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Abstract

Abstract

The heterogeneity in fertilization (single or integrated) in paddy fields and wetland soil
leads to dynamic unconformity in soil physicochemical properties, plant biomass,
microbial community ecology, and their underlying physiological behavior, and
enzymatic mechanisms. Paddy ecosystems comprise 11% of our arable land and are
greatly influenced by composite environmental perturbations. The interplay among
environmental factors and microbial community ecology is quite challenging and needs
to be addressed via a contemporary perspective to attain sustainable ecosystems and

agriculture practice.

The current study was devised to investigate the fluctuating influence of inorganic
(NPK) and organic (rice straw) fertilizers in a single and integrated fashion on the soil
physicochemical attributes, plant biomass, effective microbial community, and
functional metabolic predictions. It employs microcosm-based experiments with
agricultural paddy soil with rice plants (Oryza sativa var. Super basmati) and
subsequent supplementation of NPK in three doses. Single and integrated
supplementation of nitrogen (N) as C(H2N)20, phosphorus (P) and potassium (K) as
KH;PO4, K as KCIl, and rice straw (Rs) with concentrations equivalent to
160 kg N ha™!, 60 kg P ha!, 130 kg K ha !, and 1% respectively were made to make at
least 16 different combinations (18 including two controls). Soil physicochemical
properties i.e., gravimetric water content (GWC), pH, electrical conductivity (EC), total
nitrogen (TN), total carbon (TC), soil organic matter (SOM), available K (AK), and
total extractable P (TEP) were accessed. The microbial community structure was
apprehended by 16S rRNA high throughput sequencing (HTS) and phospholipid fatty

acid (PLFA) profiling. Using 16S rRNA HTS data, alpha diversity (Pielou’s E and
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Shannon) and beta diversity (Jaccard, Bray-Curtis) indices were reported. Furthermore,
functional predictions were made employing phylogenetic investigation of
communities by reconstruction of unobserved states (PICRUSt) at different levels.
Activities of acid phosphatase (AP), carbohydrate hydrolases i.e. B-glucosidase (GLU)
and N-acetyl-B-glucosaminidase (NAG), and plant biomass variations were also
studied. Additionally, methane production potential (MPP) of supplemented soils
samples was measured. Moreover, in another experiment, Potential methane oxidation
(PMO) rates were also monitored in flooded and non-flooded conditions against the

different concentrations of (NH4)2SO4 in wetland soil.

Our results indicated GWC, pH, TN, TC, C/N, and SOC to be the most influential
indicators of microbial community ecology. HTS and PLFA analysis also revealed
bacteria and archaea being more responsive compared to fungi. The outcomes revealed
enhancement of community richness and diversity in all supplemented treatments
compared to controls. Proteobacteria, Actinobacteria, and Firmicutes were the highly
prominent phyla among bacteria. In different combinations, Chloroflexi, Bacteroidetes,
and Verrucomicrobia showed positive while Actinobacteria, Acidobacteria, and
Gemmatimonadetes ~showed negative tendencies contracted to controls.
Thaumarchaeota and Euryarchaeota were dominant archaeal phyla and exhibited
increasing and decreasing trends, respectively. The methanogenic genera i.e.,
Methanobrevibacter, methaosaeta, and methanomassiliicoccus showed a significant
increase while methanosphaerula and methanocella showed decreasing trend. Overall,
a discouraged methanogenic population was observed in U, K, UK, and UKRs which
signifies the negative role of U and K in methane emission. The PICRUSt indicated

microbial community shifts significantly towards amino acid, carbohydrate, energy,
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and lipid metabolism while less towards glycan biosynthesis, synthesis of secondary
metabolites, terpenoids, and biodegradation. Significantly enhanced activity of -
glucosidase (GLU) and urease was observed in a majority of treatments compared to

acid phosphatase (AP) and N-acetyl-p-glucosaminidase (NAG).

The principal component analysis (PCA) signified microcosms with mixed
combinations of fertilizer and controls as the most crucial variable regarding
community structure. pH, C/N, SOM, and AK are identified as key factors in shaping
bacterial and fungal abundance in different treatments. Our results inferred more
disparity in the bacterial community than fungal. The effect of integrated fertilization
especially UP and UPK was more promising regarding community ecology, methane

metabolism, and plant growth.

Keywords: NPK fertilizers, paddy soil microcosms, high throughput sequencing,

PICRUSt, methane metabolism, enzyme activities.
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Thesis outline

The critical role of the soil microbial community to attain ecologically sustainable
agriculture has driven a proliferation to investigate the relationship between microbial
community, nutrient recycling, and soil fertility. Being a temporary CW, occupying
11% of the global arable area, paddy soils introduce one of such examples in which
relevant influencing factors need to be explored more than ever. Rice fields and wetland
soils were established as robust sources and sinks of CHy, thus making them a good
experimental model for sustainable ecosystems and agriculture practices under
different fertilization. Chapter 1 briefly covers the overall introduction of the thesis. In
Chapter 2 detailed literature review regarding wetlands, paddy soils, different factors
affecting microbial communities, methanogenesis, methanotrophy, 16S rRNA
sequencing, PLFA profiling, and PICRUSt analysis are briefly discussed. Chapter 3,
comprehends the published study concerning the short-term impact of inorganic and
organic fertilization on archaeal and bacterial communities at the phyla and genera
levels by metagenomic analysis. Functional predictions were made at level 2
(metabolism) and level 3 (energy metabolism) using 16S rRNA NGS data. In Chapter
4, the effect of bacterial, fungal, and archaeal (methanogenic) communities was
investigated by PLFA profiling and 16S rRNA sequencing. Additionally, activities of
CNP enzymes were also accessed. The influence of inorganic and organic fertilizers
was analyzed on plant biomass and methane production potential. Chapter S overlooks
the role of different concentrations of (NH4)2SO4 on type I and type II methanotrophs
and their PMO rates under flooded and non-flooded conditions. Finally, Chapter 6
presents an overall conclusion of the findings with the integration of the current study

and future perspectives in Chapter 7.
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1. General Introduction

