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Abstract

Submerged rice paddy soils are one of the major anthropogenic sources of methane (CH,)
emission to the atmosphere. Methane is the second most important greenhouse gas after
carbon dioxide. Methanogens are strictly anaerobic microorganisms and CH, is the meta-
bolic end product of those methanogens. Methane is produced by methanogens through
multi-step enzyme-mediated process. Methanogens convert labile organic carbon com-
pounds in CH, and application of organic matter in submerged rice field significantly
increased CH, emission from soil to the atmosphere. The rate of methanogenesis may be
determined by quantifying biomarkers namely methyl coenzyme M reductase A (mcrA)
gene and coenzyme M (2-mercaptoethane sulphonate) in soil. Nickel ions are present as
cofactor in enzymes involved in methanogenesis. Methane emission can be mitigated by
application of EDTA at suitable rate in the soil of submerged rice field.

Keywords: methane emission, methanogens, biomarkers, EDTA application, rice paddy
soil

1. Introduction

In the era of development and globalization, emissions of greenhouse gases (GHGs) are unavoid-
able consequences, and that increases atmospheric temperature causing global warming. A green-
house gas is a substrate in the atmosphere that absorbs and emits radiation within the thermal
range. This process is the fundamental cause of the greenhouse effect and global warming [1].
Without GHGs, the average temperature of earth’s surface would be about —-18°C (0°F) [2], rather
than present average of 15°C (59°F) [3]. The primary GHGs in the earth’s atmosphere are water
vapor, carbon dioxide (CO,), methane (CH,), nitrous oxide (N,O) and chlorofluorocarbon (CFC).
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Human activities since the beginning of the industrial revolution (Taken as year 1750) have
resulted 40% increased in the atmospheric carbon dioxide concentration from 280 ppm in
1970 to 400 ppm in 2015 [4]. Carbon dioxide (CO,) is the most important GHG in atmosphere
in terms of its emitted volume. The other GHGs are CH,, N,O, CFC compounds etc. Methane
is the second most important GHG emitted to the atmosphere on volume basis and it has 25
times higher global warming potential (GWP) as compared to equivalent amount of CO, [5].
The half-life of CH, in the atmosphere is about 25 years, which is also much higher than that of
CO,. Due to these characteristics, CH, is considered as one of the most notorious GHGs having
potential of causing global warming to the atmosphere. The CH, concentration in the earth’s
atmosphere has been increased by 150% since 1750. Methane accounts for 20% of the total
radiative forcing from the entire long-lived and globally mixed GHGs, excluding water vapor.

2. Chemistry of submerged rice paddy soil

Agriculture is one of the most important anthropogenic sources of CH, emission to the atmo-
sphere and about 11% of the total CH, is emitted from submerged rice paddy soils. Rice is
the staple food for more than half of world population and about 90% of that rice is culti-
vated under submerged condition [6]. During rice cultivation, rice seedlings are transplanted
after flooding the soil, and water is removed (drained out) few days before crop harvesting.
Therefore, in case of transplanted rice, soil remains submerged for at least 85-90% of the total
cultivation duration. Such submerged rice paddy soil is the most important anthropogenic
source of CH, emission to the atmosphere.

Submerged condition for such a prolonged duration makes rice paddy soils different from
soils of upland crops. Submerged condition cuts off air transportation between soil and atmo-
sphere. Flooding of rice paddy soil disconnects gas exchange between soil and air. Under this
situation, molecular diffusion is the main mechanism to enter oxygen and other gases from
atmosphere to the interstitial water. However, this process is 10,000 times slower than the dif-
fusion through gas-filled pores in soil [7]. Thus the oxygen diffusion rate suddenly decreases
when a soil reaches saturation by water [8]. Evans and Scott [9] noted that the concentration of
oxygen in the water used for saturating a soil decreased to one - hundredth of its initial value
in 75 minutes. The major characteristics of submerged soils are:

a. Absence of molecular oxygen

Flooding of land disconnected gas exchange between soil and air. Under submerged con-
dition, oxygen along with other atmospheric gases enters into the soil only by molecular
diffusion in the interstitial water. It was observed that gas diffusion under submerged soil
condition is 10,000 times slower than diffusion through gas-filled pores [7]. Hence, soil of
submerged rice paddy soil losses all its molecular oxygen as soil microorganisms use-up
the oxygen present in soil within a few hours.

b. Oxidized mud — water interface

A submerged soil; however, is not completely devoid of oxygen. The top-most layer of few-
millimeter thick soil, saturated with water (in mud form) remains oxygenated. The chemi-
cal properties of this oxidized interface are completely different from underneath top-soil.
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c. Exchanges between mud and water

