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Notations 
MFCs      - microbial fuel cells 

Non-MFCs    - non-microbial fuel cells 

MFC-extV                                                -           microbial fuel cells plus external voltage applied 

sMFC     - sediment microbial fuel cell 

NH4
+                                                                                        - ammonium 

NO3
-     - nitrate 

NO2
-     - nitrite 

NO     - nitric oxide 

N2O     - nitrous oxide 

N2     - di-nitrogen 

N     - Nitrogen 

C     - Carbon 

O2     - oxygen 

CO2     - carbon dioxide 

CH4     - methane 

Mn4+
     - manganese 

Fe3+
     - Ferric 

SO4
2-

     - sulfate 

TN     - total nitrogen 

TC     - total carbon 

C6H12O6    - glucose 

H2O     - water 

Eh     - redox potential 

DNRA     - dissimilatory nitrogen reduction to ammonia 

PCR     - polymerase chain reaction 

ECD     - electron capture detector 

v/v %     - volume to volume percentage 

m/v     - mass per volume 

(NH4)2SO4    - ammonium sulfate 

ppm     - parts per million 

ppb                - parts per billion 

GWP     - global warming potential 

GHG     - greenhouse gas 
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1. INTRODUCTION 

1.1 Problem of Nitrogen fertilizer Deficiency   

The global food industry is highly dependent on fossil fuels. Energy-efficient approaches to 

agriculture would offer a way to take advantage of the relationships between energy, food, and 

agriculture. A huge amount of energy is required for the fixation of nitrogen fertilizer from the unlimited 

atmospheric nitrogen. To manufacture one metric ton of anhydrous ammonia, NH3 (82% N), it is 

estimated that 3,500 m3 of natural gas is used (Olsan and Halstead, 1974). It is also estimated that the 

field application of 150 kg/ha nitrogen fertilizer in the form of ammonia involves the consumption of 

645 cubic meters of natural gas (Olsan and Halstead, 1974). Moreover, despite the fact that rice is the 

staple food of half the world’s population, nitrogen fertilizer is not used efficiently (Keeny et al., 1986). 

Recognizing the fact that nitrogen fertilizer is absolutely essential for supporting the growing global 

population, there is an urgent need to explore efficient ways of using fertilizer to compensate for future 

food shortages. Although various methods such as leguminous crop production, crop rotation, and 

management of irrigation water have been proposed and discussed (Huang et al., 2007; Kaewpradit et 

al., 2008; Pramanik et al., 2014), these are indirect methods. Improving N retention efficiencies in crop 

soils would be one of the challenges to date. To improve fertilizer efficiency, a more direct way of 

controlling the nitrogen transformation processes in the soil would be more promising. Therefore,  

 

1.2 Denitrification redox reaction 

The process of denitrification, involving the conversion of soil inorganic nitrogen to elemental 

nitrogen gas, is one of the main routes behind nitrogen deficiency in crop production. Here, 

‘denitrification’ refers to the process in which NO3
− is converted to gaseous compounds such as NO, 

N2O, and N2 by microorganisms, and is discussed further in the chapter of Literature review. In 

submerged soils, the denitrifying bacteria use NO3
− in the absence of oxygen as the terminal electron 

acceptor in their process of respiration, which is reduced to NO2
−, NO, N2O, and finally N2 (Reddy and 

Patrick, 1986). This is considered undesirable for agriculture due to the loss of applied nitrogen fertilizer 

in soil. In addition, paddy fields have been recognized as one of the sources of atmospheric N2O (Mosier 
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et al., 1996; Akiyama et al., 2005), one of the greenhouse gases causing global warming. Thus, the 

extent of nitrogen loss via denitrification has attracted great interest among researchers as well as 

farmers (Iida et al., 2007). 

 

1.3 Objective of the study and Approach to the Solution  

Main objective of this research is to investigate the applicability of MFC to control soil redox 

potential and thereby to suppress denitrification, namely, nitrogen losses in flooded rice fields. 

 

1.3.1 Redox potential 

Redox, termed short for oxidation-reduction, denotes the transfer of electrons between two species. 

Reduction is the gain of electrons by a compound, whereas oxidation is the loss of electrons by a 

compound. The electron donors are usually reduced carbon and the acceptors are usually oxygen in 

aerobic environments. Oxidation-reduction conditions are classically assessed by measuring the redox 

potential (Eh), expressed in volts. It is a measure of electron activity in a system. Microorganisms are 

probably the most important factor controlling the Eh of soils: as they reduce carbon to store energy, 

they oxidize it to release energy and they use oxygen or other molecules as electron acceptors, thus 

forming reduced species under oxygen limiting conditions (Lambers et al., 2013). O2 has the highest 

redox potential, followed by other alternative electron acceptors: NO3
-
   > Mn4+ > Fe3+ > SO4

2-. 

However, redox potential (Eh) has received little attention in agronomy, unlike pH, which is regarded 

as a master variable (Husson et al., 2013). This would be due to the fact that Eh measurements are 

difficult to reproduce and interpret according to Snakin et al., (2001). In many disciplines, oxidation-

reduction conditions and electron fluxes have not received the same attention as have pH and proton 

fluxes (Husson et al., 2013). The control of redox process is a proper niche for the unique capabilities 

of a bio-electrochemical system (Arends and Verstraete, 2012), since microbes participate in 

biochemical reactions to satisfy their energy needs and resource demands.   
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1.3.2 Microbial Fuel Cell (MFC) concept 

 

Figure 1.1 Scheme of a microbial fuel cell: A carbon graphite-felt mat is used as anode placed in the 
anaerobic soil layer, and a graphite rod is kept floating on the flooded water in contact with air. The 
anode and cathode are linked through insulated wires externally connected with a resister (R) and a 

voltmeter (V). 

 

According to the definition given by Lovley (2006), a microbial fuel cell (MFC) is a device that 

converts chemical energy into electrical energy. Generating power in MFCs depends on redox 

chemistry. Microbes can gain energy through redox reactions between organic compounds and terminal 

electron acceptors such as O2. This process can be interpreted as involving the oxidation of the organic 

compound and the reduction of the terminal electron acceptor. The principle of MFCs involves the 

utilization of electrons liberated by the decomposition of organic matter by microbes to produce 

electricity. In other words, MFCs are devices that exploit microorganisms to generate electric power 

from organic matter.  

The concept of an MFC can also be applied to flooded rice soils, which can then be referred to a 

paddy field microbial fuel cell. Figure 1.1 illustrates the concept of an MFC applied to flooded soils.  

The electrons produced during the oxidation of organic matter are transferred directly to an anode, and 

the electrons travel through an electrical circuit to a cathode where oxygen is reduced to H2O. While 

the region several centimeters below the flooded soil surface is anaerobic, near the soil surface, aerobic 
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conditions prevail. Thus, potential gradients could be generated between these regions, when connected 

externally through insulated wires. It is therefore possible to generate electricity if anode respiring 

microbes have self-sustained extracellular electron transfer mechanisms (Lovley, 2008). In fact, some 

studies have already shown that electricity can be produced in flooded soils (Arends et al., 2014; Kaku 

et al., 2008; Kouzuma et al., 2014; Takenezawa et al., 2010). 

In this context, the following question arises: How can the denitrification process be related to the 

principle of MFCs? In the denitrification process of flooded rice fields, the electrons produced from the 

oxidation of organic matter by microbes are gained by oxygen-containing inorganic nitrogen species 

such as NO3
− and NO2

−. Typical redox reactions related to NO3
− respiration that are performed by 

microbes in the absence of oxygen are shown in the following equations. 

 OH 42N 12 CO 30 H 24 NO 24OHC 5 22236126   (1) 

OH  8.15N 8.4CO 12 H 6.9 NO 6.9OHC 222 3112212                       (2) 

Because these are redox reactions between organic carbon and oxidized forms of nitrogen anions, the 

availability of organic carbon should be one of the factors determining whether denitrification occurs. 

The dynamics of organic carbon is difficult to control, whereas in contrast the electrons resulting from 

its oxidation through microbial metabolism can be controlled. Specifically, the electrons resulting from 

the oxidation of organic matter can be circulated in a chain, which is referred to as an electric chain, 

when the anaerobic layer is externally connected to the upper aerobic layer of soils. MFC could be a 

driver of change of electron activity in the system or redox potential changes. It is therefore 

hypothesized that denitrifying conditions could be controlled by redox potential changes in soils that 

are invoked by MFC. In other words, a competition for electrons is expected to invoke by the generation 

of electricity, and to outcompete denitrification reactions at the same time. Thus, in this study, we 

investigated the applicability of MFC to control soil redox potential and thereby to suppress 

denitrification, namely, nitrogen losses in flooded rice fields. 
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2.1 Introduction 

2.1.1 Nitrogen: An element essential for life 

Nitrogen is a fundamental component of living organisms that can be assimilated by plants in both 

marine and land ecosystems. As a result, nitrogen has a critical role in controlling primary production 

in the biosphere (Gruber and Galloway, 2008). Understanding nitrogen transformations and the soil 

microbes that perform the transformations are thus essential for managing ecosystem health and 

productivity (Groffman et al., 2015). Despite nitrogen being one of the most abundant elements on earth, 

nitrogen deficiency is probably the most common nutritional problem affecting plants. Nitrogen is an 

essential nutrient for plant growth. Soil nitrogen are in three general forms as organic nitrogen 

compounds, ammonium (NH4
+) ions and nitrate (NO3

-) ions. Although, the most available nitrogen in 

the soils is in organic forms, organic nitrogen is not directly available to plants, but some can be 

converted to available forms by microorganisms. The majority of plant-available nitrogen is in the 

inorganic forms as NH4
+ and NO3

- which are called “mineral nitrogen”.  

2.1.2 Process of denitrification in Nitrogen cycle 

Denitrification is the only point in the N cycle where fixed N re-enters the atmosphere as N2; it thus 

serves to close the global N cycle. Denitrification is also significant as the major source of atmospheric 

N2O, an important greenhouse gas that also consumes stratospheric ozone (Groffman et al., 2015). 

Denitrification refers to the process in which nitrogen oxides are converted to gaseous compounds 

(nitrate, nitrite, nitric oxide, nitrous oxide and N2) by microorganisms (Wrage et al., 2001). 

Denitrification is accelerated under anaerobic (flooded or compacted) conditions and with high nitrogen 

inputs. The conditions favourable are a supply of oxidizable organic matter, absence of oxygen and 

availability of reducible nitrogen sources. Several types of bacteria perform this conversion when 

growing on organic matter in anaerobic conditions. Mostly heterotrophic and facultative anaerobes are 

able to use NO3
- in place of O2 in respiration. It is a stepwise reduction of NO3

- to N2 where N2O is a 

regular intermediate (Wrage et al., 2001), as shown in Figure 2.1.  



8 

 
Figure 2.1 Stepwise reduction of NO3

- to N2 where N2O is a regular intermediate 
 (Adapted from Wrage et al., 2001)  

 

In the absence of oxygen, any reducible substance such as nitrate (NO3
-) could serve the same role 

and be reduced to nitrite, nitric oxide, nitrous oxide or N2, as the microbes use NO3
- instead of O2 as a 

terminal electron acceptor. This is also termed as anaerobic respiration which involves a redox reaction 

between organic carbon and oxidized forms of nitrogen anions as shown in the equation (1) and (2) in 

chapter1.   

The electron donor can be any biodegradable carbon compound, but easily degradable, low 

molecular weight compounds are preferred; such as acetate or methanol. According to Beauchamp et 

al. (1989), availability of organic carbon is one of the most important factors that affect denitrifying 

activity in soil, yet the chemistry of soil organic matter is only partially understood and its complexity 

has probably inhibited studies. Therefore, a readily available carbon substrate is added to ensure an 

electron supply in the denitrifying system, when other variables are studied in a laboratory (Beauchamp 

et al., 1989). The rates of denitrification in soil are controlled by numerous biological, chemical, and 

physical factors that are constantly changing both in time and space. The level of organic matter, oxygen 

concentration, gas diffusion rates, and pathways of diffusion, moisture, temperature, pH and substrate 

availability (nitrate, nitrite) are several factors. In most soils, this nitrogen transformation mainly occurs 

following rainfall as soil pores become water saturated, and the diffusion of O2 to microsites is 

drastically slowed. Typically denitrification starts to occur at water-filled pore space concentrations of 

60% and higher (Groffman et al., 2015). As most denitrifying bacteria are heterotrophs, O2 

concentrations and carbon availability are extremely important parameters that influence microbial 

denitrification. Currently recognized denitrifying bacteria such as Hyphomicrobium, Paracoccus, 
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Pseudomonas and Thiobacillus form a very diverse group. The complexity of substrate carbon supply 

in the soil is enhanced by the range of microorganisms that are capable of denitrification in soil.  