Soil plays a complicated and fundamental part in the terrestrial and wetland ecosystems
by executing biotic and abiotic processes that evolve under environmental strains (Welc
et al. 2012). Soil microbial communities in waterlogged conditions have become a
prime emphasis of microbial ecologists during the past few decades concerning
ecosystem functioning, stability, and sustainability. Paddy soil is distinctive from
upland soil for its waterlogged condition and being a specific type of constructed
wetland (CW)), it is assessed as an important source and sink of methane (Kikuchi et al.
2007, Watanabe 2019). Rice paddies being distinctive in hydrology, water-dependent
vegetation, and hydric soils represents one of the largest human-made wetlands
(Ramsar Convention Secretariat 2013). In rice paddy agriculture practice, a key factor
that affects crop yield, soil quality, and variation in microbial community composition
in the paddy soil is the type and concentration of fertilizer applied (Greenberg et al.
2017). The physicochemical and biological behavior of paddy soil is quite different
from upland soil due to flooded irrigation practice (Kikuchi et al. 2007, Kamaa et al.
2011) and its nutrient budget is dependent on supplementation of organic (e.g rice
straw) and inorganic fertilizers e.g NPK respectively (Eo and Park 2016). NPK
fertilization and rice straw have been known to induce variations of varying degrees in
soil physicochemical properties as well as microbial community dynamics (Niswati et
al. 2005, Pan et al. 2016, Kuppusamy et al. 2018). Significant variations have been
reported in the microbial biomass and community composition after subsequent
fertilization in upland and lowland soils (Esperschiitz et al. 2007, Parrent and Vilgalys
2007). In addition to chemical fertilizers, the application of rice straw has been found

to improve soil fertility and nitrogen uptake (Takahashi et al. 2003, Zheng et al. 2020).
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Its application has also been found to increase methane emission by methanogens and
the succession of bacteria responsible for straw decomposition (Jia et al. 2007, Rui et
al. 2009). The dynamics of NPK and carbon (C) in soil are closely correlated, thus,
evaluating the effects of fertilizers in various combinations on microbial communities
in saturated soils is vital due to their active involvement in stimulating or inhibiting
biogeochemical processes thus enabling ecosystems to function accordingly.

The role of saturated soils is very important concerning methane status and recycling
(Kedzior and Dreger 2019) and are the major artificial sites of methanogenesis after
natural wetlands. In saturated soils, from an environmental perspective, methanotrophs
are more highlighted as consumers compared to methanogens as producers that are
participating in the biogeochemical cycling of CH4 in an antagonistic manner (Pazinato
et al. 2010). Typically, aerobic soil is the only biological sink for the oxidation of
methane by methanotrophic bacteria sequestering 10.0 to 30.0% CHy in wetland soils
(Le Mer and Roger 2001, Griggs and Noguer 2002). Globally, paddy soils contribute
15-20% CHg4 emission (25-100 Tg/year) (Zhang et al. 2011, Dubey et al. 2014) and are
predicted to increase up to 50% (145 Tg/year) by 2025 (Singh et al. 2018). Thus, it will
lead to greater input of NPK fertilizers that may affect the energy metabolism of
microbial communities, turning soil into a greater source of methane emission rather
than a sink (Gulledge et al. 1997, Dubey 2005, Khush 2005). The global methane
budget is summarized in Table 1.1 (Saunois et al. 2020).

The efficiency and sustainability of the terrestrial agroecosystem are highly reliant on
microbial diversity and physiology that vary continuously with the nutrients’ status
(Wu et al. 2011, Wang et al. 2017). The substantial role of the soil microbiome in

energy flow, nutrient cycling (Morris and Blackwood 2015), and soil quality
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determinants are well documented (Wang et al. 2017). A minor shift in organic and
inorganic content of soil may shift the microbial community dynamics and modify their
underlying mechanisms (Zhong and Cai 2007, Ramirez et al. 2012, Eo and Park 2016)
and ultimately lead to varying yield and soil quality (Su ef al. 2015). In this context, the
comparative abundance and role of specific microbe are considerably important (Mi et

al. 2018).

Table 1.1: Global methane budget of natural sources, anthropogenic sources, and

sinks. BU, bottom-up; TD, top-down.

Sources BU budget (Tg CHa/year) Sinks TD budget (Tg CHa/year)
Natural Anthropogenic
Wetlands 183  Fossil fuels 135  Tropospheric OH 519
Freshwater 122 Landfills and waste 68 Stratospheric loss 51
Geological 54 Rice cultivation 30 Tropospheric Cl 25
Wild gnimals & 19 Enteric fermentation 115 Soil uptake 30
Termites & manure
Wildfire & Permafrost 4 Blomass & Biofuel 29
burning
Total Sources 759
Total sinks 625

Source-Sink imbalance 127

Approaches employed to study soil microbial community ecology are 16S rRNA gene
sequencing (Li, Liu, et al. 2019) and phospholipid fatty acid (PLFA) profiling which
has been well established in recent years. Fluctuating enzyme activities have been
reported in waterlogged soils that are involved in soil productivity and CNP cycling as
a result of organic amendments (Gasco et al. 2016, Li et al. 2018). Soil enzymes being
a vital component of biochemical functioning are suggested as a determinant of soil
quality and their functionalities are associated with microbial biomass, nutrient
availability, and plant growth (Liu et al. 2017, Zhang, Sun, Chen, et al. 2019). Soil
enzymes like [-glucosidase (GLU), acid phosphatase (AP), N-acetyl-f-

glucosaminidase (NAG), and urease are involved in CNP transformations and their
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activities differed with the application of different fertilizers (Li et al. 2015, Zhang et
al. 2016).

Considering the variability in type and application rate of fertilizers in paddy soil, it is
vital to know the variation and dynamics of soil microbial community structure,
function, and chemistry that affect the global methane burden. So, a microcosm-based
experiment (Figure 1.1) was established to investigate and predict the said question.
The specific hypothesis of the study was to evaluate the effect of short-term
supplementation of rice straw and NPK-based fertilizers on the composition and
relative abundance of the bacterial, fungal, and archaeal communities in wetland/paddy
soil. The impact of GLU, AP, NAG, and urease on soil community structure was also
studied. Additionally, PICRUSt derived functional profiles i-e energy metabolism of
contributing microbial community was predicted to estimate functional metabolism
(methane metabolism). A correlation can also be suggested between the dynamics of

microbial communities and physicochemical factors.

Figure 1.1: Paddy soil microcosm flooded with 5 cm of water and planted with

rice plant.
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Aims and Objectives

The study intends to evaluate the overall relative density and diversity of effective
microbial communities under the influence of a different combination of organic and
inorganic fertilizers in a controlled microcosm setup containing soil from a paddy field
and wetland. The proposed study also includes optimizing a specific combination of
inorganic and organic fertilizers to predict methane emission, predictive functional

metabolism, and enzyme activities. The objectives are as follows.

e Development of microcosms containing paddy soil and indigenous Oryza sativa

(var. Super Basmati).

e Supplementing planted microcosm with different combinations of inorganic and
organic fertilizers viz. urea, potassium dihydrogen phosphate, potassium chloride,

and rice straw to evaluate:

1. Soil physicochemical properties of the paddy soil.

2. Microbial community composition and diversity of effective microorganisms

by PLFA and NGS.

