
 

 

 

ABSTRACT 

GILLESPIE, CHRISTOPHER J. The Variable Implications of Reactive N as an Agronomic 

Resource Within Alternative Agroecosystems. (Under the direction of Dr. Shuijin Hu). 

 

Nitrogen is the most limiting nutrient for plant productivity in most ecosystems—this is 

especially true for agroecosystems. Conventional agriculture is characterized by high inputs of 

synthetic nitrogen (N) fertilizers. These applications increase crop yields but fail to maximize the 

N reservoir within soil organic matter. According to the USDA, upwards of 21 million metric 

tons of synthetic fertilizer was used in 2020—more than half applied as N fertilizer. Since the 

first decade of the 20th century, inputs of reactive nitrogen (Nr) to the environment have more 

than doubled. As the climate crisis worsens, excessive and inefficient use of N fertilizer 

jeopardizes human health and the environment. My research takes advantage of long-term 

farming systems at the Center of Environmental Farming Systems (CEFS) that have undergone 

20 years of periodical measurements for soil and microbial properties, as well as Southeastern 

U.S soils from differing agroecosystems, to answer one big question: how do agricultural 

practices affect nitrogen (N) emissions and N-transforming microbes?? One by-product of 

microbial N transformations is nitrous oxide (N2O), a greenhouse gas with a warming potential 

that is at least 265 times greater than CO2. Animal and crop production account for ~70% of all 

anthropogenic N2O emissions. My research findings seek to provide a holistic understanding of 

differing agroecosystems to uncover management practices that will: 1) regulate N-cycling 

microbes, 2) promote diverse microbial communities, 3) function under low soil C (carbon), and 

4) lower N2O emissions. My approach to addressing My goals involved field and greenhouse 

studies. We utilized a myriad of biogeochemical analyses (e.g., microbial incubation, real-time 

PCR (qPCR), arbuscular mycorrhizal colonization, microbiome manipulation, etc.) to unearth 

direct linkages between the effects of alternative agroecosystems on N-transforming microbes 



 

 

 

(i.e., bacteria and archaea) and soil N dynamics. Moreover, this research project integrates 

research, education, and extension through dissemination of findings, farmer outreach through 

public and government partnerships, policy implementation, and sustainability initiatives. One 

very interesting result from my study was that functional N-cycling gene abundance did not 

predict N2O emission productivity. Despite possessing significantly higher abundances of N-

cycling genes, N2O emissions from organic agroecosystems were ~40% lower than conventional 

agroecosystems. When the ratio of denitrifier functional genes (i.e., nirK/nirS) was compared, 

we found no differences among treatments. However, management practice (i.e., biochar) and 

symbiotic associations (arbuscular mycorrhizal fungi) were found to have significant effects on 

gene abundances. In conclusion, the fate of nitrogen (i.e., transformation and transfer of N) can 

be influenced by agroecosystem and management practices. This research suggests that 

management factors, independent of agroecosystem, have the capacity to regulate the N2O 

emission activity of denitrifiers. The evidence gathered from this study will provide the next 

generation of agroecologists and farmers with flexible and sustainable management solutions 

suited for an increasingly climate-attentive world. 
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CHAPTER 1 

Investigation of N-cycling in Terrestrial- and Agricultural- Ecosystems 

 

1.1. Overview of N-cycling 

On Earth, nitrogen operates as a versatile and inimitable element with a robust biogeochemical 

cycle. Over the past 10,000 years, human activity has altered the nitrogen cycle through 

agriculture and industrial development, including the creation of synthetic sources of reactive 

nitrogen (Nr) (Galloway et al., 2013). A nitrogen source is considered reactive if it is 1) 

biologically, photochemically, and radioactively active, 2) able to impact processes and matter 

through “nitrogen cascading” via physical phenomenon (acid precipitation, smog, eutrophication, 

nitrate poisoning, etc.), and 3) prone to fluctuation through interrelatedness to other forms of 