2.1.3 Methods assessing denitrification activity 

2.1.3.1 Direct measurement  

 

Figure 2.2 Closed chamber for air sampling & soil solution collectors  

(Adapted from Tiago et al, 2011) 

Determination of denitrification N losses in aqueous and terrestrial systems involves direct gas 

emission quantifications by gas chromatography using acetylene-based methods (Tiedje et al., 1989). 

C2H2 is a specific inhibitor of this denitrification reaction. Acetylene can inhibit the nitrite reductase 

enzymes of denitrifying microbial which cause N2O for further reduction to di-nitrogen gas under an 

atmosphere of 0.1 to 10% (v/v) acetylene. The acetylene inhibition method has been applied in-situ and 

in field controlled measurements using closed chambers (Ishii et al., 2009). Closed chambers used in 

gas sampling and measurements by Tiago et al., (2011) is shown by figure 2.2. 
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2.1.3.2 Mass balance method & 15N tracers  

Mass balance method is based on the measure and evolution of NO3
-, NO2

- and NH4
+ concentrations 

in the liquid phase. Denitrification measures usually imply the addition of organic matter, nitrate as an 

alternative electron accepter and anaerobic conditions. Isotope - N labelling are mostly limited by the 

high cost of the isotopes and possible impacts of addition on the environment they are restricted to 

laboratory for environmental safety reasons. Using these methods involves adding 15N labelled 

compounds in the form of NO3
-, NH4

+ or fertilizers and the subsequent quantification by mass 

spectrometry of the 15N labelled generated gas compounds.  

2.1.3.3 Molecular approaches and functional markers 

Denitrification is an anaerobic respiration pathway catalysed by taxonomically diverse bacteria and 

archaea (Henry et al, 2004). Since the ability of denitrification is distributed among taxonomically 

diverse groups of bacteria, as well as some archaea and fungi, it is difficult to identify denitrifying 

organisms based only on their 16s rRNA genes sequence (Philliot et al, 2007). Thus, molecular studies 

are often directed to the use of functional genes (Henry et al, 2006). Pathway of denitrification reaction 

and corresponding reductase genes are shown by figure 2.3. Molecular analysis are often directed to 

the functional gene markers of denitrifying bacteria nitrate reductases (nar), nitrite reductases (nir), 

nitric oxide reductases (nos), and nitrous oxide reductases (nor) reductases. However, primer design 

seems to be the most critical aspect of microbial environmental diversity surveys (Throback et al., 2004). 

DGGE of nirK and nosZ genes proved to be a good tool for screening and comparing denitrifying 

communities in different types of environmental samples, but for nirS gene fragments the resolution 

was insufficient (Throback et al., 2004). 

However, the microbes responsible for denitrifying activity in rice paddy soil are not well known. 

Denitrification process in bacteria consists of four steps for the reduction of nitrate ions to di-nitrogen 

ions, catalysed by nitrate, nitrite, nitric oxide, and nitrous oxide reductases. Nitrate reductases are 

structurally similar among denitrifying bacteria, but are distinct from the enzymes in other nitrate-

reducing organisms. They are of two types; as membrane bound nitrate reductases (NarG) and 

periplasmic nitrate reductases (NapA). The commonly used markers for nitrate reduction include either 
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membrane-bound (Nar type) or soluble periplasmic (Nap) nitrate reductases, encoded by narG and napA 

genes, respectively (Henry et al, 2004; Houghton et al, 2001).  

 

 
Figure 2.3 Pathway of denitrification reaction and corresponding reductase genes 

 
 

Nitrite reductases (Nir) exist as two functionally equivalent enzymes: a cytochrome cd1-type and a 

copper containing encoded by the nirS and nirK genes, respectively, which have been thoroughly used 

as molecular markers for denitrification (Kandeler et al, 2006). Since the nitrate reductase is not always 

linked to complete denitrification, but may be related to dissimilatory nitrate reduction to ammonia 

(Philippot et al, 2005), broad range and specific sets for real-time quantification of denitrifiers have 

been developed based on the nitrite reductase genes nirS and nirK (Gruntzig et al, 2001; Henry et al, 

2004 & Throback et al, 2004) and most recently, the nitrous oxide reductase gene nosZ (Henry et al, 

2006). The reduction of nitrous oxide that occurs during the last step in the denitrification pathway has 

received most of the attention in molecular studies. Nitrous oxide reductase mediates the production of 

nitrogen gas and is coded by the nosZ gene. Nitric oxide reductase has two forms in bacteria, cNOR 

and qNOR (Zumft et al, 2005). Cytochrome c electron donor is named as cNOR, and quinol electron 

donor is named as qNOR. cNOR is the most recently associated with denitrifier populations, with qNOR 

found in some denitrifiers, but also in non-denitrifying microorganisms with a detoxification function 

against NO (Braker et al, 2003). Nitric oxide reductases are responsible for the conversion of NO to 

N2O (Zumft et al, 2005). 

 
 
2.2 Nitrogen transformations in flooded rice soils  

2.2.1 Denitrification: as a major channel of N loss in rice soils 

Denitrification in flooded rice soils is affected primarily by oxygen, nitrate and organic carbon 

availability, whereas nitrification is controlled by oxygen and ammonium availability (Groffman et al., 

2015). Since submerged rice soil has limited available oxygen, various anaerobic biochemical processes 



12 

can occur including methane production, Mn4+ and Fe3+ reduction, nitrate respiration and denitrification 

(Ishii et al., 2009). 

 

Figure 2.4 Denitrifying activity in flooded rice soils  

 Rice paddy soil has been shown to have strong denitrifying activity (figure 2.4). However, the 

microbial populations responsible for nitrate respiration and denitrification have not been well 

characterized (Ishii et al., 2009). Flooded rice soil is a dynamic heterogeneous soil-water system that 

has three distinct soil layers established mainly by the prevailing oxidation-reduction or redox potential 

of the system (Keeny et al., 1986). They consist of partially aerated surface layer (few mm to one cm 

thickness of surface soil) in contact with flooded water layer, reduced soil and soil rhizosphere. The 

presence of oxidized zone in close proximity to the reduced zone underlying, is also conductive for the 

loss of nitrogen through nitrification in oxidized zone followed by denitrification in flooded zone. 

Ponnamperuma (1972) described the nitrate ion conversion to di-nitrogen gas, indicating that in flooded 

rice soil, nitrate is extremely unstable, where pE may range from -1 to 3. 

    Anaerobic layers in wetlands make nitrate in the soil susceptible to gaseous loss to the atmosphere 

through denitrification to nitrous oxide (N2O) and dinitrogen (N2) (Hou et al., 2000). N2O is known as 

a strong greenhouse gas. Moreover, concern about depletion of stratospheric ozone by oxides of 

nitrogen has caused considerable interest in the sources of atmospheric N2O (Crutzen, 1970; Randeniya 

et al., 2002). Rice paddy fields have been recognized as one of the sources of atmospheric N2O (Minami, 

1987; Mosier et al., 1996). According to Ghosh et al. (2003), the total seasonal N2O emission from an 
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irrigated paddy field corresponded to the N loss of 0.10 - 0.12% of applied N. Tropical agricultural soil 

is attracting significant interest as a source of N2O, since it is potentially a large emitter of N2O. 

Soil nitrate content and soil water content are the key factors affecting denitrification and N2O 

emissions from agricultural soils. Once the soil is flooded, organic matter starts decomposing and is 

accompanied by a stepwise biochemical reduction of the soil, which is indicated by a lowering of redox 

potential. Under anaerobic conditions, soil clay which is composed of high carbon content and high 

nitrogen content, attained negative Eh values within two weeks period after submergence and more 

negative thereafter and also soil with less carbon took longer to attain similar Eh values (Xiong et al., 

2006 ). The reduction of various oxidants in homogeneous soil suspensions occurs sequentially at 

corresponding soil redox potential (Ponnamperuma, 1972). However, since the N2O emission from 

flooded conditions are considered minimal recently, inevitable route of nitrogen movement from paddy 

soil to the atmosphere should be further explored for the better understanding of nitrogen dynamics in 

paddy soils (Iida et al., 2007). According to Iida et al (2007), N2O emission rate was affected by nitrate-

N concentration in the soil water as well as soil temperature, yielding the higher N2O emission with 

higher nitrate - N concentration and soil temperature. 

2.2.2  Nitrification 

Nitrification is the microbial oxidation of ammonia to less reduced forms, principally NO2
- and NO3

- 

(Groffman et al., 2015). Nitrification is of two types, as autotrophic and heterotrophic. Autotrophic 

nitrification is of two types; first ammonia oxidization to nitrite is occurred, consequently with nitrite 

oxidization to nitrate, as shown in Figure 2.5.  

Ammonia oxidization is carried out by primary nitrifiers called Nitrosomonas; and then nitrite 

oxidization is followed by secondary nitrifiers called Nitrobacter. Energy for CO2 fixation originates 

from nitrification (Wrage et al., 2001). Heterotrophic nitrification involves the same products, 

intermediates and substrates, but the enzymes are different, while the source of energy is organic carbon. 

Nitrification is strictly an aerobic microbial process. Lack of oxygen generally inhibits nitrification and 

greatly influence the rate of ammonification (Keeny et al., 1986).  
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Figure 2.5 Pathways of autotrophic nitrification (Adapted from Wrage et al., 2001) 

 

It is difficult to study nitrification in-situ in a flooded soil system. It is because as soon as NO3
− is 

formed, it diffuses down to the reduced layer and is lost by denitrification or is reduced to NH4
+ by 

dissimilatory nitrate reduction. However, simultaneous nitrification-denitrification is recognized as a 

mechanism of N loss in flooded rice fields, of which NO3
− is an inefficient source of nitrogen therefore. 

According to Keeny et al. (1986), placement of N fertilizer deep in the reduced zone of flooded soil 

could help in decreasing nitrification. Also by applying the fertilizer when the rice root system 

established and is being rapidly taken up by plants can help reducing the availability of NH4
+ for 

nitrification. As a positively charged ion, ammonium can be held on cation-exchange sites associated 

with soil organic matter, clay surfaces, and variable-charge minerals. Nitrate, on the other hand, is 

mostly free in the soil solution and can be easily transported out of the rooting zone by water when 

precipitation exceeds evapotranspiration (Groffman et al., 2015). 

2.2.3 Nitrifier denitrification 

There is now renewed interest in N balance studies in nitrifier - denitrification as this might be a 

possible source of N2O. Role of nitrifier-denitrification in the production of nitrous oxide was reviewed 

by Wrage et al. (2001). The schematic illustration in Figure 2.6 explains the pathway of nitrifier-

denitrification accordingly. This is a nitrification pathway, carried out only by nitrifiers. Oxidation of 

NH3 to NO2
- is followed by a reduction of NO2

- to N2O and N2. This is performed at first by autotrophic 
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ammonia oxidizers, under the conditions of high O2 pressure, high Nitrogen, low organic carbon, and 

low pH. It does not produce an intermediate product of NO3
- in the pathway of nitrifier-denitrification. 

Both denitrification and nitrifier - denitrification processes can also overlap.  

 

Figure 2.6 Pathway of nitrifier-denitrification (Adapted from Wrage et al., 2001) 
  

2.2.4 Coupled nitrification-denitrification 

This can be confused with nitrifier-denitrification. However, NO3
- can be an intermediate product in 

the coupled nitrification and denitrification process. NO3
- is produced in nitrification, and subsequently 

it can lead to reduction (Wrage et al., 2001). NO2
- or NO3

- produced by nitrification can then be utilized 

by denitrifiers. This pathway is mostly possible in microhabitats with both aerobic-(nitrifying) 

conditions and anaerobic-(denitrifying) conditions. 