3. Functional metabolic predictions of the microbial community by PICRUSt.

4. Impact of differential fertilization on CNP enzymes, the relative abundance of

methanogens, methane emission, and plant biomass.

e To evaluate the relative abundance of type I and type II methanotrophs and their
PMO rates under different concentrations of (NH4)2SO4 in saturated and drained

conditions.



LITERATURE
REVIEW




Chapter 2 Literature Review

2. Literature review

2.1. Wetlands

Wetlands, by definition, encompasses specific hydrology, vegetation, and hydric soils
that transitioned between aquatic and terrestrial ecosystems (Craft 2015). Thus,
wetlands are “edge” ecosystems and include all sorts of peatlands, marshes, swamps,
and bogs (Neori and Agami 2017). The wetland hydrology can be permanently or
intermittently flooded but the soil should be saturated long enough to support specific
vegetation and processes distinctive to wetland ecology. Natural and man-made
wetlands hosted some of the critical ecological processes like primary production,
biodiversity, organic carbon storage, nutrient enrichment, and methane fluxes, yet
covering roughly cover 6 % of the vegetative land area worldwide (Russi et al. 2012,
Janse et al. 2019). During the past century, an estimated two-thirds of the natural
wetland have been wiped out primarily due to human interventions (Wetlands
International 2014). However, one of the important, major, and ever-growing types of
man-made wetlands are rice paddies which lie within the very definition of constructed

or man-made wetland (Ramsar Convention Secretariat 2013).

2.2. Paddy Soil

The competence, productivity, efficiency, and sustainability of the terrestrial
agroecosystems are highly contingent on soil microbial ecology and physiology that
varies continuously with the nutritional status, biochemical activities, and other
ecological factors (Wu et al. 2011, Wang et al. 2017). Soil performs an indispensable
and complex role in the terrestrial ecosystem by executing its transmuting abiotic and

biotic processes (Welc et al. 2012). The vital role of soil microbiota in energy flow,
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nutrient cycling (Morris and Blackwood 2015), and soil fertility are well documented
(Wang et al. 2017). However, a minor shift in different factors like inorganic or organic
contents of soil may shift the ecology and ultimately physiology of it (Zhong and Cai
2007, Ramirez et al. 2012, Eo and Park 2016).

Rice is the second most-cultivated basic crop intended for roughly 50% of the earth's
inhabitants covering over 163 million ha cropland that represents 11% of the global
arable land (Maraseni et al. 2018, Aslam Ali ef al. 2019). Paddy field soil depicts a
complex biosystem where a range of biogeochemical cycles occurs. Flooded irrigation
of paddy soil makes it well distinguished from upland soil in soil quality, productivity,
microbial ecology, and biological behavior (Kikuchi et al. 2007, Kamaa ef al. 2011).
At the same time, paddy soil is also a crucial source of methane emission with a fair
impact of 15-20% of the overall anthropogenic methane production (Datta et al. 2009)
which is likely to increase from 25-100 Tg to 145 annually by 2025 (Singh et al. 2018).
The increase in rice demand with increasing population will lead to greater use of
flooded irrigation, nitrogenous fertilizers, and methane metabolizing capabilities of

waterlogged paddy soils.

2.3. Soil microcosms

Microcosms are reproducible and replicable, artificially bounded microclimatic subsets
of a natural ecosystem with different trophic levels. Soil microcosms exampled as an
excellent tool to study ecosystem’s functionality in a controlled environment to mimic
ecological parameters. Microcosms are potentially beneficial and preferred in the
following situations:

e Where the influence of individual ecological parameters needs to be

investigated.
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e In ecosystems where field analyses are laborious and time-consuming.

¢ In situations where investigations need to be reproduced.

e When intermediate studies are required before initiating full-scale

experimentation.

e In hard access areas or where in-field experimentation is not possible.
Terrestrial or soil microcosms have been widely used to study different
physicochemical or biological processes like biodegradation, bioaccumulation,
bioremediation (Carbonell and Tarazona 2014, Maguffin et al. 2020, Pinto et al. 2020),
gas measurements (Guo et al. 2020), microbial ecology and physiology (Ellis 2004,

Nakagawa et al. 2020) and, nutrient recycling (Hoorman and Islam 2010).

2.4. Fertilization of Paddy soil

Different types of organic and inorganic fertilizers are applied to paddy soil in varying
concentrations globally (Baith and Anderson 2003). Since its nutrient budget is
dependent on an artificial supply of organic and inorganic fertilizers, it demands a
delicate balance between major (C, N, and P) and minor nutritional composition (Eo
and Park 2016). A key factor that affects crop yield, soil quality, and variation in
microbial community structure in the paddy field soil is the type and concentration of
fertilizer applied (Greenberg et al. 2017). Evaluating the effect of individual fertilizers
in a pure and mixed form on soil physicochemical, biological, and ecological behavior
is vital due to their active involvement in stimulating or inhibiting biogeochemical
processes, thus enabling ecosystems to function accordingly. Traditionally, paddy soil

fertilization can be classified as inorganic (mineral) and organic fertilizers.
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2.5. Inorganic fertilizers

In rice field agriculture, NPKs are primary mineral fertilizers while zinc (Zn) as zinc
sulfate is used in lesser concentrations. The NPK dynamics are correlated with C and
are primarily dependent on pH, soil moisture, temperature, and cultivation
methodology. Considering rice cultivation, nitrogen is the most limiting nutrient (Luo
et al. 2016) and its application as ammonium-based N fertilizers (urea and ammonium
sulfate) substantially improves yields, however, N competence of paddy plants
regarding integration efficiency is generally less (Qiao ef al. 2012). Balancing nitrogen
usage is also an important prospect to limit its toxicity because more than half of applied
nitrogen is dissipated by volatilization, surface runoff, denitrification, and nitrate
leaching. High N fertilization is known to decrease microbial diversity (Liang et al.
2008) and temporarily produce higher osmotic potential and toxic accumulation of
ammoniacal N (Geisseler et al. 2017). P and K are not limiting nutrients and are
essential in lesser concentrations compared to N. A delicate balance among these

increase microbial ecology richness as well as crop yield (Su et al. 2015).