The presence of molecular oxygen in the soil-water interface makes it a sink of several
redox reactions in soil and controls availability of phosphate and other nutrients in sub-
merged soil. The presence of oxygen in the soil-water interface profoundly affects the N
economy of submerged rice paddy soils. Ammonium-N released from broadcasted chemi-
cal fertilizer or from applied organic matter is converted to nitrate in the oxygenated in-
terface on soil.

d. Soil reduction

An acute reduced state makes the major difference between chemical reactions of a sub-
merged soil and aerated soil. Excluding the thin oxygenated layer in the soil-water in-
terface, submerged soils have a negative oxidation-reduction potential (Eh value) due to
anaerobic condition. Under such condition, dominant form of elements are NH,", H.S,
Mn*, Fe** and CH, instead of NO,", SO,*, Mn*, Fe’* and CO,.

2.1. Oxidation — reduction (redox) potential

Under submerged condition, aerobic soil microorganisms consume oxygen during their
metabolism and that in turn gradually depletes oxygen pool making the soil anaerobic in
reaction [10]. The redox potential (E, ) value in submerged soil starts decreasing after 3—4 days
of flooding and sharply decreases with time. The Eh values in submerged anaerobic soils vary
around —200 eV values throughout the rice cultivation duration [11]. Such anaerobic reducing
environment is one of the prime factors for determining the rate and quantity of CH, produc-
tion in rice paddy soil.

3. Methanogens and CH, production

The average global CH, emission from rice fields is approximately 20-40 Tg CH, year™, which
accounts for 11% of the total anthropogenic CH, emissions [12]. It had already been reported
that rice production will be increased from 473 million tons of 1990 to approximately 781 mil-
lion tons by 2020 to fulfill the food demand of the world population and that proportionately
increase CH, emission from rice paddy soils by 40-50% [13].

Methane is mainly produced during decomposition of organic matter by strictly anaerobic
methanogens under intense reduced condition [14]. At the initial state of rice cultivation, the
rate of CH, emission is generally low; however, the flux gradually increases with plant devel-
opment and with enhanced anaerobic condition [15, 16]. Anaerobic conditions of submerged
rice paddy soil favors CH, production and the highest CH, emission is generally observed
after the soil E, value dropped below -200 eV [17].

Both cold- and hot-water extractable organic carbon (C) compounds are labile fraction of
soil organic C. Low molecular weight organic compounds namely low molecular weight
organic acids, carbohydrates are considered as labile organic C compounds in soil [18]. Labile
organic C compounds rather than total organic C pool acts as the energy source for hetero-
trophic microorganisms like methanogens in soil [19]. Methane is the metabolic end product
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of methanogens [20] and methanogens reduce simple carbonaceous compounds namely
CO,, carbohydrates and/ or simple carboxylic acids like formate, acetate through multi-step
enzyme-mediated methanogenesis to generate ATP and to produce CH, as the end product.

Methanogens are generally specific to their substrate requirement. Based on the ability to
utilize carbonaceous compounds as energy source, methanogens may be classified as aceto-
philic methanogens and hydrophilic methanogens [21]. The acetophilic methanogens trans-
form acetate ions into CH,, while the hydrophilic methanogens utilize hydrogen and CO, as
their energy source.

4. Factors affecting CH, production in soil

Methanogenesis or the process of CH, production is an enzyme-mediated multi-step bio-
chemical process and kinetics of this process depends on several factors. The most important
and prominent factor of CH, production is the availability of initial carbonaceous compounds
in soil. Addition of organic materials in flooded rice field promotes CH, emission (Figure 1) by
providing readily available C source to methanogens [22, 23]. Improvement in crop produc-
tion by organic amendment conflicts with mitigation strategies of CH, emission [24]. Hence,
it may be believed that methanogens degrade applied organic matter to produce CH, under
strictly anaerobic conditions [14]. However, this is the exaggeration of the truth.

Application of organic matter increases total population and activity of microorganisms
including methanogens in rice paddy soil [25]. Therefore application of organic substrates
significantly increases CH, emission from rice field [26]. However, methanogens does not
have potential to degrade carbonaceous polymers like cellulose due their inability to produce
cellulase enzyme. In fact, there is a synergistic effect of cellulolytic microorganisms on metha-
nogens and CH, formation in submerged rice paddy soil. Cellulose, a 1,4-p-linked glucan,
contributes 20-30% of the organic biomass [27] and application of organic matter provides a
significant C source in the form of cellulose to soil microbial community in soil.