2.2.5 Volatilization: 

Volatilization of nitrogen as ammonia from flooded soils also cause N loss. pH is an important 

determinant factor of this process. CO2 concentration and HCO3
- activity are related with pH 

fluctuations as shown by Ponnamperuma (1972) according to the equation (2):  

pH= 7.85 + log(HCO3
-) – pCO2                                                                    (2)                                                                 

Therefore, these fluctuations can be responsive to photosynthetic activity and temperature of the 

system. Increased pH can lead to increased volatilization of ammonia from its surface applied fertilizer 

or from its diffused NH4
+ in the water layer. Process of urea hydrolysis can be slowing by using urease 

inhibitors. NH3 volatilization could help decreased by using controlled release urea-based fertilizers 

according to Ponnamperuma (1972).  
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2.2.6 Mineralization and immobilization 

These processes govern the N availability for rice plants which can be occurred simultaneously in 

flooded soils influenced by soil factors such as pH, organic matter content, C/N ratio, amount and 

quality of organic material residue and environmental factors such as temperature, soil moisture, regime 

and soil drying (Keeny et al., 1986). Drying of soils enhances N mineralization rate. Mineralization of 

organic N to NH4
+ is said to be the key process in the N nutrition of low land rice. Immobilization is 

also a temperature dependent microbial process, which also increases with temperature. It is a key 

process in N turnover in lowland rice soils where organic manure is used as N source and is released 

later to the soil. The balance between N mineralization and immobilization is controlled primarily by 

organic matter quality, or the availability of carbon in the material relative to its available nitrogen. 

When one adds to soil manure with a relatively low C: N ratio, the microbes have no trouble obtaining 

N, and as a result, mineralization dominates over immobilization, and plant-available N increases in 

soil (Groffman et al., 2015). 

2.2.7 Diffusion and leaching 

Diffusion of NH4
+ can occur first with the applications of fertilizer. NO2

− and NO3
− formed through 

nitrification in the aerobic flooded layers are diffused downward. NH4
+ formed through dissimilatory 

nitrate reduction process can also be diffused. In wetlands and lowland rice soil, diffusion may be 

restricted most of the time. Leaching may be prevalent in light-textured sandy like soils that are hard to 

maintain in flooded state. In flooded soils with sandy texture, the losses of N due to leaching could be 

significant (Keeny et al., 1986). Examples of this soils found in Panjab, India with high percolation 

rates that result in large loss in deep- placed nitrogen. Low CEC also can be a reason. Puddling of soil 

and compaction are also causative. 

2.2.8 Dissimilatory nitrate reduction to ammonia (DNRA) 

Another process of denitrification is dissimilatory nitrate reduction to ammonia as shown by equation 

(3). Basically, DNRA is favoured when nitrate is limiting; whereas denitrification dominates when 

supply of carbon is limiting. This step blocks the final reduction to nitrogen. Thermodynamically, under 



17 

conditions of abundant organic substrate and limited availability of electron acceptors, the reduction of 

NO3
− to NH4

+ is more efficient than forming N2.  

NO3
− + 4 H2+ 2 H+ => NH4

+ + 3 H2O                                     (3) 

2.2.9 Anammox 

Anammox is a newly discovered microbial way for converting ammonia to nitrogen gas. Anaerobic 

ammonia oxidizing to nitrogen coupled to use NO2
- as an electron acceptor. It is believed to account for 

a significant portion of denitrification occurs world-wide through this process. Availability of nitrate 

and/or nitrite as electron acceptor is considered an important factor controlling anammox. Part of the 

process is anaerobic. One half of the ammonia is first oxidized to nitrite aerobically, as shown by 

equation (4);  

NH4
+ + 1.5 O2 => NO2

- + H2O + 2 H+                                                   (4) 

Next, the nitrite reacts with the remaining ammonia, anaerobically, as shown by equation (5); 

NH4
+ + NO2

- => N2 + 2 H2O                                            (5) 

2.2.10 Effects of root rhizosphere on N transformations 

The plant usable N is either in the form of nitrate (NO3
−) or ammonium (NH4

+). Aquatic soils and 

sediments are characterized by the accumulation of NH4
+ (Ponnamperuma, 1972). Soil rhizosphere is 

partially oxidized due to entry of O2 to rice roots through the rice aerial parts. It may support aerobic 

nitrogen reactions such as nitrification, mineralization of organic nitrogen and biological N2 fixation 

(Keeny et al., 1986). Ammonium in the anaerobic zone of the sediment diffuses either into the root zone 

or into the overlying water column as a result of concentration gradients. Some of the NH4
+ is either 

taken up or is oxidized to NO3
-. The NO3

- formed is either taken up by the plant or diffused into adjacent 

anaerobic zones where it is denitrified. To test this hypothesis, Reddy et al. (1989) have conducted a 

series of experiments, with rice (Oryza sativa L.) as a model aquatic plant. In that study, they reported 

N loss during an experiment designed to maximize nitrification-denitrification reaction in the root zone 

of rice. The nitrogen losses were measured with the mass balance of added N in the rhizosphere (and 

with soil column without rice plant) soil systems and it concluded that 29% of NH4
+ - N was lost through 
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nitrification-denitrification in 18 days after application in the root zone. Nitrification-denitrification 

processes in the root zone of rice and other aquatic macrophites as illustrated by Reddy et al. (1989) is 

shown in Figure 2.7. However, above nitrogen transformations can be overlapped or existed together 

as described by Figure 2.8.   

 

Figure 2.7 Schematic presentation of nitrification-denitrification in the root zone of rice and other 
aquatic macrophites (adapted from Reddy et al., 1989) 

 
 

 

Figure 2.8 Transformations of mineral nitrogen in soil  
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2.3 GHG emissions in flooded rice systems and their mitigation strategies  

As a consequence of denitrification process, Nitrous oxide (N2O) gas is emitted. It is a potent 

greenhouse gas that also depletes stratospheric ozone. Rice paddies are regarded as one of the main 

agricultural sources of N2O and the available data was summarized by Akiyama et al. (2005). To date, 

however, specific N2O and NO product pathways are poorly understood in paddy soils. Production of 

N2O via denitrification is affected by relative availabilities of electron donors (organic carbon) and 

electron acceptors (N-oxides), since they are redox reactions. 

According to Lan et al. (2014), both N2O and NO emission rates in alkaline paddy soil with clayey 

texture were substantially higher than those in a neutral paddy soil with silty loamy texture. In 

accordance with most published data, the ammonium N pool was the main source of N2O emission 

across the two soil profiles mentioned by Lan et al. (2014). They showed that NO fluxes were positively 

correlated with the changes in gross nitrification rates and the ratio of NO: N2O in both paddy soils 

were always greater than one. Also Lan et al. (2014) deduced that, when the water holding capacity is 

below 60%, nitrification was also dominant source of NO in the paddy soils similar to that of N2O.  

Water regime is one of the key factors affecting nitrous oxide emissions from soils. Huang et al. (2007) 

conducted soil column experiments with three irrigation regimes, namely, flooding, intermittent and 

natural drying, to gain insights into how irrigation activities on paddy soil in south eastern China affect 

the dynamic process of N2O emissions. Accordingly, natural drying had the most contribution to N2O 

emissions. Further mentioning that soil cracking stimulated the greater emissions of N2O whereas 

flooding irrigation regime had the least contribution (Huang et al., 2007). 

Paddy soils are an important source of nitrous oxide emission, especially during frequent flooding 

and drying cycles. The N2O flux from paddy soils is mainly driven by denitrifying microorganisms, but 

the response of denitrifying communities to flooding, drying cycles has been little studied (Liu et al., 

2012). N2O emissions were monitored under laboratory conditions in two paddy soils by Liu et al. 

(2012) and real-time qPCR and terminal restriction fragment length polymorphism (T-RFLP) were used 

to determine the abundance and community composition of narG and nosZ gene containing denitrifiers. 

N2O emissions were significantly related to soil Eh than soil water content during drying process 
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indicating different responses among various denitrifiers in flooding and drying conditions. Copy 

number of narG increased with flooding and decreased with drying cycles. Liu et al. (2012) concluded 

that narG containing denitrifiers were much closely correlated with N2O flux than nosZ containing 

communities in flooding drying conditions of soils used in their study. 

The other laboratory study conducted by Liu et al. (2007) compared the fluxes of N2, N2O and CO2 

from no-till and conventional till soils under the same water, mineral N and temperature conditions. 

They showed that greater potential is for N2O loss from non-till soils than conventional till soils and 

also from NH4
+ type fertilizer caused gaseous loss only at 60% water filled pore spaces, indicating that 

with nitrification and subsequent denitrification under low moisture conditions. Avoiding wet soil 

conditions and applying NO3
- form of fertilizer were suggested by Liu et al. (2007) to reduce the 

potential N2O loss from arable soils. 

The emission of N2O from rice paddy soils is less than that from upland crop fields, which is probably 

due to complete nitrate-nitrite reduction to N2, since rice paddy soil is known to have strong denitrifying 

activity. Under the flooded conditions in rice fields, hence the anaerobic conditions are being developed 

with submergence, the more denitrification reaction could be dominant. This would cause to produce 

N2 emissions to be dominant over N2O emissions with that of a complete denitrifying activity of 

microbial. According to (Pramanik et al., 2014), fluxes of N2O emissions in the fallow season were 

influenced by N2O emission potentials of soil aggregates and followed opposite trends as those observed 

during rice cultivation. Cover crop applications increased N contents in soil aggregates especially in 

smaller aggregates (< 250 μm), and that proportionately increased the N2O emission potentials of these 

soil aggregates. Further, they concluded that the doses of cover crop applications for rice cultivation 

should not be optimized considering only CH4, but also N2O should be considered especially for fallow 

season to calculate total GWP. Mineralization of organic N increases NO3
- - N concentration in soil, 

which are precursors for the formation of nitrous oxide (N2O). However, Pramanik et al. (2014) 

mentions that N2O is a minor greenhouse gas emitted from submerged rice fields and hence it is not 

often considered during calculation of total global warming potential (GWP) during rice cultivation.  

On the contrary, nitrogen fertilizer rate is the best single predictor of N2O emission from agricultural 

soils, which are responsible for about 50% of global anthropogenic flux, but it is a relatively imprecise 
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estimator according to Shcherbak et al (2014). However, accumulating evidence suggests that the 

emission response to increasing N input is exponential rather than linear, as assumed by 

Intergovernmental Panel on Climate Change methodologies. Their results suggests a general trend of 

exponentially increasing N2O emission as N inputs are increased to exceed crop needs. N2O response 

to N inputs grew significantly faster than linear for synthetic fertilizers and for most crop types 

(Shcherbak et al., 2014). Soil is the foremost source of N2O emissions to the atmosphere, and 

approximately two- thirds of these emissions are generally attributed to microbiological processes 

including bacterial and fungal denitrification and nitrification processes, largely as a result of the 

application of nitrogenous fertilizers (Zhu et al., 2014). 

The quality and management of winter crop residues can also affect soil N2O emissions by modifying 

soil NH4
+ and NO3

- contents, which in turn are substrate for nitrification and denitrification, respectively 

(Khalil et al., 2004). These are the main processes related to the N2O generation in soil (Khalil et al., 

2004). Legume species could exacerbate N2O emissions from flooded rice production systems (Aulakh 

et al., 2001), but there is little evidence regarding the effect of different residue management systems 

on the emission of these greenhouse gases according to Shan et al. (2008). Crop residue management 

and the quality of cover crops on N2O emissions in flooded rice systems have been studied by Tiago et 

al. (2011). They evaluated the influence of crop residue management and the type of cover crop residue 

on the CH4 and N2O emissions from a flooded Albaqualf soil cultivated with rice in a greenhouse. 

According to Tiago et al. (2011), crop residues in the soil surface lowered both emissions than that from 

soils where crop residues incorporated. The type of crop residue had no effect on CH4 emissions, while 

the N2O emission was observed higher with leguminous crop residue than from rye grass, but when 

only they were left on soil surface. The maintenance of cover crop residues on the soil surface mitigates 

nitrous oxide emissions as well as methane emissions from rice soils with flooded irrigation system. 

The incorporation of crop residues into the soil intensifies soil reduction at 20 cm depth anticipating the 

CH4 emissions in comparison to the residues left on soil surface. For this reason, in addition to the 

supply of labile carbon, the subsurface soil layer is possibly the main source of CH4, when crop residues 

are incorporated into the flooded rice soils. Tiago et al. (2011) further concluded that in flooded rice 
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systems, methane emissions are predominated over nitrous oxide emissions accounting for more than 

90% of the partial global warming potential. 

Production of both N2O and CH4 gases is a function of soil redox potential (Hou et al., 2000). The 

critical soil redox potential for N2O and CH4 production has been demonstrated in some laboratory 

studies shown to be below -150 mV for CH4 and above +250 mV for N2O (Wang et al., 1993). These 

critical soil redox potentials suggest that both these gaseous productions rarely occur at the same time. 