2.6. Organic fertilizers

The combination of mineral and organic fertilizer in rice agriculture is reported to
increase soil fertility (Tian ef al. 2015) and various types of organic amendments are
applied globally among which rice straw (Rs), green manure, cattle manure, and spent
mushroom compost are most common (Mi et al. 2018). Due to their distinct
composition, their impact on soil physicochemical properties and biological behavior
is also different. However, their specific interaction with mineral fertilizers in paddy

soils is poorly studied. Overall, organic amendments are highly recommended in
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addition to mineral fertilizers because numerous studies have suggested their role in
enhanced microbial diversity, improved soil fertility, N uptake (Takahashi ez al. 2003),
P mobility and recovery (Mohanty, Paikaray, et al. 2006), increasing soil SOM (Agbede

2010), and crop yield (Yang et al. 2015, Qaswar et al. 2019).

2.7. Microbial ecology of paddy soil

The diversity, community structure, and biological activity of soil microorganisms are
determined by multifaceted proximal factors such as pH, temperature, nutrient inflow,
and soil moisture content (Brockett et al. 2012, Menéndez-Serra et al. 2019). The
maintenance of soil productivity via energy flow, nutrient recycling by decomposing
organic matter, and formation of soil aggregates are few underlying processes
indispensable without archaea, bacteria, and fungi. The disparity in diversity and
composition of microbial communities due to fertilization is well studied (Shen et al.
2013). Since, some vital processes like nutrient recycling by residue decomposition
(Six et al. 2004), methanogenesis, methanotrophy, nitrogen fixation (Majeed et al.
2018), biodegradation (Nicolas et al. 2019), disease suppression, soil sustainability, and
productivity (Newman et al. 2016) are microbe dependent, they will remain under
critical status for investigation. The methanogenesis is exclusive to methanogens,
identified only in domain archaea. The role of bacteria in controlling soil physiology
and quality is evident by methanotrophy, decomposition, and nitrogen fixation. At the
same time fungi are involved in decomposition, biodegradation, and fermentation
(Zhang, Sun, Chen, et al. 2019). The Proteobacteria, Actinobacteria, Chloroflexi and
Acidobacteria constantly outweighed concerning soil microbiota and most of the
studies are in accordance with it. At different soil depths phylum Proteobacteria has

been recognized as most dominant and it also outcompete other phyla in straw
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decomposition (Li et al. 2017). Some reports has also identified it in improving soil
fertility and plant growth (Chaudhry et al. 2012). The phylum Chloroflexi, being
facultative anaerobe has been shown variations in abundance particularly during
flooded period of rice cultivation (Chen et al. 2016). The bacterial phylum
Actinobacteria played an important role in straw decomposition, changing functions
related to soil conditions, because a variety of actinomycetes play an important role in
degrading lignin and lignocellulose by excreting peroxidases and oxidases (Wu et al.

2020).

2.8. Determinants of microbial community ecology

Saturated soil ecosystems have been known as an anthropogenic source of methane
metabolism and furnish aerobic and anaerobic conditions for methane production and
oxidation. There has been a differential degree of variation within the community
composition of effective microorganisms (archaea, bacteria, and fungi) and a particular
environmental factor may be stimulatory, inhibitory, or may not affect the community
at all. Fungal communities in paddy soil are less susceptible to structural or
physiological variation due to waterlogged conditions (ZHANG et al. 2007, Chen et al.
2014). Environmental determinants of microbial community ecology can be of
proximal nature that affects directly (soil water content, pH, temperature, micro and
macronutrients, and SOM content, etc.) or site factors affecting indirectly such as
location, regional climate, soil texture, land usage, and crop type (Brockett et al. 2012).
The flooded conditions and organic amendments in paddy soils are pH stabilizers
(Zhong et al. 2010, Rukshana et al. 2012), thus pH variations in waterlogged soils are
usually narrow. The pH stabilization due to flooded nature inhibits acid-producing

processes such as nitrification (Mi et al. 2018). Contradictory outcomes have been
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reported previously regarding pH involvement in waterlogged soils. Few studies
claimed pH to be one of the strongest contributors in distinguishing microbial ecology
in flooded soil (Rousk et al. 2010, Kumar et al. 2018) while others did not found any
significant influence of pH on microbial communities (Zhang et al. 2015). Such
findings direct the investigators to focus on other contributing factors integrated with
pH.

2.8.1. Temperature and soil moisture

Temperature and soil moisture content has been known as critical contributors in
influencing community ecology and their impact is more profound in the case of
methanogens and methanotrophs (Tian ef al. 2011). Due to their involvement in shaping
methanogenic and methanotrophic communities, they are considered key factors in
methane emission and oxidation in hydric soils (Qiao et al. 2012). In general, it is a
well-established fact that methanogens are most active under flooded conditions due to
anaerobic environment while methanotrophic populations are decreased due to the
same reason (Jia et al. 2007, Serrano-Silva et al. 2014).

2.8.2. Flooded conditions

Methanogenic communities keep manipulating through the rice-cultivation cycle with
an insignificant increase at the preliminary stage and comparably become higher at the
flowering stage. Their growing tendency has been defined (Singh et al. 2012) in the
subsequent order: plantation of pre-plantation, post-harvest, tillering, ripening, and
flowering stage. However, this shift in population is also precisely relatable to flooded
and drainage conditions of the soil. This pattern of population shift is common in

different soils and climatic conditions also, thus making flooding conditions a vital
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determinant in shaping community structure. Few findings also report methanogen
stability and survival during adverse drained conditions (Ma and Lu 2011).

2.8.3. Nitrogen Supplementation

N supplementation is unavoidable in rice field agriculture and it regulates GHG
emission (Wu et al. 2009a), influencing crop yield, manipulates soil microbial ecology
(methanogens or methanotrophs), and even alters soil physicochemical attributes.
Generally, N supplementation stimulates methanogens and inhibits methanotrophs, and
thus increases net CH4 emissions (Datta ef al. 2013, Bodelier and Steenbergh 2014).
The influence of N fertilization on other communities such as denitrifying bacteria (that
usually outcompetes methanogens for growth substrates) is also reported, however,
their competence is dependent on the source utilized. The impact of N on a particular
community also depends upon the type and concentration of applied fertilizer, for
example, urea is more stimulatory for methanogens compared to ammonium sulfate. At
lower CH4 concentrations, NHy inhibits CH4 oxidation and vice versa (De Visscher and
Van Cleemput 2003).

2.8.4. P and K supplementation

Supplementation of P fertilizers influences community ecology by increasing N
fixation, inhibiting methanogens, and stimulating PMO rates. Inhibition of
methanogenesis is more pronounced in the case of the acetoclastic pathway thus
decreasing net CHs emissions. Soil amendments with K fertilizers also inhibit
methanogenesis in paddy soils, however (Wassmann et al. 2000) observed no
substantial correlation between K-fertilizer and methanogenesis. (Conrad et al. 2008)
reported a similar mechanism of inhibition by P and K fertilizers that execute their

influence on the aerobic environment and root exudates. K fertilization in KCI form,
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even in low concentrations, induces oxidizing environment and suppresses nitrification
(Vieira Megda et al. 2014). The mechanism, interaction, and influence of P and K are
still unclear and demand more attention.