The hydrolysis of carbonaceous polymers (mainly cellulose) is an important pathway to
convert added organic C into CH, and anaerobic cellulolytic microorganisms play a signifi-
cant role in that process [28]. Incubation of rice paddy soil with different amounts of car-
boxymethyl cellulose (CMC) under anaerobic condition in a close-vessel produced variable
amount of CH, after 3 days (Figure 2). The amount of generated CH, within that period was
proportional to the quantity of added CMC in soil. Therefore, cellulolytic materials of applied
organic substrates were initially degraded by cellulolytic microorganisms into low molecular
weight organic acids and/ or carbohydrates, which are then utilized by methanogens to pro-
duce CH, under anaerobic condition of submerged rice paddy soils.

In submerged rice paddy soil, the flux of CH, emission depends on the amount as well as
nature of applied organic matter [29]. The rate of CH, emission is dependent on the nature
i.e. degree of stabilization of applied organic matter. During decomposition, carbonaceous
compounds like cellulose and hemicelluloses are readily stabilized through mineralization
and converted into humified substrates. Therefore, composts contain lesser amount of easily
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Figure 1. Changes in methane emission flux from rice paddy soils as affected by air-dried and composted dairy cow
manures.
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Figure 2. Changes in CH, production as affected by CMC application.

decomposable compounds like cellulose and hemicelluloses compounds as compared to their
initial substrates. Lower cellulose contains leads to fewer cellulolytic microbial populations
in soil and that generates lower amount of labile organic C compounds in soil. Therefore,
reduced availability of precursor carbonaceous compounds is responsible for lower CH,
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Figure 3. Coenzyme M concentrations (a), mcrA gene copy numbers, (b) and cellulolytic bacterial populations, (c) as
affected by manure and compost applications in rice paddy soils.
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emission from compost treated rice paddy soil. Therefore, degree of stabilization or humifica-
tion of applied organic substrates is inversely related to the flux of CH, emission, which may
be reduced by ~20% by application of compost instead of air-dried cattle manure (Figure 3).

5. Biomarkers of methanogens: quantification

In many anoxic environments, methanogenesis is the predominant terminal electron accepting
process involved in organic matter mineralization and that process is catalyzed by methano-
genic Archaea. This group of microorganisms represents a unique but phylogenetically diverse
group of prokaryotes [30]. The most widely used method for measuring the rate of metha-
nogenesis is the quantification of CH, flux in a specific system within unit time interval [17].
Though this analysis is closely related to the metabolic functions of methanogenic community;
it does not directly quantify methanogens [31]. One of the most convincing processes of quan-
tifying methanogens is the direct determination of methanogens numbers on specific culture.
However, isolating methanogenic Archaea remains a fastidious process because of the slow
growth of these Archaea and also for their extreme intolerance to oxygen [32]. Growth of meth-
anogens is also restricted to the availability of specific organic substrates and metal ions to
complete their metabolic process [33]. Culturable microorganisms isolated by specific enriched
medium can only detect a small portion (2-5%) of the total microbial community in soil.

Still researchers often prepared one specific culture medium for each one of the various meth-
anogenic Archaea species to fulfill their specific requirements [34]. However, there are reports
of versatile media like SAB medium, which is capable of supporting growth of wide spectrum
of methanogens [33]. Hence, due to these limitations and difficulties, methanogens are prefer-
ably quantified by measuring their biomarkers.

Biomarkers are compounds that have a biological specificity in the sense that they are pro-
duced only by a limited group of organisms [35]. A variety of compounds such as fatty acids
and ether lipids are used in microbial ecology and related fields like organic geochemistry to
detect groups of organisms or their remains in natural or artificial ecosystems [36, 37].

5.1. Methyl coenzyme M reductase A (mcrA) gene

The mcrA gene is responsible for synthesizing methyl coenzyme M reductase enzyme, which
is involved in the production of CH, during the final stage of methanogenesis. Culture-
dependent and culture-independent techniques targeting 16S rRNA and methyl coenzyme M
reductase (mcrA) genes have been used to assess the phylogenetic diversity of methanogens
assemblages [38].

5.2. DNA extraction and quantification

The DNA may be extracted from natural and/ or enriched samples using any suitable kit follow-
ing manufacturers’” protocol. The quality of the extracted DNA is observed in an agarose gel.