Accordingly, when soil redox potential is relatively high, soil nitrification takes place which results in 

N2O production. N2O is mostly produced through nitrate reduction when the soil become moderately 

reducing or when the nitrate diffuses into a zone that is less oxidized than the zone in which it is formed 

(Hou et al., 2000). 

Soil redox potential becomes lower if there is sufficient soil organic carbon. This lower potential 

enables CH4 formation to occur. Hou et al. (2000) suggests that if the redox potential of soil is kept 

above the level necessary to support CH4 formation and kept below the moderately reducing condition 

where N2O is formed, both gases could be minimized. This range was approximately between -100 mV 

and +200 mV which is too high to support CH4 production, but low enough to favour N2 production 

over N2O production during the process of denitrification. Water management and organic carbon 

practices should be developed to maintain the redox potential at an intermediate range (around -100mV 

to +200mV), so as to minimize the production of these GHG emissions from flooded fields as suggested 

by researches (Hou et al., 2000).  

However judging through previous researches, this range is proposed just to control N2O which is a 

greenhouse gas, but it is not to control the complete denitrification process. This redox range favours 

the complete reduction of nitrate into nitrogen gas over nitrous oxide. However, it does not mean to be 

a solution for controlling the complete denitrification reaction in crop soils for improving soil nitrogen 

retention efficiency, especially in flooded rice soils. There is an emerging need to improve nitrogen 

fertilizer retention efficiencies in crop soils as well as with mitigating GHG emissions.  
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2.4 Controlling N losses in soil 

2.4.1 Traditional solutions 

The farming problems associated with excessively wet soils have led to placing pipes and ditches in 

many fields which reduces the potential for denitrification. Irrigation and farming practices for example, 

soil drainage and irrigation management, nitrogen fertilizer application rates and timings, selection of 

nitrogen fertilizer source, cover crops and residues (Kaewpradit et al., 2008), tillage and compaction 

practices are few traditional approaches associated with improving nitrogen retention efficiency in crop 

soils; as also discussed in the section 3.  

2.4.2 Technical solutions 

Slow releasing coated urea fertilizer, deep placement of fertilizer nitrogen, nitrification inhibitors, 

biological nitrogen fixation (BNF) attempts by using microbes are few examples of technical 

approaches associated with. The use of nitrification inhibitors has been consistently shown to lower 

denitrification and N2O emissions. By slowing the conversion of ammonium to nitrate, there is less 

exposure of the N fertilizer to denitrification processes at any time. Microbial fuel cell applications are 

being currently investigated by our laboratory as an attempt to control denitrification in flooded rice 

soils though invoked redox changes in soil. 

2.4.2.1 Paddy field microbial fuel cell 

   MFC applications possibly in cultivated land such as rice paddies is opposite to enhancing anaerobic 

digestion, but also finds in totally different settings, as also discussed by Arends and Verstraete, 2012. 

Accordingly, an example of a possible application is mitigation of the release of the greenhouse gas, 

methane. This greenhouse gas is produced under specific redox conditions. By adding electrodes 

(possibly inoculated with an active microbial community) the release of these greenhouse gases can 

possibly be prevented (Arends and Verstraete, 2012). However, since the production of methane and 

nitrous oxide gases from flooded paddy soils have trade off patterns (Hou et al., 2000), redox conditions 

in soils should also be controlled therefore to make a minimum of both gaseous productions accordingly.  
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Paddy field MFC is a sediment microbial fuel cell that fuelled by root exudates of paddy plants. An 

anode buried into the rhizosphere soil, connected to a cathode, lying in the overlaying water allows 

current production by its electrogenic micro-organisms. In a paddy field microbial fuel cell, 

electrogenically active bacteria (EAB) could involve in generating an electric current. Family 

Geobacterracea was abundant EAB in MFC of large currents and Geobacter sulferreducens were a 

well-characterized EAB with a high electricity generating capacity in the presence of acetate (Bond and 

Lovley, 2003). They were located on root surfaces and were more abundantly on granular graphite 

anodes. Anaerobic cellulytic bacteria of the families of Clostridiacea and Ruminococcacea were present 

in the areas where EAB were present, suggesting that current was generated via hydrolysis of 

carbohydrates into acetate by these families, and then to an oxidization of acetate carried out by 

Geobacter sulferreducens. Putative short chain fatty acid utilizing facultative denitrifying bacteria were 

abundantly detected in the low-current rhizosphere MFCs, and were speculated therefore as major 

competitors of EAB for electron donors. They were of Rhodocyclacea and Commamonodacea families. 

Acetate consuming methanogens were lower in high current MFCs, suggesting that EAB outcompete 

methanogens under conditions where anodes efficiently work as electron acceptors. These findings 

were also reviewed and explained by Watanabe and the group (2014), on recent advances and 

perspectives in rhizosphere microbial fuel cell. Arends et al., 2014 also studied greenhouse gas 

emissions from rice microcosms amended with a plant microbial fuel cell. Also, in accordance with 

Bond and Lovley (2003), when the current consuming bacteria outcompete the current producing 

bacteria closer to the anode, a less current output (voltage output) was probable with a paddy field-MFC. 

Thus, our current studies are based on a hypothesis that electrogenically active bacteria could possibly 

outcompete the denitrifying bacteria in the rice soil systems. Especially, the electrogenically active 

bacteria could be rhizosphere-associated, due to the high availability of organic substances with its root 

exudates in the rhizosphere. Electrons released throughout the metabolic activities of these microbes, 

could yield a better MFC performance as well. Plant/microbe cooperation for electricity generation in 

a rice paddy field was studied by Kaku et al. (2008) while, MFC generating electricity from rhizo-

deposits of rice plants was studied by Verstrate and the group (2008) also. Other than the purpose of 

harnessing electricity from MFC, we investigate on the applicability of paddy field MFC as a remedy 
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for controlling denitrification in flooded rice fields based on the soil redox changes that can be invoked 

by MFC.  

Electrons are proposed to transfer via conductive nanowires (or structures called pili) in a long ranged 

electron transfer mechanism when biofilms are furthest from electrodes whereas the electrons transfer 

via membrane bound cytochromes when biofilms are closer to the electrodes as shown by Ashley et al. 

(2010). MFC engineering approaches of microbe - electrode conversion of organic matter to electricity 

and that of direct electron transfer from electrodes to microbes are also discussed by Lovley (2006), 

Lovley (2008), Lovley (2011). Also, Lovley and Nevin (2011) described new applications and concepts 

for microbe - electrode electron exchange to the Current Opinion in Biotechnology. However, beyond 

the main purpose of harnessing electricity, applications of MFC could be considered as a technical 

approach of controlling denitrification in rice soils, yet the theory warrants future research insight for a 

field scale development. 
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3.1 Introduction 

Denitrification, which converts soil nitrogen to nitrogen gas, involves a great loss of nitrogen 

fertilizer. Controlling the denitrification rate could help reduce the losses of applied nitrogen fertilizer 

in fields. The applicability of microbial fuel cells for controlling denitrification in flooded rice soils was 

investigated based on MFC theory coupled with redox changes. Because the soil about 10–20 cm 

beneath water and the soil near the water surface are anaerobic and aerobic, respectively, potential 

gradients could be generated between them, upon connecting them through insulated wires. Electrons 

released through the oxidation of organic matter during microbial metabolism can be utilized by this 

set-up, generating electricity. This can reduce the availability of electrons for reductive half-reactions 

of nitrate, to suppress denitrification. We studied the nitrogen behavior in soil using a planting pot with 

gas chamber experiment under three conditions: MFC systems, MFC systems with an externally applied 

voltage, and non-MFC systems as a control. The MFC systems with an externally applied voltage were 

aimed at increasing the efficiency of MFCs because it was expected that the rapid movement of 

electrons towards the anodic area would be enhanced by the externally applied voltage. In the rest of 

this article, we refer to the MFC systems as MFCs, MFC systems with an externally applied voltage as 

MFC-extVs, and non-MFC systems as non-MFCs. 

 

3.2 Materials and methods 

3.2.1 Design of planting pots and gas chamber experiments 

An external voltage maintained at 25–50 mV was applied by a voltage stabilizer (AD-8735A; AND 

Company Ltd.) throughout rice growth. The experimental period included the entire period of rice 

growth after transplantation. Soil redox potential, N2O gas flux, C/N ratio of soil, and NH4
+, NO2

−, and 

NO3
− concentrations in soil pore water were periodically measured. Based on these measurements, the 

nitrogen retention efficiencies and denitrification loss rates were calculated and compared among these 

systems. 
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Figure 3.1 Design of gas chamber and planting pot. Headspace is defined as the height of the 

chamber plus the distance between flooded water surface and the top of the pot. 

 

The designs of the planting pot and the gas chamber are shown in Figure 3.1. For soil particle and 

pore water samplings, each planting pot had three holes (diameter of 2 cm) closed by rubber stoppers. 

In addition, each planting pot had a hole at the bottom, to inject acetylene gas in order to inhibit the 

reaction of nitrous oxide reductase enzymes, which further converts N2O to N2. A circular tube, which 

had holes in it at equal distances of 2.5 cm from each other, was fit snugly into the bottom hole and then 

inserted into soil. Because this tube was connected to a three-way stopcock, gas could be distributed at 
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equal pressure in each pot. Gas flow pressure at the outflow valve was adjusted to 1.2 MPa. Each gas 

chamber also had three holes (diameter of 2 cm) closed by a butyl rubber septum for gas sampling.  

 

Table 3.1: Basic soil physical properties  

 
 

The soil for the experiment was collected from the experimental paddy fields of the Field Science 

Center of Gifu University. Some of the soil was used for determination of its physical properties (table 

3.1), while the rest was filled into pots. Except for in the non-MFCs, for an anode, a carbon graphite-

felt mat (S-221; Osaka Gas Chemicals Co., Ltd.) of 20 × 20 × 0.5 cm was introduced 10 cm below the 

soil surface. As a cathode, a graphite rod (C-072591; Nilaco Corporation) with a length of 10 cm and 

diameter of 0.5 cm was kept floating on the flooded water in contact with air. The anode and cathode 

were linked through insulated wires externally connected with a resister of 330 Ω.  

As a basal application, ammonium-based chemical fertilizer (NH4)2SO4 was initially applied at a rate 

of 30 kg Nha−1. One day after the application of fertilizer, two rice seedlings (aged 3 weeks) were 

transplanted into each pot on June 15th, 2016. Then, soil was kept flooded at a depth of approximately 

5 cm by an automatic water supply system. Rice growth can be divided into three stages: vegetative, 

reproductive, and maturation. June 24 was considered as the start of the vegetative stage with the 

tillering of rice plants. Panicle forming of rice plants first visibly started on July 16, which was 

considered as the start of the reproductive stage. Heading time started on August 16, which was 

considered as the start of the maturation stage. 

 

3.2.2 Gas sampling and measurements 

Applying a closed chamber method, gas was sampled biweekly and N2O concentration was measured 

by gas chromatography (GC-2014 equipped with an ECD detector; Shimadzu Co., Ltd.). Using an 

injecting syringe in each sampling hole of the chamber, gas was sampled at 11 a.m., 1 p.m., and 3 p.m. 

at each gas sampling event. The reason why N2O concentration was measured is that the measurement 

Bulk density (g/cm3) Dry density (g/cm3) Soil porosity (%) Soil water content (%)

1.04 0.82 60.7 27
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of N2 emissions is impossible due to the high atmospheric background level of 78% (Groffman and 

Robertson, 2015). To quantify the rates of denitrification by microbial processes accurately, reduction 

of N2O gas into N2 should be prevented. Thus, the acetylene inhibition method was applied (Iida et al., 

2007). Forty minutes before the start of gas sampling, acetylene gas was injected for 1 min, to achieve 

a state of equilibrium between the soil and the chamber headspace. Iida et al. (2007) proposed that the 

amount of acetylene in the headspace needs to be higher than 0.1% to ensure that microbial enzymes 

related to N2O reduction to N2 are inhibited. According to this standard, the acetylene concentration in 

the headspace was checked by tube-type gas detectors (GV100S; GASTEC Co., Ltd.) before starting 

the sampling and at the last sampling. Before each gas sampling event, a small fan fixed on the top 

corner of the chamber was operated for 30 s to ensure the homogeneity of the air inside the chamber. 

The conditions of gas chromatography were as follows: oven temperature: 60°C, detector temperature: 

340 ̊C, and carrier gas: argon + methane (5%). The unit of concentration was converted from volumetric 

concentration to mass concentration using the ideal gas law, considering headspace temperature and 

assuming gas pressure of 101,325 Nm−2. Then, flux was calculated using the following equation. 