2.8.5. Soil organic matter

Soil quality indicators (soil community structure and diversity) are sensitive to SOM
content and its amendment in non-flooded soil induces CO» production while in flooded
soils it enriches CH4 production (Wang et al. 2018). Organic amendments integrated
with NPK fertilization in poor quality soils is a promising and well-studied approach to
improve soil quality and a good step towards sustainable agriculture practice (Yang et
al. 2015, Mi et al. 2018). Although different types of organic supplementation are
applied worldwide, their mechanism of action is perplexing, multifactor dependent, and
poorly studied. Studies are continuously conducted to access their long-term impact in
good quality and poor-quality soils which are crucial for C sequestering and stability
(Liu, Sui, et al. 2019). (Hou et al. 2013) analyzed the influence of rice straw and wheat
straw on the methane efflux from the soil in a three-year study. Four treatments
containing rice straw, wheat straw, a combination of wheat and rice straw, and control
were studied. The treatments containing wheat and rice straw showed an increase in
methane emission but on the other hand they observed less methane emission in rice
straw treatment and concluded that rice straw treatment could increase the productivity
of rice with decreased methanogenesis. (Bhattacharyya et al. 2012) applied rice straw,
green manure, and inorganic fertilizers in diverse consortiums on the soil and concluded
that combination of rice straw and green manure caused a significant increase in
methane production, however, the addition of rice straw with inorganic fertilizers

increases the availability of carbon in the soil thus improving productivity in the fields.
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(Kim et al. 2014) also reported enhanced CH4 production after the supplement of air-
dried and composted manure, however using composted manure showed a 50%
decrease in methane as contrasted to air-dried manure.

(Aslam Ali et al. 2019) employed cohesive treatment of silicate fertilizers, composted
animal manures, and Azolla biofertilizer. They concluded that the combination of these
could reduce methane emission, enhance soil fertility, and enhance production thus
suggested a substitute against conventional urea fertilizers. (Zhang et al. 2016) studied
the impact of biochar with or without N fertilizer on rice yield as well as methane
emission and concluded that it significantly increased the rice yields but an increase in

CH4 was also noticed.

2.9. Paddy ecosystem and methane emission

The anthropogenic emission of GHG (e.g., CO2 and CHy) has led to an escalation in the
mean earth’s surface temperature and climate changes during the previous 50 years.
Methane gas with greater radiative efficiency and Global Warming Potential (GWP) as
contrasted to CO», makes it 20-30 times more efficient than CO; as a GHG (Bernstein
et al. 2007). With a retention time of approximately 10 years, methane is removed from
the atmosphere through destruction in the stratosphere, oxidation in the troposphere by
OH and soil biological processes (Boucher et al. 2009). More methane means more
absorption of heat energy than the reflection from the earth’s surface in the form of
infrared radiation which slows the rate of energy evasion to space. Methane being a
reactive gas changes the troposphere’s configuration upon its reaction with hydroxyl
radicals, falling its oxidative power and capacity to eradicate pollutants (for example
chloro-fluoro carbons (CFCs)), which paves the way to produce other GHGs (ozone,

CO, COy). Such processes generate water vapors in the stratosphere which damages
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ozone layer, thus permitting the solar radiations towards earth’s surface. Methane is
eliminated in the troposphere through oxidation by OHe radicals with the production of
water vapors, according to the reaction:

CHs + OH® — CH3" +H2O

Additionally, CH4 reacts with CFC-originated chlorine in the stratosphere as follows:
CH4 + CI' — HCI + CH3'". Another mechanism of CH4 eradication occurs in aerobic
zone of wetland and upland soils which is brought about by microbial oxidation. The
concentration of methane has been increased to 162% from the past 250 years and
escalating at a rate of 1% each year. Petroleum systems and natural gas, landfills,
agricultural activities, wastewater treatment, coal mining, mobile and stationary
combustion, and some industrial procedures are included in the anthropogenic sources
of methane (Stocker et al. 2013) and comprise 63% (566 Tg CHu/year) of CHs
emissions globally. Wetlands (marshes, swamps, and bogs) are also the foremost source
of methane gas in the environment, producing 60-70% emission of all-natural sources
or 100 Tg CHa/year. Unaltered natural soils are the sink of methane and they emit less
amount of CO, and sequester more carbon, but due to anthropogenic sources and

agriculture activities, they are mostly a source of methane (Christiansen et al. 2012).

2.10. Methane Metabolism by microbial communities

Methanotrophs and Methanogens are two different communities of microorganisms
present in the wetland or paddy field soil and are engaged in the biogeochemical
progression of CHy4 (Pazinato ef al. 2010) by working antagonistically. To estimate and
predict methane metabolism, numerous investigations have been made to have an

enhanced understanding of the operational response of methanogenic and
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methylotrophic communities in paddy soil (Conrad 2007, Shrestha et al. 2010,
Watanabe et al. 2013, Lee et al. 2014a).

In strict anaerobic conditions, methanogens use acetate or CO; as an electron acceptor
to generate CH4, while aerobic soil is the only biological sink of methane oxidation by
methanotrophic bacteria (S. R. Mohanty 1., 2006) sequestering 6% methane in the
upland dry soils (i.e., forest and grasslands) and 10-30% in the wetland soils globally
(Le Mer and Roger 2001, Griggs and Noguer 2002). Methane emission highly depends
on methane oxidation by methanotrophs, and several mechanisms indicate that the
addition of nitrogenous fertilizers inhibits methane oxidation. For example, competitive
inhibition of methane monooxygenase (MMO) through ammonia can be one of the
inhibitory mechanisms of methanotrophy at a cellular level. Moreover, oxidation of
ammonia by methanotrophs also produces intermediate and end products such as
hydroxylamine and nitrite which have a noxious impact on methanotrophs (Whalen et
al. 2000). On the contrary, many authors explained that the addition of ammonia or
nitrate fertilizer can enhance the methane oxidation rate due to change in the
composition of the methanotrophic bacterial community (De Visscher et al. 2001) or
nutrient availability enhancement (Veldkamp and O’Brien 2000), others also argued
that methanotrophs simply need a nitrogen source and it acts as a limiting factor for
methane oxidizers. (Bodelier and Laanbroek 2004) gave the hypothetical model for
methane oxidation, in which they explained that nitrogen act as a limiting factor for
methanotrophy, and a decrease in nitrogen concentration can shift the cycle from
methane oxidation to nitrogen fixation. Methanogens are also affected by the addition
of fertilizers, for instance, under the anaerobic conditions, the presence of other electron