nitrogen (OECD, 2018; Galloway et al., 2013). Reactive nitrogen includes all forms of nitrogen 

except diatomic (N2), which consequently comprises over 78% of the Earth’s atmosphere (May 

and Rector, 2011; Galloway et al., 2013). Moreover, while agriculture has impacted nitrogen 

cycling, it only contributes to a fraction of Earth’s nitrogen reservoir. In fact, there are four major 

nitrogen reservoirs on Earth: atmosphere, biosphere (marine and terrestrial organisms), ocean, 

and geological (rocks, crust, sediments, and soils). Despite agriculture being mostly confined to 

soil and arable land, agronomic use of reactive nitrogen has heightened the fluxes among N 

reservoirs. These fluxes among reservoirs are largely facilitated by transformations and 

reallocation via biological processes (Ward, 2012). Thus, there exists a biogeochemical 

framework for building linkages amongst the multifaceted dynamics of N-transforming microbes 

and nitrous oxide (N2O) emissions from agricultural soils. My research focus involves exploring 

the variable implications of environmental nitrogen as an agronomic resource on the structure 
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and functionality of N-transforming biota in conventional and organic farming systems. Thus, 

while this chapter will closely examine the impacts of conventional and organic farming systems 

on soil microorganisms (biosphere reservoir) and soil environments (geological reservoir), it will 

also investigate the impact of system-specific perturbation of biochemical processes via 

anthropogenic practices on the atmosphere.  

 

1.1.1.     Nitrogen Cycling and Functioning of Terrestrial Ecosystems  

The nitrogen biogeochemical cycle is a natural phenomenon. The laws of 

thermodynamics and equilibrium govern the nitrogen cycle (N-cycle). The biogeochemical cycle 

functions to store, transform, and redistribute Earth’s nitrogen. While the distinction is often 

unaddressed, there is a difference between the “global nitrogen cycle” and “nitrogen cycling”. 

The global nitrogen cycle is comprised of four reservoirs that possess an abundant amount of 

stable N (i.e., atmospheric N) (Ward, 2012). Reservoirs can be further broken down into sub-

types (the atmosphere N reservoir has two sub-types: N2 and N2O). The mechanism of 

transformation of N within- and the transfer of N between reservoirs are known as fluxes 

resulting from long-established abiotic and biotic processes. While abiotic processes 

(weathering, lightning) are essential, especially over long-periods of time, transfers and 

transformations among N reservoirs are primarily driven by biological processes (Ward, 2012). 

However, more than any other biological factor, the global nitrogen cycle is most perturbed by 

anthropogenic activities (i.e., agricultural fertilizer, enhanced biological nitrogen fixation 

through land usage, and combustion of fossil fuels) (Stüeken, 2016; Fowler 2013; Ward, 2012; 

McKague et al., 2005; Socolow, 1999), with the primary flux being attributed to agricultural 

practices (Stüeken, 2016; , 2012). While N-cycling involves the global nitrogen cycle, the 
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intensifying dominance of human activity on N fluxes suggests that N-cycling is relevant at 

smaller scales (Ward, 2012). In the opinion of this author, N-cycling denotes an ecosystem-

specific N dynamic that reveals niche interactions between N reservoirs through biological 

fluxes. Generally, terrestrial N-cycling is characterized by the biological reactions that transform 

and transfer N throughout the terrestrial ecosystem. Thus, N transformations(to) and transfers(tf) 

within terrestrial ecosystems are characterized by nine processes (Table 1.1). Likewise, N-

cycling in ecosystems may also be partitioned into internal (transformations) and external 

(transfers) processes (Shafreen et al., 2021). Moreover, since these are biological reactions, the 

key enzymes within each process are ascribed by specific functional genes (Table 1.1). 