 

 t
Vmh

tV
m

A
V

tA
mF /

       (3) 

 

Here, F is N2O flux (μg m−2 min−1), Δt: measured time (min),  m: mass change of the N2O gas during 

Δt, A: surface area of the chamber (m2), V: volume of headspace (m3), and h: effective height of 

headspace (m). Here, the headspace is defined as the height of the chamber plus the distance between 

the flooded water surface and the top of the pot (Figure 3.1). 

 

3.2.3 Redox potential and chemical measurement 

Redox potential was measured by Eh meters (PRN-41; Fujiwara Factory Co., Ltd.). These meters 

consist of counter electrodes made of Pt coated by glass tubes, and reference electrodes made of AgCl 

with saturated KCl internal solution. While reference electrodes were put near the soil surface, counter 

electrodes were installed at a depth of 20 cm, just near the anode, and continuously measured Eh at 1-
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h intervals. The voltage difference generated by the MFCs and the soil temperature (at 10 cm below the 

soil surface) and the temperature inside the chamber were recorded on a data logger (CR-1000; 

Campbell Scientific Inc.) at 10-min intervals.  

Soil pore water was sampled on June 24 (the start of the vegetative stage), July 22 (the start of the 

reproductive stage), and August 9 (the start of the maturation stage), using pore water samplers 

(RHIZON MOM 10 cm; Rhizosphere research products, www.rhizosphere.com). Sampling depths were 

10, 20, and 30 cm from the soil surface. Upon filtering through membrane filter units of 0.45-μm pore 

size (03CP045AN; ADVANTEC) and then through membrane filters of 0.45-μm pore size 

(A045A047A; ADVANTEC), NH4
+, NO2

−, and NO3
− concentrations of filtrates were identified by ion 

chromatography (ICA-2000; TOA-DKK Co., Ltd.). The eluents of ion chromatography were 1.8 mM 

Na2CO3 and 1.7 mM NaCO3 for anions and 6 mM methanesulfonic acid for cations.  

Total carbon and total nitrogen contents in soil particles were measured by a CHNO elemental analyzer 

(JM10 micro-corder; J-SCIENCE LAB Co., Ltd.). Soil sampling was carried out at the same time as 

gas sampling and pore water sampling, so that the soil environment would not be repeatedly disturbed. 

Sampled soil was air-dried for 48 h and sieved by a 2-mm sieve. 

 

3.3 Data analysis 

3.3.1 Data treatment and statistical analysis 

After initiating the experiment, MFC output was not stabilized for some period. Thus, the data 

obtained after June 23 were utilized for analysis. In addition, the redox potential showed periodical 

drops due to acetylene injection during the gas sampling events. Thus, redox potential data during the 

gas measuring events were excluded from the analysis. Using daily average redox potential and N2O 

flux, we compared the difference between the treatments. In addition, by conducting statistical analysis 

such as one-way ANOVA and multiple comparison, differences between treatments were statistically 

examined. All statistical analyses described in this article were performed using IBM SPSS Statistics 

version 24.   
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3.3.2 C/N ratio 

The examination of redox potential and N2O flux might provide useful information on the effects of 

MFCs and MFC-extV. In addition, as for supportive data, we also examined the C/N ratio of soil 

particles. Because the availability of electron donors plays an important role in denitrification, the C/N 

ratio can be used as a kind of index of denitrification activity. This means that a low C/N ratio limits 

the electron supply for reductive half-reactions, thereby leading to the accumulation of denitrification 

intermediates, NO2
−, NO, and N2O (Krishna Mohan et al., 2016). 

 

3.3.3 Nitrogen retention and denitrification 

Based on the observations of low NH4
+ - nitrogen ions in soil particles in random samples (of soil 

solutions with a 1:2 ratio), NH4
+ - nitrogen retention in soil particles was considered negligible. In 

addition, we assume that N mineralization and immobilization are slower in flooded conditions due to 

the low oxygen levels, compared with those in upland soils (Ishii et al., 2011). Therefore, the 

contributions of mineralization and immobilization to the N budget are considered negligible. By 

calculating the mass change of inorganic nitrogen in the soil pore water, the net change of inorganic 

nitrogen can be estimated. Because soil sampling depths are 10, 20, and 30 cm, we divided the pot into 

three layers with heights of 15, 10, and 15 cm, respectively, as shown in Figure 3.2. It could be 

considered that the whole soil pore spaces were fully saturated over the period, since the soils were 

continuously flooded. Thus, we can use soil porosity to calculate the volumetric water content of each 

layer. Then, if the amounts of inorganic nitrogen in the forms of NH4
+, NO2

−, and NO3
− of each layer 

are summed up, we can obtain the total inorganic nitrogen amount of soil pore water by using the 

following equation (4). 

3

1
,

i
iiiN VCTN

(i=1, 2, 3)      (4) 

 

Here, TN is total inorganic nitrogen amount (mg), i: index representing the layer number, CN,i: total 

inorganic nitrogen concentration at the ith layer (mg l−1), Vi: soil volume of the ith layer, and Ɵi: soil 

porosity of the ith layer. 
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Figure 3.2 Sketch of soil depth profiles used for inorganic N calculations 

 

Then, inorganic nitrogen retention efficiencies defined as the ratio of TN of each growth stage to the 

initially applied amount of nitrogen fertilizer were calculated. At the same time, measured N2O flux can 

be used to estimate the denitrification rate of each system. The average rate of nitrogen flux of each rice 

growth stage was used to estimate the total denitrified nitrogen loss in relation to the specific growth 

stage using the following equation. 

 

 stagegrowthstagegrowthfluxstagegrowth dANDN    1440
    (5) 

 

Here, DN (growth stage) is denitrified nitrogen amount in each growth stage (mg), Nflux (growth stage): average 

nitrogen flux in each growth stage (μg m−2 min−1), A: surface area (m2), and d (growth stage): number of 

days of each growth stage. By summing up the losses of each growth stage, total denitrified nitrogen as 

a percentage of initially applied nitrogen amount was estimated for each system. 

 

 

V1 CN,1

    TN1 

V2 CN,2 

 TN2

V3 CN,3 

TN3
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3.4 Results and discussion 

3.4.1 Redox potential and N2O flux 

Time series of the daily average redox potential of each treatment are shown in Figure 3.3. Both 

MFC and MFC-extV treatments showed significantly higher redox potentials than that of non-MFCs 

according to the multiple comparison of Turkey HSD tests s after one-way ANOVA (Figure 3.4). 

During the reproductive stage, there were distinct differences between MFCs and non-MFCs. However, 

during the maturation stage, redox potential reached between −180 and −200 mV in each system, and 

showed similar values irrespective of the MFC effects. Electrode malfunction might be one reason for 

this. Another possible explanation is the maturation of rice plants, at which stage the exudation of 

organic acids from the rhizosphere might be limited. Quantitative and qualitative differences in the 

exudation of organic substrates from rice roots would have affected the MFC performance, which was 

also discussed by Kaku et al. (2008). In fact, according to Aulakh et al. (2001), root exudation rates 

generally increase with seedling to panicle initiation or flowering, but decrease at maturity. We thus 

speculated that the reproductive stage of rice could facilitate root exudation. Therefore, with the high 

availability of electrons provided by root exudates (i.e., organic acids), the performance of MFC could 

be higher, with the circulation of more electrons released with the consumption of organic exudates due 

to microbial metabolism. This in turn could have a greater effect on controlling the soil redox status 

during the reproductive stage of rice.  

N2O flux over the experimental period with each treatment is shown in Figure 3.5. Again, one-way 

ANOVA on N2O flux data showed a significant difference between each treatment at the 5% 

significance level. A Tukey HSD multiple comparison test was applied to compare treatments, the 

results of which are shown in Figure 3.6. While N2O flux showed a significant difference between 

MFCs and non-MFCs, there was no statistically significant difference between MFCs and MFC-extV.  
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Figure 3.3 Soil redox pattern over the experimental period 

 

 

 
Figure 3.4 Results of multiple comparison of redox potential. Mean ± S.D. redox potential of soils in 

three different treatments are shown. Results of Tukey test are shown as letters below the columns, in 

that there are significant differences in the means of columns not sharing the same letter. 
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Figure 3.5 N2O flux over the experimental period. Mean flux for each treatment measured over the 

whole period is shown. Bars represent standard deviation of the mean. 

  
 

 
Figure 3.6 Results of multiple comparison of N2O flux. Mean ± S.D. N2O flux of soils in three 

different treatments are shown. Results of Tukey test are shown as letters below the columns, in that 

there are significant differences in the means of columns not sharing the same letter. 
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Both mean N2O flux and average redox potential with respect to each growth stage are shown in 

Figure 3.7. There was a common trend of N2O flux in all treatments, namely, a decrease from the start 

to the end of rice growth. However, N2O flux of non-MFCs was significantly higher than those of MFCs 

and MFC-extV throughout all stages. While N2O flux rates of non-MFCs were 0.078, 0.044, and 0.025 

μg/m2/min in the vegetative stage, reproductive stage, and maturation stage, respectively, those for 

MFCs and MFC-extV were as follows: for MFCs, 0.045, 0.017, and 0.002 μg/m2/min, and for MFC-

extV, 0.052, 0.029, and 0.014 μg/m2/min.  

 

 
Figure 3.7 Overlay of average N2O flux rates and soil redox potentials with treatments. 

 

If we consider the redox potentials, in all treatments, they also showed a decreasing trend from the 

start to the end of rice growth. However, this decreasing trend was much more pronounced in non-

MFCs. In addition, soil redox status in non-MFCs was far more reducing throughout all growth stages, 

namely, −164 mV, −183 mV, and −192 mV in the vegetative stage, reproductive stage, and maturation 

stage, respectively. By contrast, the redox conditions of MFCs and MFC-extV were as follows: for 

MFCs, −151 mV, −165 mV, and −179 mV, and for MFC-extV, −148 mV, −163 mV, and −175 mV, 

respectively.  

Overall, these findings can be interpreted as follows. As a consequence of relatively high redox 

potential in MFCs and MFC-extV, denitrification processes are suppressed, and as a result N2O flux is 
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also suppressed. This indicates that MFC systems have the potential to control the denitrification 

process.  

 

3.4.2 C/N ratios in soil 

The C/N ratios are shown in Figure 3.8. These ratios showed a tendency to increase over the growth 

period, irrespective of the treatment applied. Specifically, the MFCs were associated with lower C/N 

ratios than the non-MFCs during the reproductive stage and maturation stage. This implies that the 

availability of electrons for denitrifying half-reactions in the MFCs might have been limited, whereas 

the availability of electrons for denitrifying redox reactions in the non-MFCs was much higher. With 

regard to non-MFCs, while the C/N ratio in MFC-extV had an increasing trend over time, it was slightly 

higher than that of non-MFCs on August 9th. 

 

 
Figure 3.8 Behavior of total C/N ratio in soil. Mean C/N ratios for each treatment over the start of the 

rice growth stages are shown. Bars represent standard dev. of the mean. 
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3.4.3 Inorganic nitrogen profile 

Inorganic nitrogen (NH4
+, NO2

−, NO3
−) profiles for each treatment at the three different times are 

shown in Figure 3.9. 

 

Figure 3.9 NO2
−, NO3

−, and NH4
+ ion concentrations in soil pore water sampled 

at three different soil depths 
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Most of the inorganic nitrogen was localized in the upper soils at depths of 10 cm and 20 cm. NH4
+ 

concentration at a depth of 10 cm was the highest at the start of the vegetative stage (June 24) in all 

treatments with the addition of fertilizer, but the size of the decrease was much larger in non-MFCs at 

the start of the maturation stage (Aug 9). While NH4
+ concentration at a depth of 30 cm showed no 

significant difference among the treatments, especially the NH4
+ concentration of MFCs at a depth of 

20 cm was clearly higher throughout the growth stages.  

In all three systems, relatively high NO2
− concentrations appeared for a short time during the start of 

the reproductive stage. In general, for all three systems, this might have been attributable to the 

nitrification reactions by nitrifiers under aerobic conditions provided with fertilizer with high levels of 

nitrogen at the beginning of this experiment.  This is referred to as a “nitrifier-denitrification” reaction 

because it is a nitrification pathway involving the oxidation of NH3 to NO2
−, followed by the reduction 

of NO2
− to N2O and N2 (Wrage et al., 2001). 