acceptors (i.e., SO42, Fe™, NO2, NO?) is used by certain types of sulfate-reducing,
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iron-reducing, and denitrifying bacteria which outcompete methanogens for uptake of
hydrogen and acetate (Borrel ef al. 2011) and ultimately reduce the methane emission
from soil. Some compounds inhibit methanogenesis, such as sulfate rich anaerobic
environments in which inhibition takes place due to competition with sulfate reducers
for substrates like acetate and hydrogen (Muyzer and Stams 2008). The sulfide
produced through anaerobiosis also have toxic effect on the methanogens (Paula and
Foresti 2009). From the above mechanisms and many research studies, it is still unclear
how any fertilizer can affect methanogenesis and methanotrophy, since it depends on
many other factors such as soil texture, pH, redox potential, organic matter, availability
of mineral nutrients, and other accompanied microorganisms as well. Moreover, by
applying fertilizers in different combinations can have also different effect on these

processes which still need to be investigated and is an area of extensive research.

2.11. Methanogenesis

Methanogenesis results in CHs4 and CO> emission during the anaerobic microbial
breakdown of organic matter in natural ecosystems with depleted electron acceptors
such as oxygen, sulfate, ferric iron, and nitrate (Reim ef al. 2017, CONRAD 2020).
This anaerobic microbial methane production (AMMP) demands microflora of
hydrolytic, fermentative, acetogenic, and methanogenic nature, which is quite common
in rice paddies, natural wetlands, lake sediments, landfills, anaerobic digesters, and in
the gut of some animals. The whole process of methanogenesis can be divided into five
steps:
1. Breakdown of complex organic matter to monomers and the fermentation of
monomers to simpler compounds like alcohols, low-C fatty acids (acetate,

formate), hydrogen, and CO»
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2. Transformation of acetate into CH4 and CO»

3. Transformation of hydrogen and carbon dioxide into CH4

4. Syntrophic transformation of short-chain fatty acids and alcohols to acetate,

COy, and H»
5. Fermentation of monomers to acetate only (heterotrophic acetogenesis) or
transformation of H, and CO; to acetate (chemo lithotrophic acetogenesis)

Steps 1, 4, and 5 are usually accomplished by bacterial communities, while steps 2 and
3 are archaeal dependents. Steps 2 and 3 represent acetoclastic and hydrogenotrophic
methanogenesis, respectively. Acetoclastic methanogenesis contributed to about two-
thirds of the total CH4 emission and the relative contribution of these two types are
critically important to design mechanistic models to predict CH4 emissions in the future
(Bridgham et al. 2013, Xu et al. 2015, Vavilin et al. 2017).
Although methanogens have been found and studied in different environments, they are
investigated extensively in paddy soils due to convenience and accessibility (Yuan et
al. 2018, Jin et al. 2020). These environments still offer a huge research gap regarding
microbial community structure and physiology under different stresses.
Methanobacterium, Methanobrevibacter, Methanosarcina, Methanoculleus,
Methanogenium, Methanosaeta, and Methanospirillum are the ecologically important
and abundant methanogenic genera in paddy and other water logged soils (Daebeler et
al. 2013). Various genera of methanogens are known to respond differently against a
particular stress factor. Rice varietal variation with respect to methanogenesis has also
been demonstrated (Le Mer and Roger 2001). Several factors have been reported to
cause fluctuation in methanogens community composition and diversity such as gas

diffusion, soil water content, nature of soils, soil physicochemical properties,
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fertilization, substrate availability and, competition with de-nitrifiers and sulfate

reducers (Zhang et al. 2007, Fazli et al. 2013).

2.12. Methanotrophy

The low-affinity oxidation of CHs in methanogenic environments (paddy soil,
peatlands, landfills, etc.) is performed by methanotrophic bacteria called methanotrophs
that occur in the aerobic layer of soil such as rhizosphere, inside roots, and submerged
leaves. Syntrophic consortium of archaea and sulfate-reducing bacteria is responsible
for anaerobic methane oxidation (Lee ef al. 2014b). All methanotrophic bacteria are
classified as type I or type II, depending upon the path they follow i.e., ribulose
monophosphate cycle and serine pathway respectively (Rosenzweig and Ragsdale
2011). There is a disagreement in the literature regarding the third type of
methanotroph, it is either reported as type X or subtype of type I (Hanson and Hanson
1996, Dubey 2005, Semrau et al. 2010). The CH4 oxidation rate is multifactorial (crop
cycle, temperature, CH4 concentration, soil moisture content, plant biomass, geographic
location, fertilizers and, soil flooding, etc.) can vary as broadly as 0-90% (Fey and
Conrad 2000, Yue et al. 2007, Shrestha et al. 2010, Watanabe et al. 2013). Saturated
soils are predominated by type II methanotrophs which can produce soluble methane
monooxygenase and can oxidize as much as 80% of CH4 diffused in the upper soil layer
(Le Mer and Roger 2001). Inconsistent opinions are repeatedly reported in the literature
about the impact of a particular rice variety on methanotrophy (Wu et al. 2009b, Win

etal 2012).

2.13. Interactions between methanogens and methanotrophs
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The dynamic interaction exists between community composition, diversity and, the
relative composition of methanogens and methanotrophs in a rice paddy. The factors
responsible for their community ecology are the same as those controlling methanogens
and methanotrophy. Their dynamic relative abundance can be positively or negatively
correlated and integrated investigations involving environmental factors, methanogens,
and methanotrophs are perplexing but urged, to develop a sustainable agriculture

practice.

2.14. Methods to study soil microbial communities

While assessing microbial community ecology in different environments,
microorganisms are assigned to different taxa, and the whole community is distributed
among those taxa and characterized as functional groups (Liu et al. 2000).
Traditionally, microbial community ecology studies are accomplished by subjecting the
whole community to the stress of variable nature such as pH, temperature, and nutrients,
etc. depending upon the study conducted. However, a major challenge existed for
decades is the choice of optimal method to study microbial community ecology. The
methodologies to measure microbial community ecology belong to either of the two
categories i.e., 1) Biochemical based, such as plate count (Tabacchioni et al. 2000),
community-level physiological profiles (CLPP), FAME, and PLFA analyses (Zelles
1999, Frostegard et al. 2011, Chowdhury and Dick 2012) or 2) Molecular based, such
as nucleic acid hybridization and fluorescent in situ hybridization (FISH) (Thurnheer
et al. 2004), guanine plus cytosine (G + C), and PCR based techniques. The current
study used two of these advanced and very effective approaches to study community
ecology i.e., PLFA and PCR-based amplification of highly conserved 16S rRNA

followed by HTS. Nevertheless, PLFA profiling cannot contend with the rRNA gene-
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sequencing regarding phylogenetic resolution since the latter results in better
characterization of communities of diverse environments but doesn’t provide enough
evidence on the phenotype and the activity of the microorganisms under stress
(Frostegard et al. 2011). 16S rRNA gene metabarcoding is well ahead of PLFA where
the emphasis of the study is on the particulars of microbial ecology. The comparative
aptitude of PLFA profiling and 16S rRNA gene metabarcoding procedures to answer
several wider questions often asked by microbial ecologists, and whether outcomes can

be directly associated, is experimental.