217



218 Rice Crop - Current Developments

The extracted DNA is amplified by PCR in a final volume of 25 pl containing 2 pl of undiluted
template DNA, 1 ul each of forward and reverse primers (10 mM) and 12.5 ul of Taq polymerase
enzyme [39]. For detecting the presence of methanogens, a forward primer with 32-mer and
a reverse primer with 23-mer were developed after testing against 23 species of methanogen
representing all five recognized orders of this group of Archaea [40]. The two oligonucleotide
primers were a forward primer, 5-GGTGGTGTMGGATTCACACARTAYGCWACAGC-3'
and a reverse primers, 5-TTCATTGCRTAGTTWGGRTAGTT-3'. The methanogen diversity
in a sample may be studied by analyzing amplified DNA (or PCR product of extracted DNA)
through denatured gradient gel electrophoresis (DGGE) [41].

Total population of methanogens can be determined from extracted DNA by quantitative
PCR (qPCR) or real-time PCR (RT-PCR) using PCR efficiency, 110.5%; slope of the standard
curve, —3.093; y-intercept, 5.134 and correlation coefficient, 0.9949 [31]. The C, for the no tem-
plate control was 24.03 and >26.5 for all the no-reverse transcriptase control. The qPCR results
(mcrA gene copy numbers ng™' DNA) of extracted DNA show significant correlation with
specific methanogenic activities against H, and CO, gases. Steinberg and Regan [42] devel-
oped the TagMan qPCR probe assay for successfully determining the environmental abun-
dance of different phylogenetic groups of methanogens, including several groups with few or
no cultivated members.

5.3. 2-mercaptoethane sulphonate (coenzyme M)

Methane production in soil is a complex enzyme-mediated multi-step process and metha-
nogens reduce simple carbonaceous compounds like CO, and H, formate, methanol,
methykamines and/ or acetate into CH, gas [43]. In the penultimate step of methanogen-
esis, coenzyme M (Co-M), 2-mercaptoethane sulphonate, is methylated and generated methyl
Co-M is reduced by methanogens to CH, gas involving previously-mentioned methyl Co-M
reductase enzyme [44]. Therefore, irrespective of the preference towards initial carbonaceous
compounds, Co-M could be considered as the precursor of CH, formation [45]. The whole
methanogenesis is intracellular and Co-M is synthesized inside methanogen cells [46]. The
conversion factor (0.39 + 0.07 fmol cell™") of Co-M to methanogens could be used for quantita-
tive estimation of methanogen abundance and methanogenic activity in soil.

5.4. Coenzyme M quantification

Pramanik and Kim [47] developed a HPLC-based technique for quantifying Co-M in soil.
Pure Co-M is detected at 270 nm wavelength using UV detector and a mixture of acetonitrile
and 0.05 M trichloroacetic acid (TCA) solution at flow rate of 0.5 ml min™ is used as mobile
phase during this analysis.

Coenzyme M is an intracellular compound of methanogens; hence, rupturing cells of meth-
anogens is mandatory prior to extraction. The lysis buffer was prepared by mixing Tris-
HCI solution (pH 8.0), ethylenediaminetetraacetic acid (EDTA) solution (pH 8.0) and NaCl
solution. The Co-M was extracted from fresh soil using lysis buffer through consecutive
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homogenization by vortex shaker and sonication [47]. The Co-M was precipitated from
ethanolic solution of the supernatant and re-dissolved in distilled water prior to the HPLC
analysis. The precision of this method to quantify Co-M in the soil matrix was >97%. The
high recovery rate (90.3 + 8.1%) indicated that Co-M is not adsorbed to the ionic sites of soil
colloids and the measured values are very close to the actual Co-M content in soil (Figure 4).

Methanogen activity in soil is linearly correlated to the Co-M content (r = 0.857*) of soil and
the mean conversion factor between these two parameters is 155.03 + 14.20 ug CH, produced
mmol™ Co-M d [47]. Therefore, it could be stated that both mcrA gene copy numbers and the
concentration of Co-M could be quantified as biomarkers of methanogens for precise estima-
tion of methanogenic activity in submerged rice paddy soils.

6. Mitigation techniques of CH, emission

Rice cultivation under flooded condition is regarded as an important source of CH, emis-
sion in soil. Methane is produced during decomposition of organic matter under anaerobic
condition and simple carbonaceous compounds are biochemically reduced by methanogenic
Archaea to form CH, [48]. During this reduction process, an electron donor is required to
transfer the electron and availability of such electron donors might control the flux of CH,
emission in rice paddy soil. Iron (Fe) is a transition metal with partially filled d-orbital in its
configuration. Lee et al. [48] observed that Fe in active form (ionic form) may accept electrons
required for reductive methanogenesis process and that in turn decreased CH, emission flux
from rice paddy soil. Methane emission from submerged soil may be reduced approximately
14.5% by application of byproduct of steel industry as silicate fertilizers. Those byproducts of
steel industry provide adequate silicate ions, which are necessary for higher rice productivity
[49] and also for inducing resistance to biotic and abiotic stress [50]. However, Fe present in
silicate fertilizers absorbs part of free electrons generated in the system and that restricts the
terminal electron transfer during methanogenesis. This property enabled to reduce CH, emis-
sion from conventional (chemical fertilizer treated) rice paddy soils. However, Fe-enriched
silicate fertilizer is not a strong mitigating agent; in fact a contrasting effect of silicate fertil-
izers on CH, emission was observed in organic matter treated rice paddy soil.