Accordingly, subsequent reductions can be expected due to the formation of these NO2
− ions first and 

then their conversion into NO3
− ions. However, it is expected that reductions are controlled in MFC 

systems. According to Figure 3.9, NO2
− and NO3

− ions were rarely present in non-MFCs during the 

start of the reproductive stage, suggesting that more denitrification reactions were likely with non-MFCs. 

Specifically, during the start of the reproductive stage, in both MFCs and MFC-extV, NO2
− 

concentrations were higher than those of non-MFCs. This implies that denitrifying conditions had not 

occurred much in both MFC systems at this stage. However, towards the maturation stage, NO3
− 

concentrations were lower in non-MFCs than in MFCs, implying that denitrification reactions are more 

likely to occur in non-MFCs than in MFCs. At the same time, these results are compatible with the N2O 

flux changes in MFCs and non-MFCs, especially with the clear difference between them through the 

maturation stage (Figure 3.5).  
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3.4.4 Nitrogen retention and denitrification 

The total amount of inorganic nitrogen in all soil pore water at the start of each growth stage is shown 

in Figure 3.10. During each stage, total inorganic nitrogen in MFCs was higher than that in non-MFCs. 

Interestingly, the availability of inorganic nitrogen was specifically higher in MFCs and MFC-extV 

during the start of the reproductive stage than at other stages.  

 
Figure 3.10 Total inorganic N variation in soil pore water  

 

According to equation (4), the nitrogen retention efficiencies for MFCs, MFC-extV, and non-MFCs 

relative to the start of the reproductive stage were 98.8%, 84.2%, and 50.5%, respectively. By the start 

of the maturation stage, nitrogen retention efficiencies were 34.9%, 34.9%, and 19.9% with each system, 

respectively. This could be explained by the fact that the retention efficiencies decrease during the 

period of growth, with a diminishing source of nitrogen, and also with nitrogen utilization by plants. 

Accordingly, both MFC conditions showed relatively high efficiencies, especially at the reproductive 

stage of rice growth, as shown in Table 3.2. 

Total denitrified N losses as calculated by equation (5) are also shown in Table 3.2. Total denitrified 

N levels by the end of the maturation stage of rice estimated for the systems of MFCs, MFC-extV, and 

non-MFCs were 2.8%, 4.0%, and 6.1%, respectively. Accordingly, both MFCs and MFC-extV showed 

lower denitrification N losses than non-MFCs.  
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Table 3.2 Inorganic nitrogen retention efficiencies and denitrification rates 

 
 

3.4.5 Reasons for lower denitrification rates 

In other studies (Groffman et al., 1995; Pathak et al., 2007), the denitrification rate from paddy soils 

was estimated to be in the range of 10%–50%. Thus, the results of our study show a comparatively low 

rate, although there was a significant difference in denitrification rate between MFCs and non-MFCs. 

Two possible reasons for this are as follows. 

While our desired inhibition by the acetylene inhibition method involves the suppression of nitrous 

oxide reductases that further reduce N2O into N2 gas, acetylene gas also inhibits the production of NO3
− 

via nitrification (Mosier, 1980; Groffman et al., 1995). This is undesirable for a denitrification study 

with NH4
+ fertilizer because NH4

+ ions could not be denitrified unless nitrification occurs first. 

Therefore, there is a possibility that a significant proportion of NH4
+ ions were not converted to nitrate, 

which led to underestimation of the overall denitrification rate.  

Another possible reason is that the amount of N2O gas emitted into the air from flooded rice soils 

could decrease due to the amount of it dissolved in the flooded water layer. As we sometimes observed 

negative N2O flux, as shown in Figure 3.5, this could be another reason for the lower denitrification 

rates.  

 

 

 

Rice growth stage
TN retention 
efficiency (%) N2O flux ( g/m2/min) Denitrified N (%)

vegetative 56.3 0.045
reproductive 98.8 0.017 2.8
maturation 34.9 0.002
vegetative 56.9 0.052

reproductive 84.2 0.029 4
maturation 34.9 0.014
vegetative 40.2 0.078

reproductive 50.5 0.044 6.1
maturation 19.9 0.025

MFCs

MFC-extV

non-MFCs
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3.5 Conclusion 

We attempted to confirm the applicability of MFC theory for suppressing denitrification in soils. 

From the nitrogen behavior studies in soils of planting pot with chamber experiments, we obtained the 

result that N2O flux levels of MFCs and MFC-extV were significantly lower than that of non-MFCs. 

Both redox potential trends and the C/N ratio in MFCs and MFC-extV were also consistent with this 

result. More specifically, the results showed that the effect of MFC could be better utilized in the 

reproductive stage. This period is the most critical stage throughout rice growth because better 

availability of nitrogen is required during this period. However, whether the external application of 

voltage has distinct effects on redox potential and N2O flux rate was not clarified. This might be 

attributable to the design of the anode. Therefore, additional consideration of anode design should be 

performed to cover the effect of external voltage through the soil.  

During the initial stage of this experiment, the effect of MFC was not clear. This may have been 

attributable to the overlap of several mineral nitrogen transformations at this stage, including the 

autotrophic nitrification process, irrespective of MFC application. NH4
+ - nitrogen, the form of nitrogen 

usually applied as fertilizer, is first converted to NO2
− and then to NO3

− under aerobic conditions. 

However, these nitrification reactions might be partially blocked by frequent acetylene injections, which 

corresponded to the underestimation of denitrification rates in all systems. Nonetheless, total inorganic 

nitrogen retention efficiencies in soil pore water suggested that best retention occurred in the 

reproductive stage of rice growth with MFC systems. The total denitrified nitrogen percentage by the 

end of the maturation stage suggested that the denitrification reaction was controlled in the MFC 

systems. In conclusion, we confirmed the applicability of MFC to control soil redox potential and 

thereby suppress denitrification, namely, nitrogen losses, in flooded rice fields. This approach could 

also lower greenhouse gas (N2O) emissions. Further studies are required to assess denitrifying 

conditions by monitoring the activity of denitrifying microbes and their population shifts associated 

with MFC treatments.  
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CHAPTER 4 

SOIL REDOX DISTRIBUTION PATTERN IN RICE SOIL PROFILES WITH MICROBIAL FUEL CELL PLUS 

EXTERNAL VOLTAGE APPLIED 
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4.1 Introduction 

External voltage was applied in the aim of increasing microbial fuel cell efficiencies, for the better 

control of soil redox potential. An externally applied voltage, ranged at 25-50 mV, was aimed at 

conveying more electrons towards the anodic area for the efficiency of MFC. Therefore, the 

denitrification rates were expected to be lower, compared to that of MFCs. However, the redox 

controlling potentials and denitrification controlling potentials of MFC-extV systems were lower than 

that of microbial fuel cell systems. Therefore, in this study, soil redox distributions at three depth 

profiles over the period were compared in both systems and controls. It was hypothesized that the redox 

distribution patterns with external voltage applications were not effected through whole soils, but were 

effected locally at the points of MFC anodes where they were connected through external voltage. In 

this study, we investigate the effect of external voltage applied to MFCs on redox distributions at 

different soil depth profiles.  

4.2 Materials and Methods 

4.2.1 Design of the experiment  

For studying the Eh - depth profiles of soils, pot experiment was conducted under the three 

conditions: MFC systems, MFC systems with an externally applied voltage, and non-MFC systems as 

a control. All the soil systems monitored were not plant-assisted in this experiment. The design of the 

soil Eh-depth profile study with potted soil is shown in figure 4.1. Redox potential was measured by 

Redox (Eh) meters (PRN-41; Fujiwara Factory Co., Ltd.). Eh meters consist of counter electrodes made 

of Pt coated by glass tubes, and reference electrodes made of AgCl with saturated KCl internal solution. 

While reference electrodes were put near the soil surface, counter electrodes were installed at the center, 

and at both sides 5 cm away from the center at each soil depth levels of 10 cm, 20 cm and 30 cm from 

the surface soil. Eh was continuously measured at 2 days’ intervals. The voltage difference generated 

by the MFCs and the soil temperature (at 10 cm below the soil surface) were recorded on a data logger 

(CR-1000; Campbell Scientific Inc.) at 10-min intervals.  
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The soil for the experiment was collected from the experimental paddy fields of the Field Science 

Center of Gifu University and was filled into pots. Except for in the non-MFCs, for an anode, a carbon 

graphite-felt mat (S-221; Osaka Gas Chemicals Co., Ltd.) of 20 × 20 × 0.5 cm was introduced 20 cm 

below the soil surface. As a cathode, a graphite rod (C-072591; Nilaco Corporation) with a length of 10 

cm and diameter of 0.5 cm was kept floating on the flooded water in contact with air. The anode and 

cathode were linked through insulated wires externally connected with a resister of 330 Ω.  After the 

MFC configurations, soil was kept flooded at a depth of approximately 5 cm by an automatic water 

supply system throughout the experiment. For the systems of MFC-extV, an external voltage 

maintained at 25–50 mV was applied to the MFC circuit by a voltage stabilizer (AD-8735A; AND 

Company Ltd.) throughout the period of measurements. 

 
Figure 4.1: Design of the soil Eh-depth profile study with MFC 
treatments and controls 
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4.2.2 Data analysis 

Eh distribution patterns in soils between the treatments were compared with depths and submerged 

periods. In addition, N2O flux rates of the primary study is shown as supportive data, as for the basis of 

current study. All statistical analyses described in this article were performed using IBM SPSS Statistics 

version 24. 

4.3 Results and Discussion 

4.3.1 Eh distributions with time and soil depth  

Soil Eh distributions at depth profiles with period of submergence is shown for each treatment by 

figure 4.2.  The soils at 10 cm and 20 cm were comparatively of higher Eh values than that of 30 cm, 

especially with MFCs and are followed by MFC-extV. Non-MFCs didn’t show much variations

between oxidizing and reducing conditions with depth profiles, proving that more frequently they had 

reducing conditions. MFC-extV showed much variations of Eh with time and depths. 

Univariate analysis of Variance was conducted for studying the variations of Eh between treatments 

and soil depth profiles. The soil redox data has significant difference with treatments as well as depth 

profiles, and also there are significant interaction effects between depths and treatments, at p=0.05 level. 

However, MFC-extV treatment is less influencing on controlling redox potentials of soils, unlike that 

is of MFCs. Further, the redox distribution profiles were compared with relative to soil portions 

(denoted as middle, left and right) at each depth, especially with MFCs and MFC-extV treatments as 

shown in Figure 4.3. External voltage applied soil portions showed Eh changes in an alternative pattern 

in soils between and near electrodes. Adjacent soil portions had opposite charges even at the same depth 

profiles which could be denoted as + ∆ Eh and –∆ Eh. At 10 cm depths, right side soil portion was 

positively charged frequently, while at 30 cm depth, left side portion was positively charged. Middle 

soil portions at all 3 depths, which were negatively charged frequently, were held by the attractions of 

those positively charged soil particles on its adjacent sides. However, it is not certain of reasons for 

such random distributions, the differently charged particles could be due to the electrolysis chemical 

reactions in the soils occurred non-spontaneously due to the DC supply of voltage. Other than microbial 
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fuel cell, the systems with external voltage, could partially performed as an electrolytic cell, causing 

non-spontaneous reducing reactions. 

Therefore, negatively charged soil zones could have formed randomly as a result of the external 

voltage applied. These reducing reactions would be causative of not more electrons being transferred 

to the anode from the whole soil.  

 
 
 

Figure 4.2: Soil Eh - depth profiles with period of submergence. Mean ±SD of Eh over the whole 
period are: 

MFCs (52 ± 46), MFC-extV (-81 ± 97) at 10 cm. 
MFCs (39 ± 82), MFC-extV (-64 ± 85) at 20 cm 

MFCs (-39 ± 100), MFC-extV (-47 ± 143) at 30 cm   
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Also, distribution of the voltage gradients in the soil between the two electrodes might have complex 

patterns. The voltage gradients may vary from point to point between the two electrodes, and are not 

evenly distributed. They should be steep near the anodes, and spread-out in the middle between them. 

Near the electrodes where the current enters or leaves the soil could have voltage gradients become 

stronger. In the other area between the two electrodes, the current becomes diffused to result the voltage 

gradients also be diffused. Thus, the transfer of electrons towards the anode for current generation was 

not totally covered by whole soil, but that was limited near the area of anode.  

It is clear that the externally applied voltage was not in help with the efficiency of MFC-extV 

treatments, due to the voltage gradients and formation of soil zones that held together by electric charges. 