2.15. PLFA based community structure

Soil fatty acids are sensitive and specific indicators of microbial communities. Soil
microbial community composition and diversity had been measured since the early 90’s
using PLFA profiling, which employs “signature” fatty acids associated with a specific
group of microorganisms. PLFA method is not only rapid and inexpensive but also
provides us a broad-scale quantitative overview of community composition, microbial
biomass estimation, and shift in community structure over time and stress (Grayston
and Prescott 2005, Willers et al. 2015). The actual method is primarily based on Blight
and Dyer phospholipid extraction procedure, certain modifications have been made
over the years to improve its sensitivity and specificity (BLIGH and DYER 1959,
Frostegérd et al. 2011). One of the key drawbacks of this method is the overlapping of
some fatty acid biomarkers to specify a particular group of microorganisms and caution
must be taken in structuring the community. For example, cy17:0 and cyl19:0
biomarkers, which are misinterpreted as markers of gram-negative bacteria are also
detected in few gram-positive bacteria (Schoug et al. 2008). Similarly, 18:2®6,9 and

18:109 are although good indicators of fungi but found in some other eukaryotes
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including plants (Kaiser et al. 2010). PLFA biomarker, 16:1®5, is an indicator of
arbuscular mycorrhiza but is also found in bacteria. Despite these cautious and
overlapping biomarkers, PLFA is comprehensive enough to study community ecology
in different environments like landfills, fertilized soils (Pan et al. 2016, Kuppusamy et
al. 2018, Zhang, Zheng, et al. 2019), anaerobic digester, aquifers (Green and Scow
2000), and compost (Steger et al. 2003). Table 2.1 represent different signature

phospholipid fatty acid biomarkers present in different groups of organisms.

2.16. PCR amplification and HTS

With advancements in genomic analysis, broadening of reference databases, and more
efficient HTS analysis, it is possible to describe the deeper taxonomic structure and
phylogenetic diversity of microbial communities in different ecosystems. The microbial
communities are examined using nucleic acid extraction, amplification of the V3-V4
hypervariable region of 16S rRNA, followed by subsequent sequencing. The primer
pair 515F/806R, from Earth Microbiome Project, is well documented for 16S rRNA
metagenomic library preparation from Illumina MiSeq (Caporaso ef al. 2018). One of
the few matrices used by PLFA and DNA barcoding is diversity, which is a function of
evenness in PLFA while evenness and taxon richness in 16S rRNA gene metabarcoding
(Orwin et al. 2018). While analyzing 16S rRNA gene metabarcoding information,
matrices like proteobacteria: acidobacteria ratio (nutrient status), oligotrophic:
copiotrophic ratio (comparative abundance at phylum and class level), and gram-
positive: gram-negative ratio can well explain the cause of a shift in microbial
communities (Collins et al. 2016, Orwin et al. 2018). 16S rRNA metabarcoding

methodology along with advanced analysis like PICRUSt si summarized in Figure 2.1.
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Table 2.1: Signature fatty acid biomarkers used as an indicator of specific

microorganisms.

Fatty acid type & PLFA biomarker  Indicator Recent and actual citation

Straight-chain saturated

14:0; 15:0; 16:0; 17:0; 18:0

General bacteria

(Zosso and Wiesenberg
2021)

(Zelles 1997)

Methyl-branched

(Zhang, Sun, Li, et al. 2019)

10Me16:0; 10Me17:0; Actinomycetes (Kroppenstedt 1985)
10Mel18:0 (actinobacteria) (Vestal and White 1989)
Monounsaturated (Yan et al. 2018)

14:1w5¢; 15:1; 15:1w6¢
16:107t; 16:109c; 16:1w11c;

17:1; 18:1®5c¢; 19:109¢; 20:109¢;

19:1w12¢; 20:109t; 22:109c¢;
22:109t

16:1w5¢

16:1w7c

16:1w5t; 16:108¢c
17:108; 17:15

Gram-negative bacteria

Arbuscular mycorrhizal
fungi

Gram-negative bacteria
Cyanobacteria; diatoms
Type I methanotrophs
Sulphate-reducing bacteria

Cyanobacteria; diatoms

(Wilkinson 1988)

(Zelles 1997)

(Pacoysky and Fuller 1988)

(Wilkinson 1988)
(Ahlgren et al. 1992)
(Nichols et al. 1985)
(Kaneda 1991)
(Ahlgren et al. 1992)

18:107¢ . . I
Gram-negative bacteria (Wilkinson 1988)
18: 107t Gram-negative bacteria (Zelles 1997)
18:1m8c Type II methanotrophs (Nichols et al. 1985)
Cyanobacteria; green algae (Ahlgren et al. 1992)
18:109¢ . :
Fungi (Vestal and White 1989)
Hydroxy substituted (Ferrari et al. 2018)

20H 12:0; 30H 12:0; 20H 14:0;

30H 14:0; 20H 16:0; 20H 18:0

Gram-negative bacteria

(Parker et al. 1982)

Cyclopropyl saturated
cy17:0; cy19:0

Gram-negative bacteria

(White et al. 2020)
(Wilkinson 1988)

Terminally branched
al3:0;113:0;114:0; 115:0; al15:0
116:0; a17:0;117:0; al18:0; 118:0

Gram-positive bacteria

(Maarastawi et al. 2019)

(O’Leary, W.M. and
Wilkinson 1988)

Polyunsaturated
18:2w9¢

18:303

18:2m6¢; 18:3m6¢

16:204; 16:2w6; 16:2w7; 16:3m3;
16:304; 16:403; 16:4w1; 18:4m3;
18:503; 20:4w6; 20:5m3; 22:5m03;

22:6m3

Saprotrophic fungi
Fungi
Saprotrophic fungi

Cyanobacteria; diatoms;
green algae

(Wang et al. 2019)
(W. 1986)

(Zelles 1997)

(W. 1986)

(Volkman et al. 1989,
Ahlgren et al. 1992)
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2.17. PICRUSt

One of the few advantages of employing amplicon-based next-generation 16S rRNA
sequencing is the use of bioinformatics tools to predict the functional attributes of
microbial communities (Sansupa et al. 2021). Few of such tools are operational
annotation of prokaryotic taxa (FAPROTAX) (Louca et al. 2016), Tax4Fun (ABhauer
et al. 2015), and PICRUSt (Langille et al. 2013, Douglas et al. 2019). PICRUSt
approach, with the most citations, utilizes rRNA sequencing data and reference
databases (KEGG and COG) to predict ecological functions of the microbiome and thus
serve as a powerful predictive and hypothesis-generating tool. The PICRUSt

methodology is shown in Figure 2.2.