6.1. Effect of EDTA on CH, emission

In the last step of methanogenesis, methyl coenzyme M reductase (MCR) enzyme is involved
in the reduction of methyl Co-M to CH, and nickel (Ni) ion is involved as the cofactor F , in
MCR enzyme [44]. Hence, availability of Ni determined the concentration of cofactor F,,
which in turn controls the activity of MCR enzyme [51]. Therefore, the rate of CH, production
is enhanced by addition of Ni-salts to rice paddy soil [52]. Transition metals like Ni form sol-
uble complexes with EDTA and that increases the solubility of Ni in soil. However, Pramanik
and Kim [53] revealed that methanogens could not assimilate Ni** ions from Ni-EDTA com-
plexes and suffered starvation for Ni** ions when stoichiometric amount of Ni salt and EDTA
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were mixed in culture broth. Finazzo et al. [54] stated that Ni is present as Ni(I) in F,,, and
conversion of Ni(I) to Ni(I) provides necessary electron for reduction of methyl coenzyme to
CH,. The presence of Ni as Ni-EDTA complex might retard this electron transfer during meth-
anogenesis. Application of Ni as Ni-EDTA complex limited bioaccumulation of Ni by metha-
nogens and that lower Ni content in methanogen biomass significantly (P < 0.05) reduced the
rate of CH, production [53].

Ethylenediaminetetraacetic acid (EDTA) is a strong chelating agent and often shows adverse
effect on plants when applied in higher doses. Pramanik and Kim [55] established that EDTA
application at smaller doses (up to 5.0 ppm) proportionately reduces the flux of CH, emis-
sion from rice paddy soils without suppressing crop productivity (Figure 5). However, EDTA
application at higher doses may increase CH, emission and also adversely affected maturity
and productivity of rice. Therefore, application of 5.0 ppm EDTA is possibly the most ratio-
nal dose to mitigate CH, flux from rice paddy soil. The activity of methanogens in EDTA-
treated soil was significantly lower than that of control treatment. However, activity of all the
microorganisms (microbial respiration) in soil was initially decreased due to EDTA applica-
tion during rice cultivation. Application of EDTA enhances availability of nutrients especially
nitrogen content in soil solution and that in turn gradually boosts microbial activity in soil.
After 30 days of rice cultivation, microbial respiration of EDTA-treated soils did not differ
significantly from that of control soil. Application of EDTA leads up to 18.1% reduction in CH,
emission flux during submerged rice cultivation.

Unlike Fe-enriched silicate fertilizers, EDTA is also effective to mitigate CH, emission from
organic amended submerged soils. Application of EDTA did not suppress the rate of organic
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Figure 5. Cumulative CH, emission from different rice paddy soils.
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matter mineralization; hence, the concentration of labile organic C compounds was not
decreased due to EDTA application in soil. In spite of higher abundance of precursor materi-
als (labile organic C compounds) in soil, EDTA application leads up to 22.5% reduction in CH,
emission from straw incorporated rice paddy soils [56].

One noticeable drawback of EDTA application is that EDTA-treated soils have higher nitrate
N content, which acts as the precursor for nitrous oxide formation under anaerobic reducing
of submerged soil condition. Higher nitrate N content enhanced the flux of nitrous oxide,
another greenhouse gas having 290 times higher global warming potential than equivalent
amount of carbon dioxide. Study revealed that total global warming potential in 5.0 ppm
EDTA-treated soil was 14.5% lower than that of control soil (not treated with EDTA) during
rice cultivation.

Organic amendment increased C-to-N ratio, which in turn decreased the rate of miner-
alization and nitrate N content in soil. Therefore, the adverse effect of EDTA application
could be minimized by organic amendment in soil. However, incorporation of organic
matter in submerged rice paddy soil facilitated the risk of CH, emission to the atmosphere.
Optimum combination of EDTA and compost may effectively reduce the net global warm-
ing potential due to CH, and N,O emissions. It was observed that 5.0 Mg organic substrates
ha™ and 5.0 ppm EDTA combination had global warming potential 11186.17 + 749.35 kg
CO,-equiv. ha™, which was 20.8% lower than that of only organic amended rice paddy soil
(Figure 6).
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7. Conclusion

Soil of submerged rice fields is the most important anthropogenic source of CH, emission to
the atmosphere. Methanogens, a group of strictly anaerobic microorganisms, convert labile
organic C compounds into CH, gas and that emits from soil to the atmosphere. Activity of
methanogens may be quantitatively studied by measuring mcrA gene and/ or coenzymeM
biomarkers in soil.