Thus, soil zoning could also be a barrier for free movement of electrons to the anode. Overall, effects 

of MFC-extV treatments on soil redox control were lower compared to that of MFCs treatments, but 

were higher compared to that of non-MFCs. 

 
 

Figure 4.3: Soil Eh distributions with depth layers  
(Eh measured at left, middle and right side portions of each depth level)  
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4.3.2 N2O flux with MFC applied soils 

The time series of N2O flux of each treatment is shown in Figure 3.5 in chapter 3. Both MFC and 

MFC-extV treatments showed lower flux rates than that of non-MFCs. While N2O flux showed a 

significant difference between MFCs and non-MFCs, there was no statistically significant difference 

between MFCs and MFC-extV. This was in accordance with multiple comparisons as shown in figure 

3.6 in chapter 3. As a consequence of relatively high redox potential in MFCs and MFC-extV, 

denitrification processes were suppressed, and as a result N2O flux was also suppressed. From the 

experiment data of primary study, we investigated that MFC systems have the potential to control the 

denitrification process. But, it was not clear how externally applied voltage effected on its efficiency.  

4.4 Conclusion 

MFCs treatments had Eh controlling effects both spatially and temporary. But, with that of MFC-

extVs treatments, Eh controlling was not much effective as of MFCs. One possible reason could be due 

to the formation of charged soil zones that held adjacently together by their net electric charges. These 

random effects could resulted through electrolysis chemical reactions, most of which are non-

spontaneous reducing reactions in soils due to the externally applied DC voltage. The other reason could 

be due to the formation of voltage gradients, steeper at the electrodes and diffused away from them. 

Thus, most electrons in whole soils of MFC-extV treatments were not transferred freely to the anode, 

but were from near anode area where the external voltage was connected through. As a consequence of 

relatively high redox potential in MFCs treatments, denitrification processes were suppressed, and as a 

result N2O flux was also suppressed, compared to that of MFC-extV treatments. 
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CHAPTER 5 

QUANTIFICATION OF DENITRIFYING BACTERIA WITH RESPONSE TO MICROBIAL FUEL CELL 

APPLICATIONS IN PADDY SOILS 
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5.1 Introduction 

A quantification study of denitrifying bacteria was conducted for further understanding of 

denitrification rates with respect to MFC treatments and controls. The study was also based on our 

primary study of nitrogen behaviour in flooded rice soils, under three conditions: MFC systems, 

MFC systems with an externally applied voltage, and non-MFC systems as controls. The MFC 

systems with an externally applied voltage in the previous study were aimed at increasing the 

efficiency of MFCs, expectedly with a rapid conveying of electrons towards the anodic area. In the 

rest of this article, we refer to the MFC systems as MFCs, MFC systems with an externally applied 

voltage as MFC-extV, and non-MFC systems as non-MFCs. The aim of this study is to compare the 

amounts of denitrifying bacteria in MFC applied rice soils and controls with relative to one of their 

respective nitrite reductase genes - nirS. 

5.2 Material and methods 

5.2.1 Soil DNA extractions 

Soil microbial DNA was extracted from 0.25 g of soil, by using Power soil® DNA isolation kit 

(MO BIO laboratories, Inc.) according to the manufacturer’s instructions. The extracts were stored 

at -21 °C until analysis by polymerase chain reaction (PCR). For each treatment, three replicates 

were analyzed at a time.  

5.2.2 PCR amplification  

Primers used for amplification of nirS target gene fragment are nirS4F (5’ TTC RTC AAG ACS 

CAY CCG AA 3’) and nirS6R (5’ CGT TGA ACT TRC CGG T 3’) according to Throback et al 

(2004). PCR was conducted to amplify nirS gene which produces the desired fragment of 336 bp 

approximately. PCR amplification was performed in a total volume of 25 μl containing, 2.5 μl of 

10x PCR buffer (Mg2+ free, Takara), 15 mM MgCl2, 200 μM of deoxy nucleotide triphosphate 

(DNTP), 1.25 U of Taq polymerase (Takara), 1 μM of each primer. Reaction conditions used for 

amplification are with an initial denaturation of the DNA at 94 °C for 2 min, followed by 35 cycles 

of at 94 °C for 30 s, at 57°C for 1 min and at 72°C for 1 min. The reaction was completed at 72°C 
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after 10 min. The reaction mixtures were place in a mini-cycler (LifePro, Bioer Technology Co.,Ltd) 

for amplification. The size of PCR products obtained from nirS gene amplifications were confirmed 

by 2% agarose gel run at 100 V for 23 minutes. Gel was stained with Ethidium Bromide for 20 

minutes and visualized by using the Gel Doc 2000 system (BIO-RAD, USA). 

5.2.3 Cloning, sequencing, Quantitative PCR Calibration curves 

Gel bands of the PCR amplicons of expected size were excised, visualizing through a benchtop 

UV transilluminator. Excised gel DNA was purified by using a gel extraction kit (QIAquick Gel 

extraction kit, Qiagen), after which they were ligated into pMD19-T cloning vector (Takara bio 

Inc.), and transformed into E-coli DH5α cells (Takara) by using the DNA ligation kit (Mighty 

Mix,Cat.#6023) according to the manufacturer’s instructions. Blue-white screening technique was 

used to identify colonies for subsequent analysis. By spreading 100 μl of the transformation culture 

on agar plates, containing solutions (filtered through 0.25 μm) of ampicillin (50 μg/ml), 100 μl of 

X-gal (20 mg/ml), and 100 μl of IPTG (100mM), and then incubated (Incubator IC600) overnight 

at 37 °C. Transformants appeared in white colonies, which indicated the insertion of the PCR 

product, were randomly collected and verified the presence of appropriate insert in the recombinant 

plasmids by performing a colony PCR. The primers used were the vector primers, M13 forward (5’ 

GTA AAA CGA CGG CCA G) and M14 Reverse (5’ CAG GAA ACA GCT ATG AC 3’). The 

reaction was totally in a 25 μl mixture, containing 2.5 μl of 10x Taq buffer,2μl of DNTP (2.5 mM), 

1μl each M13 primer (10μM), 0.125 μl of Ex-Taq polymerase(5U/μl), plasmid DNA 1μl(2̴0ng/μl) 

with remaining accounted by PCR-grade H2O 17.375μl. Thermal cycling conditions of the colony 

PCR were with an initial denaturation of the DNA at 94 °C for 2 min, followed by 30 cycles at 

94 °C for 30 s, at 50°C for 30 s and at 72°C for 30 s. The reaction was completed at 74°C after 8 

min. The sizes of colony PCR products were confirmed by 2% gel electrophoresis, and the 

remaining reaction mixture was purified by using ExoSAP –ITTM reagent according to the 

manufacturer’s instructions. Purified PCR product (9μl) with each nirS4F and nirS6R primers (1μl) 

separately was used as the template DNA of positive transformants which was sent to the Genomic 

Center of Gifu University for sequencing. The gene sequence was used for BLAST searches of the 
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GeneBank database. After this confirmation step, a single white colony containing recombinant 

plasmids was inoculated into 200 μl LB broth culture medium with ampicillin (50 μg/ml ), and 

incubated at 37 °C for an overnight. Recombinant plasmid DNA was extracted by using mini-prep 

kit (QIAprep miniprep, Qiagen) according to the manufacturer’s instructions. Concentrations of 

purified recombinant plasmid DNA was measured by using Quantifluor dsDNA system (Promega, 

USA). Standards were prepared with serial dilutions of plasmids containing between 108 and 102 

nirS copies, calculated per μl according to the equation (1) from the initial concentration of 

recombinant plasmids extracted. The known plasmid concentrations were plotted as the log of initial 

target DNA copy numbers versus threshold cycle (Ct) value. The amplification efficiency (E) was 

estimated using the slope of the standard curve. They were replicated for higher regression co-

efficient R2 value and amplification efficiency (E) exceeding 0.99. 

Copy number/μl  = (ng × 6.022 × 1023) / (length × 1 × 109 × 650)                 (1) 

Where 6.022×1023 = Avogadro’s number, average weight of one base pair = 650, and measured 

concentrations of initial plasmid DNA in ng per μl and total length of the recombinant plasmid gene 

(bp) can be substituted relevantly.  

5.2.4 Quantification by Real-time PCR  

Real-time PCR was performed using a Real-time PCR System (Thermal Cycler dice, TP800, 

Takara). Reaction was in a total volume of 25μl containing, 12.5 μl of SYBR Premix Ex Taq 

(Takara), 1μl of each primer nirS4F and nirS6F (10 μM) and 1μl of template DNA (DNA sample 

or cloned DNA for standard curves). Thermal cycles used for amplification are with an initial 

denaturation of the DNA at 94 °C for 2 min, followed by 35 cycles of 30 s at 94 °C, 1 min at 57°C 

and 1 min at 72°C. After each reaction was completed, a melting curve was generated to confirm 

the specificity of each PCR assay (95 °C for 15 s, 60 °C for 1 min and 95 °C for 15 s). All 

measurements were of three replicates.    
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5.3 Data analysis 

5.3.1 Statistical analysis 

Using daily averaged redox potential and N2O flux observed from primary study, difference 

between the treatments were compared. In addition, by conducting statistical analysis such as one-

way ANOVA and multiple comparison, differences between treatments were statistically examined 

for redox, N2O flux and nirS gene copy numbers. All statistical analyses described in this article 

were performed using IBM SPSS Statistics version 24.   

5.4 Results and Discussion 

5.4.1 Real-time PCR analysis of nirS genes in soil  

 

Figure 5.1 Mean± SD of nirS gene targeted cells with treatments and controls over the period. 

Error bars represent the Standard deviation. 

 

nirS gene was increased with all systems over the period, proving that denitrifying conditions 

prevailed over the time under the flooded conditions, but with different rates with treatments and 

controls. Mean nirS gene cell numbers were different with treatments and periods as shown by 

figure 5.1. In the sampling event of August, significant differences were found between MFCs and 
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non-MFCs (p=0.002). The greater abundance of nirS gene copy numbers related to non-MFC 

controls were during the end of the reproductive stage of rice. The significant difference (p < 0.05 

level) showed that MFCs treatments were of the lower denitrifying capabilities than that were of 

non-MFCs controls. The result implies that during vegetative and reproductive stages of rice, nirS 

gene was not much effectively controlled by MFCs. The higher nirS copy numbers in non-MFCs 

on 9th August coincide with its higher N2O flux and lower redox potentials as well, compared to that 

of MFCs. The trends further implies that MFCs and MFC-extV treatments had almost the same 

denitrifying capabilities, when they were compared to non-MFC treatments throughout the 

experimental period. However, nirS gene could only partially interpret the capability of 

denitrification. Also, robust patterns and conclusions could not be obtained from limiting to the 

analysis of nirS genes, whereas the other functional genes including nirK are also important to make 

a conclusion, since their functions are independent.     

Figure 5.2 shows the standard curve of log number of initial target gene copy numbers against 

the threshold cycle (Ct) value. Regression co-efficient (R2 value) and amplification efficiency (E) 

of the standard calibration curve were 0.999 and 105.9 respectively.  

Figure 5.3 shows the melting curve analysis of real-time PCR quantification analysis. Melting 

point analysis was by gradually increasing temperature from 60 to 95°C, continually measuring 

fluorescence for each sample.  
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Figure 5.2 Standard curve of nirS gene targeted cells. 

 

Figure 5.3 Dissociation curve of real-time PCR analysis 

5.4.2 Gas flux and Redox changes 

Overlay of mean N2O flux and redox potentials with relevant to the rice growth stages, shown by 

figure 3.7 in chapter 3 could be compared with trends of nirS gene copy numbers observed in June 

24th (start of vegetative stage), July 22nd (start of reproductive stage) and August 9th (start of 

maturation stage). MFCs and MFC-extV systems were not significantly differ with flux and redox 

conditions, but the significant differences were found between MFCs and non-MFC control systems 
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(one-way ANOVA with multiple comparisons of HSD Turkey test, p < 0.05). However, these 

significant differences were also shown to be at the end of reproductive stage through the start of 

maturation stage as shown by figure 3.5 in chapter 3. Simultaneously, the trends of denitrifying 

nirS genes copy numbers of treatments and controls are also consistent with that of soil redox 

potentials as shown by figure 3.3 in chapter 3. MFCs and MFC-extV treatments followed 

approximately the same trends of higher redox potentials, while non-MFC controls followed the 

lower redox potential trends. Therefore, observed trends of nirS gene copy numbers, N2O flux and 

redox potentials are consistent together with respective to each treatment and control systems. 

