 192880 18702 200-302 49 

R-Fs3 86731 34441 200-302 46 

R-Fs4 307174 102030 200-302 50 

R-Mf1 272740 34999 200-302 52 

R-Mf2 210197 48887 200-302 44 

R-Mf3 215024 47239 200-302 51 

R-Mf4 389658 108993 200-302 48 



    
 
  Appendix 
 

246 
 

 

   
(a)

 
(b)

 
(c) 

 

SI Figure 5.1. Agarose gel showing the molecular weight of the PCR product 

obtained from amplification of DNA with ITS1F and ITS2 bacterial primer pair in 0.8 

% agarose gel: a) lane 1= molecular ladder, lane 2-21= soil samples 1-20, lane 22= 

reagent control, lane 23= negative DNA extraction control, lane 24= molecular 

ladder; b) lane 1= molecular ladder, lane 2-21= shoot samples 1-20, lane 22= 

negative PCR control, lane 23= molecular ladder; c) lane 1= molecular ladder, lane 

2-21= root samples 1-20, lane 22= negative PCR control, lane 23= negative DNA 

extraction control, lane 24= molecular ladder. 