Acknowledgements

This work was supported by Basis Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2015R1A6A1A03031413).

Author details

Prabhat Pramanik! and Pil Joo Kim?*

*Address all correspondence to: pjkim@gnu.ac.kr

1 Soils Department, Tocklai Tea Research Institute, Tea Research Association, Jorhat, Assam,

India

2 Division of Applied Life Science, Gyeongsang National University, Jinju, South Korea

References

[1]

IPCC. In: McCarthy JJ, Canziani OF, Leary NA, Dokken DJ, White KS, editors. Climate
Change 2001, Impacts, Adaptation and Vulnerability. Cambridge University Press,
Cambridge; 2001

Horton R, De Mel M, Peters D, Lesk C, Bartlett R, Helsingen H, Bader D, Capizzi P, Martin S,
Rosenzweig C. Assessing Climate Risk in Myanmar. New York, NY, USA: Center for
Climate Systems Research at Columbia University, WWF-US and WWF-Myanmar; 2016

Karl TR, Melillo JM, Peterson TC. Global Climate Change Impacts in the United States.
U.S. Global Change Research Program. New York: Cambridge University Press; 2009

Blasing TJ. Recent Greenhouse Gas Concentrations, Carbon Dioxide Information Analysis
Center (CDIAC). 2014. http://cdiac.ornl.gov/pns/current_ghg.html

IPCC. Climate Change 2007:Mitigation of Climate Change — Contribution of Working
Group III to the Fourth Assessment Report of the Intergovernmental Panel on Climate

223



224  Rice Crop - Current Developments

[6]

[7]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Change. Cambridge, United Kingdom and New York, NY, USA: Cambridge University
Press; 2007

Cassman KG, Pingali PL. Extrapolating trends from long-term experiments to farmer’s
fields: The case of irrigated rice systems in Asia. In: Barnett V, Payne R, editors. Agri-
cultural Sustainability: Economic Environmental and Olsen S.R. And Statistical
Considerations. New York: Wiley; 1995. pp. 63-84

Greenwood DJ, Goodman D. Direct measurement of the distribution of oxygen in soil
aggregates and in columns of fine soil crumbs. Journal of Soil Science. 1967;18:182-196

Saree S, Ponphang-nga P, Limtong P, Chidthaisong A. Soil carbon sequestration affected
by cropping changes from upland maize to flooded rice cultivation. Journal of Sustainable
Energy and Environment. 2012;3:147-152

Evans DD, Scott AD. Polarographic method of measuring dissolved oxygen in saturated
soil. Soil Science Society of America Proceedings. 1955;19:12-16

Yu K, Patrick WH Jr. Redox window with minimum global warming potential contribu-
tion from rice soils. Soil Science Society of America Journal. 2004;68:2086-2091

Haque MM, Kim SY, Pramanik P, Kim GY, Kim PJ. Optimum application level of winter
cover crop biomass as green manure under considering methane emission and rice pro-
ductivity in paddy soil. Biology and Fertility of Soils. 2013;49:487-493

Yan X, Akiyama H, Yagi K. Global estimations of the inventory and mitigation poten-
tial of methane emissions from rice cultivation conducted using the intergovernmental
panel on climate change guidelines. Global Biogeochemical Cycles. 2009;23:GB2002

Anastasic C, Dowding M, Simpson V]. Future CH, emission from rice production.
Journal of Geophysical Research. 1992;97:7521-7525

Garica JL, Patel BKC, Ollivier O. Taxonomic, phylogenetic and ecological diversity of
methanogenic archaea. Anaerobe. 2000;6:205-226

Ali MA, Lee CH, Lee YB, Kim PJ. Silicate fertilization in no-tillage rice farming for miti-
gation of methane emission and increasing rice productivity. Agriculture, Ecosystems
and Environment. 2009;132:16-22

Kern J, Hellebrand HJ, Gommel M, Ammon C, Berg W. Effects of climatic factors and
soil management on the methane flux in soils from annual and perennial energy crops.
Biology and Fertility of Soils. 2012;48:1-8

Ali MA, Lee CH, Kim P]J. Effects of silicate fertilizer on reducing methane emission dur-
ing rice cultivation. Biology and Fertility of Soils. 2008;44:597-604