5.4.3 C/N ratios in soil 

C/N ratio is an important indicator of electron availability, and of denitrification potentials as 

well. Trends of C/N ratios in MFC treatments and controls are shown by figure 3.8 in chapter3. In 

terms of C/N ratio, we could not clearly elaborate the significant difference in nirS gene copy 

numbers related to 9th August between non-MFCs and MFCs. However, the trends of nirS gene 

copy numbers related to the samplings in June and July are supportive with C/N ratios trends 

relevantly.    

5.5 Conclusion 

Observed trends of nirS gene quantities, N2O flux and redox potentials are consistent together 

with respective to each treatment and control systems. The higher nirS gene quantities coincide with 

higher N2O flux and lower redox potentials of non-MFCs, compared to that of MFCs. The trends 

further implies that MFCs and MFC-extV treatments had almost the same denitrifying capabilities, 

when they were compared to that of non-MFC treatments throughout the experimental period.  The 

trends of nirS gene quantities related to the samplings in June and July were only supportive with 

C/N ratios trends relevantly. Through nirS gene analysis, the extent of denitrification could only 

partially be interpreted. However, robust patterns and conclusions could be obtained from the 

analysis of nirS genes with the other functional genes.  
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CHAPTER 6 

SUMMARY & CONCLUSIONS 
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6.1 Summary & Conclusions 

 We attempted to confirm the applicability of MFC theory for suppressing denitrification 

in flooded rice soils.  

 With relatively high redox potential in MFCs treatments, denitrification processes were 

comparatively suppressed. As a result, N2O flux was also suppressed in MFCs, 

compared to that of MFC-extV treatments and non-MFCs controls. 

 Trends of soil redox potential, nirS gene quantities and the C/N ratios in MFCs and 

MFC-extV systems were also consistent with this result.  

 Electrons mostly utilized by MFC-extV circulation is of near anode, but not equally 

from whole soils, which might be due to the voltage gradients and soil zoning with 

electrolysis reactions. Therefore, the MFCs plus external voltage had no additional 

controlling effect as expected. 

 Trends of nirS gene quantities further implies that MFCs and MFC-extV treatments had 

almost the same lower denitrifying capabilities, when they were compared to non-MFC 

treatments throughout the experimental period. Also, the higher nirS cell numbers 

coincide with higher N2O flux and lower redox potentials of non-MFCs, compared to 

that of MFCs. 

 In conclusion, we confirmed the applicability of MFC to control soil redox potential 

and thereby suppress denitrification nitrogen losses in flooded rice fields. 
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APPENDIX 1 

Several experimental events and used equipment during the research 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a.          

b.        

c.      

 

    

  

a. A gas sampling event during the assessments of denitrification process 
with MFC treatments and controls (Primary study, summer, 2016) 

c.     b. An instance of soil redox 
monitoring (summer, 2016) 

c. An instance of MFC voltage output 
(summer, 2016) 
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MFC anode – Carbon mat 

Data logger CR-1000; Campbell Scientific Inc. 

 

 

 

 

 

 

 

 

 

Eh meters (PRN-41; Fujiwara Factory Co., Ltd.)        
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APPENDIX 2 

Main steps during the preparation of standard DNA for qPCR analysis  

 

 

 

 

PCR amplification with nir S primers             DNA extraction from gel      

 

 

 

 

TA Cloning (with T-vector pMD19 and Ligation kit (Mighty Mix) and transformation 

into competent cells of Ecoli DH5α) 

Confirmation of insert DNA with Colony PCR  (M13primer M4, M13primer RV) 
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APPENDIX 3  

Conversions of (volume/volume) gas concentrations into (mass/volume) during gas flux 

analysis 

Volume to volume concentrations were converted to mass/volume concentrations using the 
formula as given in the example below. 

 

X ppm (volume/volume) N2O converting into g/m-3 (mass/volume) 

E.g., When sample is X ppm, 

X m3 of N2O is in 106 m3 of air mixture, hence 10-6 X of N2O is in 1m3 of air mixture. 

If sample has N2O of X ppm at 25 degrees of Celsius,  
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APPENDIX 4: Protocol of microbial DNA extraction 

Microbial DNA extraction by using Power soil DNA isolation kit  

1. 0.25 g of each soil sample was weighed for each power bead tube.  

2. The sample was gently vortex for 5 seconds. 

3. 60 μl of C1 solution was added. 

4. Tom micro smash mixer was used to vortex for 10 minutes at 3500 rpm 

5.                   Centrifuged for 30 seconds at 10000 g room temperature 

6. 400-500 μl of supernatant was transferred to an Eppendorf tube (1) 

7. 250 μl of C2 solution was added to 2 ml tube (1) and mixed it well with supernatant using mixer 

and was kept cooled in the refrigerator. 

8.                  Centrifuged for 1 minute at 10000 g at room temperature 

9. 600 μl of supernatant was taken to 2 ml tube (2) not taking the precipitation 

10. 200 μl of C3 solution was added to 2 ml tube (2) and mixed it a bit, kept it cool in refrigerator. 

11.                  Centrifuged for 1 minute at 10000 g at room temperature 

12. Avoiding precipitation, the supernatant at most 750 μl was taken to 2 ml tube (3) 

13. 1200 μl of C4 solution was added and set in shaker for 5 seconds. 

14. 675 μl of solution in 2 ml tube (3) was taken into spin filter tube 

15.                  Centrifuged for 1 minute at 10000 g at room temperature 

16. Filter part was separated from the tube, and only the solution in the tube was discarded and was 

repeated this for 3 times (A total of 3 loads for each sample processed is required.) 

17. 500 μl of C5 solution was added to spin filter  

18.   Centrifuged for 30 seconds at 10000 g 

19. Filter part was separated from the tube and was assembled with 2 ml tube (4) 

20. 100 μl of C6 solution was added to 2 ml tube (4)  

21.   Centrifuged it for 30 sec at 10000 g 

22. The remaining gel in the tube was the extracted DNA. 

 



74 

APPENDIX 5: Protocol of gel extraction  

Gel extractions by using QIAquick® Gel Extraction Kit 

Before starting 

 Add ethanol (96–100%) to Buffer PE before use (see bottle label for volume). 

 Isopropanol (100%) and a heating block or water bath at 50°C are required. 

 All centrifugation steps are carried out at 17,900 x g (13,000 rpm) in a conventional table-top micro 

centrifuge. 

1. Excise the DNA fragment from the agarose gel with a clean, sharp scalpel. 

2. Weigh the gel slice in a colorless tube. Add 3 volumes Buffer QG to 1 volume gel (100 mg gel ~ 

100 μl). The maximum amount of gel per spin column is 400 mg. For >2% agarose gels, add 6 

volumes Buffer QG. 

3. Incubate at 50°C for 10 min (or until the gel slice has completely dissolved). Vortex the tube every 

2–3 min to help dissolve gel. After the gel slice has dissolved completely, check that the color of 

the mixture is yellow (similar to Buffer QG without dissolved agarose). If the color of the mixture 

is orange or violet, add 10 μl 3 M sodium acetate, pH 5.0, and mix. The mixture turns yellow.  

4. Add 1 gel volume isopropanol to the sample and mix. 

5. Place a QIAquick spin column in a provided 2 ml collection tube or into a vacuum manifold. To 

bind DNA, apply the sample to the QIAquick column and centrifuge for 1 min or apply vacuum to 

the manifold until all the samples have passed through the column. Discard flow-through and place 

the QIAquick column back into the same tube. For sample volumes of >800 μl, load and spin/apply 

vacuum again. 

6. If DNA will subsequently be used for sequencing, in vitro transcription, or microinjection, add 500 

μl Buffer QG to the QIAquick column and centrifuge for 1 min or apply vacuum. Discard flow-

through and place the QIAquick column back into the same tube. 

7. To wash, add 750 μl Buffer PE to QIAquick column and centrifuge for 1 min or apply vacuum. 

Discard flow-through and place the QIAquick column back into the same tube. 
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8. Note: If the DNA will be used for salt-sensitive applications (e.g., sequencing, blunt ended ligation), 

let the column stand 2–5 min after addition of Buffer PE. 

9. Centrifuge the QIAquick column in the provided 2 ml collection tube for 1 min to remove residual 

wash buffer. 

10. Place QIAquick column into a clean 1.5 ml micro centrifuge tube. 

11. To elute DNA, add 50 μl Buffer EB (10 mM Tris·Cl, pH 8.5) or water to the center of the QIAquick 

membrane and centrifuge the column for 1 min. For increased DNA concentration, add 30 μl Buffer 

EB to the center of the QIAquick membrane, let the column stand for 1 min, and then centrifuge 

for 1 min. After the addition of Buffer EB to the QIAquick membrane, increasing the incubation 

time to up to 4 min can increase the yield of purified DNA. 

12. If purified DNA is to be analyzed on a gel, add 1 volume of Loading Dye to 5 volumes of purified 

DNA. Mix the solution by pipetting up and down before loading the gel. 
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APPENDIX 6: Protocol of Plasmid DNA extraction 

Protocol of Plasmid DNA extraction using the QIAprep Spin Miniprep Kit  

This protocol is designed for purification of up to 20 μg of high-copy plasmid DNA from 1–5 ml 

overnight cultures of E. coli in LB medium.  

1. Resuspend pelleted bacterial cells in 250 μl Buffer P1 and transfer to a microcentrifuge tube. 

Ensure that RNase A has been added to Buffer P1. No cell clumps should be visible after 

resuspension of the pellet. If LyseBlue reagent has been added to Buffer P1, vigorously shake the 

buffer bottle to ensure LyseBlue particles are completely dissolved. The bacteria should be 

resuspended completely by vortexing or pipetting up and down until no cell clumps remain.  

2. Add 250 μl Buffer P2 and mix thoroughly by inverting the tube 4–6 times. Mix gently by 

inverting the tube. Do not vortex, as this will result in shearing of genomic DNA. If necessary, 

continue inverting the tube until the solution becomes viscous and slightly clear. Do not allow the 

lysis reaction to proceed for more than 5 min. If LyseBlue has been added to Buffer P1 the cell 

suspension will turn blue after addition of Buffer P2. Mixing should result in a homogeneously 

colored suspension. If the suspension contains localized colorless regions or if brownish cell 

clumps are still visible, continue mixing the solution until a homogeneously colored suspension 

is achieved.  

3. Add 350 μl Buffer N3 and mix immediately and thoroughly by inverting the tube 4–6 times. To 

avoid localized precipitation, mix the solution thoroughly, immediately after addition of Buffer 

N3. Large culture volumes (e.g. ≥ 5 ml) may require inverting up to 10 times. The solution 

should become cloudy. If LyseBlue reagent has been used, the suspension should be mixed until 

all trace of blue has gone and the suspension is colorless. A homogeneous colorless suspension 

indicates that the SDS has been effectively precipitated.  

4. Centrifuge for 10 min at 13,000 rpm (~17,900 x g) in a table-top microcentrifuge. A compact 

white pellet will form.  

5. Apply 800 μl of the supernatant from step 4 to the QIAprep 2.0 spin column by pipetting.  

6. Centrifuge for 30–60 s. Discard the flow-through.  
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7. Recommended: Wash the QIAprep 2.0 spin column by adding 0.5 ml Buffer PB and centrifuging 

for 30–60 s. Discard the flow-through. This step is necessary to remove trace nuclease activity 

when using endA+ strains such as the JM series, HB101 and its derivatives, or any wild-type 

strain, which have high levels of nuclease activity or high carbohydrate content. Host strains such 

as XL-1 Blue and DH5®α do not require this additional wash step.  

8. Wash QIAprep 2.0 spin column by adding 0.75 ml Buffer PE and centrifuging for 30–60 s.  

9. Discard the flow-through, and centrifuge at full speed for an additional 1 min to remove residual 

wash buffer. Important: Residual wash buffer will not be completely removed unless the flow-

through is discarded before this additional centrifugation. Residual ethanol from Buffer PE may 

inhibit subsequent enzymatic reactions.  

10. Place the QIAprep 2.0 column in a clean 1.5 ml microcentrifuge tube. To elute DNA, add 50 μl 

Buffer EB (10 mM Tris·Cl, pH 8.5) or water to the center of each QIAprep 2.0 spin column, let 

stand for 1 min, and centrifuge for 1 min. 

 

 

 

 

 

 

 

 

 

 

 

 

 



78 

APPENDIX 7: One-way ANOVA output for N2O flux data 
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APPENDIX 8: One-way ANOVA output for soil redox data 
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