Figure 2.2: PICRUSt Methodology (Langille et al. 2013).
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2.18. Methane Oxidation Potential

Mitigation of methane emissions from flooded soils has been a point of concern and
seeks more studies to attain methane mitigation techniques. One of the key factors to
focus on is measuring the capability of methane-oxidizing bacteria (MOB) to transform
methane into CO;. MOBs, also known as methanotrophs are differentiated from
methylotrophs in utilizing CH4 and C1 compounds respectively as a sole carbon and
energy resource (Semrau et al. 2010). The oxidation of methane in MOBs is brought
about by the methane monooxygenase enzyme. The methane oxidation by MOB is
regulated by environmental variables such as pH, nutrient availability, temperature, and
soil moisture content. However, N is considered to be the regulatory element of
methane oxidation (Bodelier and Laanbroek 2004). Incubation studies employing
diverse environmental samples such as wetland and forest soil (Reddy et al. 2019),
landfill soil (Park et al. 2005), and boreal soil (Whalen and Reeburgh 1996) have
reported methanotrophs as mesophilic with their maximum oxidation rates within a
temperature range of 25-35 °C (Sadasivam and Reddy 2014). In paddy soils, both
varieties of methanotrophs (type I and type II) have been identified and their population
tends to be many folds greater in the rhizosphere region contrasted to bulk soil (Frenzel
2000, Dubey et al. 2014). Previously, studies have been conducted to estimate PMO of
methanotrophs in NPK fertilized microcosms (Mohanty ef al. 2007, Jugnia et al. 2012,

Shrestha et al. 2012) and the oxidation rate measurements were made.

2.19. Methane Production Potential

An alternative approach to mitigate methane emission from submerged soil is to

overlook methanogenesis carried out by methanogens. The contribution of rice paddies
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among anthropogenic methane sources is somewhere around 11-19% of the global
methane emission (Kim ef al. 2018, Yuan et al. 2020). The vital aspect of
methanogenesis is the anaerobic decomposition of organic matter by methanogens, thus
shifting the dynamics of soil organic matter content and methane emission. In rice
paddy, the addition of organic fertilizer plays a crucial part in soil fertility and is usually
recommended to minimize fertilizer supplementation to achieve sustainable
agriculture. However, the addition of such organic supplementation (cattle manure, rice
straw, etc.) provides a readily available C source in flooded ecosystems. In contrast,
organic compost is known to deliver promising mitigation of methane emission in the
paddy field by several studies (Pramanik and Kim 2014, Ho et al. 2015, Kim et al.
2018). The impact of rice straw, which is a readily available C source, in methane
emission is however misleading since it is reported to induce specific methanogens
(Methanosarcinaceae) while suppressing others at the same time (rice cluster I
methanogens) (Conrad and Klose 2006). In wetland rice paddies the impact of soil
organic C is yet to be determined since the methane production potential is yet known
to increase, decrease or remain unaffected (Conrad 2020). Thus it demands more
investigations to study the methane production potentials at microcosms and mesocosm
levels under different stress indicators by the easier incubation methods (Singh ef al.

2012).

2.20. Biological activities in paddy soil

Extracellular microbial enzymes have been known as a very delicate indicator of a
variety of ecosystem functions as decomposition, fertilization, crop rotations,
eutrophication, and heavy metal pollution (Dick 2015). Additionally, they are fairly

straightforward to determine, have microbial biological significance, are receptive to
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environmental strain, and respond promptly to fluctuations in land management
(Yakovchenko et al. 1996, Dick et al. 2015a). With the advancements in soil
enzymology, great interest has been developed in the use of extracellular enzymes as
biological indicators of soil quality as well as particular reactions of the overall
microbial community (Frankenberger and Dick 1983). Both long-term N addition and
temperature have a profound effect on extracellular enzyme activity. To monitor
alteration in soil quality in terms of soil organic matter, B-Glucosidase activity can be
considered in recycling soil organic matter content. In addition to B-Glucosidase,
another enzyme involved in polysaccharide turnover is N-Acetyl Glucosaminidase.
Moreover, the dynamics of P transformation are still unknown under the influence of
soil density, pH values, and organic C and N. Acid phosphatases catalyze the
mineralization of organic phosphorous which is commonly found in surface soils. It is
predicted that N fertilization may have a significant effect on acid phosphatases and

urcasc.
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Chapter 3

3.1. Abstract

Impact of environmental perturbations i.e., nitrogen (N), phosphorus (P), potassium
(K), and rice straw (Rs) on the dynamics of soil bacterial and archaeal communities are
multifactor dependent and seeks a contemporary approach to study underlying
mechanisms. The current study investigates the effect of pure and mixed fertilizers on
soil physicochemical properties, the microbial community structure, and their
functional metabolic predictions. It involved amendments with distinct combinations
of N as C(H2N),0, P and K as KH>PO4, K as KCI, and Rs in paddy soil microcosms
with concentrations common in rice fields agriculture. Soil pH, electrical conductivity
(EC), total carbon (TC), total nitrogen (TN), organic matter (OM), available K (AK),
and total extractable P (TEP) were evaluated. To comprehend community variation and
functional predictions, 16S rRNA-based high throughput sequencing (HTS) and
phylogenetic investigation of communities by reconstruction of unobserved states
(PICRUSt) were employed, respectively. Our findings showed enhanced community
richness and diversity in all amendments compared to control. Proteobacteria,
Actinobacteria, and Firmicutes were dominant bacterial phyla. Regarding relative
abundance, Chloroflexi, Bacteroidetes, and Verrucomicrobia showed positive while
Actinobacteria, Acidobacteria, and Gemmatimonadetes showed negative trends
compared to controls. Thaumarchaeota and Euryarchaeota were dominant archaeal
phyla and exhi