Brinkmann T, Horsch P, Sartorius D, Frimmel FH. Photoformation of low-molecular-
weight organic acids from Brown water dissolved organic matter. Environmental Science
& Technology. 2003;37:4190-4198

Kumar A, Sharma MP. Review of methodology for estimation of labile organic carbon
in reservoirs and lakes for GHG emission. Journal of Materials and Environmental
Sciences. 2014;5:653-660



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Methanogens Harboring in Rice Rhizosphere Reduce Labile Organic Carbon Compounds...
http://dx.doi.org/10.5772/intechopen.73299

Welte C, Deppenmeire U. Proton translocation in methanogens. In: Rosenzweig AC,
Ragsdale SW, editors. Methods in Methane Metabolism: Methanogenesis, Chapter
Thirteen. Cambridge: Academic Press, Elsevier; 2011. pp. 257-280

Wraith MA, Sharma R. Technical review of methods to enhance biological degradation
in sanitary landfills. Water Quality Rsearch Journal of Canada. 1998;33:417-437

Wassmann R, Shangguan X], Toig M, Cheng DX, Wang MX, Papen H, Rennenberg H,
Scilon W. Spatial and seasonal distribution of organic amendments affecting methane
emission from Chinese rice fields. Biology and Fertility of Soils. 1996,22:191-195

Neue HU, Wassmann R, Kludze HK, Wang B, Lantin RC. Factors and process controlling
methane emissions from rice fields. Nutrient Cycling in Agroecosystems. 1997;49:111-117

Hsu YW, Singh SK, Chiang MY, Wu YY, Chang IF. Strategies to lower greenhouse gas
level by rice agriculture. African Journal of Biotechnology. 2009;8:126-132

Weber S, Lueders T, Friedrich MW, Conrad R. Methanogenic populations involved in the
degradation of rice straw in anoxic paddy soil. FEMS Microbiology Ecology. 2001;38:11-20

Kusel K, Wagner C, Drake HL. Enumeration and metabolic product profiles of the
anaerobic microflora in the mineral soil and litter of a beech forest. FEMS Microbiology
Ecology. 1999;29:91-103

Berg B, Laskowski R. Litter Decomposition: A Guide to Carbon and Nutrient Turnover.
Advances in Ecological Research, 38. Amsterdam: Elsevier; 2006. pp. 4-23

Pramanik P, Kim PJ. Evaluating changes in cellulolytic bacterial population to explain
methane emissions from air-dried and composted manure treated rice paddy soils. The
Science of the Total Environment. 2014a;470-471:1307-1312

Pramanik P, Haque MM, Kim SY, Kim PJ. C and N accumulations in soil aggregates
determine nitrous oxide emissions from cover crop treated rice paddy soils during fal-
low season. The Science of the Total Environment. 2014b;490:622-628

Friedrich MW. Methyl-coenzyme M reductase genes: Unique functional markers for
methanogenic and anaerobic methane-oxidizing archaea. Methods in Enzymology.
2005;397:428-442

Morris R, Schauer-Gimenez A, Bhattad U, Kearney C, Struble CA, Zitomer D, Maki JS.
Methyl coenzyme M reductase (mcrA) gene abundance correlates with activity measure-

ments of methanogenic H,/CO,-enriched anaerobic biomass. Microbial Biotechnology.
2014;7:77-84

Wolfe RS, Metcalf WW. A vacuum-vortex technique for preparation of anoxic solu-
tions or liquid culture media in small volumes for culturing methanogens or other strict
anaerobes. Anaerobe. 2010;16:216-219

Khelaifia S, Raoult D, Drancourt M. A versatile medium for cultivating methanogenic
archaea. PLoS One. 2013;8:€61563

Widdel F. Growth of methanogenic bacteria in pure culture with 2-propanol and other
alcohols as hydrogen donors. Applied and Environmental Microbiology. 1986;51:
4156-4162

225



226 Rice Crop - Current Developments

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Boschker HTS, Middelburg JJ. Stable isotopes and biomarkers in microbial ecology.
FEMS Microbiology Ecology. 2002;40:85-95

Parker R]J. Analysis of microbial communities within sediments using biomarkers. In:
Hetcher M, Gray RTG, Jones JG, editors. Ecology of Microbial Communities. Cambridge:
Cambridge University Press; 1987. pp. 147-177

Tunlid A, White DC. Biochemical analysis of biomass, community structure, nutritional
status, and metabolic activity of microbial community in soil. In: Bollag JM, Stotzky G,
editors. Soil Biochemistry. New York: Marcel Dekker; 1992. pp. 229-262

Lehmacher A, Klenk HP. Characterization and phylogeny of MCRIIL, a gene-clus-
ter encoding an isozyme of methyl coenzyme-M reductase from hyperthermophilic
Methanothermus fervidus. Molecular & General Genetics. 1994;243:198-206

Garcia-Maldonado JQ, Bebout BM, Celis LB, Lopez-Cortes A. Phylogenetic diversity of
methyl-coenzymeM reductase (mcrA) gene and methanogenesis from trimethylamine in
hypersaline environments. International Microbiology. 2012;15:33-41

Luton PE, Wayne JM, Sharp RJ, Riley PW. The mcrA gene as an alternative to 165 rRNA
in the phylogenetic analysis of methanogen populations in landfill. Microbiology.
2002;148:3521-3530

Lopez-Cortes A, Lanz-Landazuri A, Garcia-Maldonado JQ. Screening and isolation
of PHB-producing bacteria in a polluted marine microbial mat. Microbial Ecology.
2008;56:112-120

Steinberg LM, Regan JM. mcrA-targeted real-time quantitative PCR method to examine
methanogen communities. Applied and Environmental Microbiology. 2009;75:4435-4442

Boone DR, Whitman WB, Rouviere P. Diversity and taxonomyof methanogens. In: Ferry
JG, editor. Methanogenesis: Ecology, Physiology, Biochemistry and Genetics. New York:
Chapman and Hall; 1993. pp. 35-80

Kaster AK, Moll ], Parey K, Thauer RK. Coupling of ferredoxin and heterodisulfide reac-
tion via electron bifurcation in hydrogenotrophic methanogensic archaea. Proceedings
of the National Academy of Sciences. 2011;108:2981-2986

Ferry JG, Kastead KA. Methanogenesis. In: Cavicchioli R, editor. Archaea: Molecular
and Cellular Biology. ASM Press, Washington, DC; 2007, p. 288-314

Thauer RK. Biochemistry of methanogenesisa tribute to Marjory Stephenson. Micro-
biology. 1998;144:2377-2406

Pramanik P, Kim PJ. Quantitative determination of 2-mercaptoethane sulphonate as bio-
marker for methanogens in soil by high performance liquid chromatography using UV
detector. Soil Biology and Biochemistry. 2012;55:140-145

Lee CH, Park KD, Jung KY, Ali MA, Lee D, Gutierrez J. Effect of Chinese milk vetch
(Astragalus sinicus L.) as a green manure on rice productivity and methane emission in
paddy soil. Agriculture, Ecosystems and Environment. 2010;138:343-347



[51]

[52]

[53]

[55]

Methanogens Harboring in Rice Rhizosphere Reduce Labile Organic Carbon Compounds...
http://dx.doi.org/10.5772/intechopen.73299

Ma K, Qiu QF, Lu YH. Microbial mechanism for rice variety control on methane emis-
sion from rice field soil. Global Change Biology. 2010;16:3085-3095

Ma JF, Takahashi E. Effect of silicon on the growth and phosphorus uptake of rice. Plant
and Soil. 1990;126:115-119

Thauer RK, Kaster AK, Seedorf H, Buckel W, Hedderich R. Methanogenic archaea:
Ecologically relevant differences in energy conservation. Nature Reviews. 2008;6:579-591

Williams PEV, Innes GM, Brewer A, Magadi JP. The effects of growth, food intake and
rumen volume of including untreated or ammoniatreated barley straw in a complete
diet for weaning calves. Animal Products. 1985;41:63-74

Pramanik P, Kim PJ. Effect of limited nickel availability on methane emission from EDTA
treated soils: Coenzyme M an alternative biomarker for methanogens. Chemosphere.
2013;90:873-876

Finazzo C, Harmer J, Bauer C, Jaun B, Duin EC, Mahlert F, Goenrich M, Thauer RK,
Doorslaer SV, Schweiger A. Coenzyme B induced coordination of coenzyme M via its

thiol group to Ni (I) of F430 in active methyl-coenzyme M reductase. Journal of the
American Chemical Society. 2003;125:4988-4989

Pramanik P, Kim PJ. Mitigate CH, emission by suppressing methanogen activity in rice
paddy soils using ethylenediaminetetraacetic acid (EDTA). Geoderma. 2014c;219-220:
58-62

Pramanik P, Kim PJ. Contrasting effects of EDTA applications on the fluxes of methane
and nitrous oxide emissions from straw-treated rice paddy soils. Journal of the Science
of Food and Agriculture. 2017;97:278-283

227



ntechOpen

ntechOpen