This research involves emissions of N2O from agroecosystems into the atmosphere, we 

are equally interested in both the form of N, and the movement of N between reservoirs. In soil 

ecology, one might define a terrestrial ecosystem as a land-based community of organisms that 

deliver functional services through temporal-spatial interactions of biotic and abiotic components 

(Bardgett et al., 2012). In this chapter, the predominant focus is N-cycling as it pertains to 

terrestrial ecosystems. The terrestrial biosphere (land organisms) and soil N reservoirs contain 

~5,400 and ~22,000 Tg (1012 g) of N, respectively, mostly in the form of organic nitrogen (Ward, 

2012). Alarmingly, half of the Nr supplied to terrestrial and marine ecosystems is related to 

anthropogenic Nr fluxes (~210 Tg N yr-1) (Fowler, 2013). However, due to N fertilizer 

amendments, the distribution of the total amount of Nr (~413 Tg N yr-1) contributed to marine 

and terrestrial reservoirs is not equal, as more than half of all anthropogenic Nr transformations 

occur on land and in soil (Fowler, 2013; Socolow, 1999). Consequently, anthropogenic 

perturbation via synthetic N fertilizer inputs have effectively altered the N cycle in terrestrial 

ecosystems. Since 1970, N fertilizer applications have increased by upwards of 70% (OECD, 
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2018). Thus, due to excessive supply of Nr to soils through N fertilizers, agricultural activity is 

the dominant anthropogenic N flux to the terrestrial ecosystem (Socolow, 1999).  

While it is evident that anthropogenic activity considerably influences N-cycling in 

terrestrial ecosystems, it is likely that mechanisms that govern greenhouse gas emissions in 

organic and conventional farming systems are vastly divergent.  Research has shown that the 

abundance of N-cycling genes for nitrification and denitrification are increased by the 

application of both organic and inorganic (synthetic) fertilizers (Ouyang et al., 2018). 

Surprisingly, Ouyang et al. 2018 reported that organic fertilization had a noticeably stronger 

effect on N-cycling genes and the abundance of ammonium-oxidizing archaea (AOA) than 

inorganic fertilization. However, the effect was less defined for ammonium-oxidizing bacteria 

(AOB). Nonetheless, when evaluating N-cycling in the terrestrial ecosystem, it is important to 

consider the interaction between soil carbon and soil nitrogen. Along with hydrogen and oxygen, 

nitrogen and carbon atoms are considered major organic elements as they act as inimitable 

building blocks for all life on Earth. In fact, 81 percent of biosphere carbon is stored in the soil 

(Karsenty et al., 2003), thus it is no surprise that the biogeochemical cycles of carbon and 

nitrogen in terrestrial ecosystems are strongly linked. In a recent study by Xiao et al. 2020, soil 

carbon to nitrogen (C/N) ratio explained a majority of the differences in abundance observed 

between AOA and bacteria AOB. According to Xiao et al. 2021A, high C/N ratio soils exhibited 

an increase in heterotrophic microbial abundance and their competitiveness, ultimately reducing 

NH4
+ availability to nitrifiers (i.e., lower AOA and AOB abundance). Additionally, multiple 

studies have shown soil pH to have significant effects on N-cycling genes and microbial 

abundance (Xiao et al., 2020; Ouyang et al., 2018; Xiao et al., 2019; Levy-Booth et al., 2014), 

revealing AOB to be more sensitive to low pH than AOA. One aspect of soil that influences all 
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of the aforementioned systems, interactions, and processes is soil organic matter (SOM). While 

the terrestrial N reservoir is predominantly organic N, living soil biota only account for <4% of 

the total organic N (Socolow, 1999). The remainder of the terrestrial N reservoir is largely 

ascribed to detritus matter, or SOM (Socolow, 1999). Moreover, due to sustainable management 

practices (i.e., no-tillage; high-residue farming), established organic farming systems are likely 

to possess higher SOM content than conventional farming systems. The average C/N ratio of 

SOM in soils varies from 8:1 to 12:1. The decomposition of organic substrates within soil 

organic matter influences the rate of N release into the soil environment. Thus, low C/N 

environments facilitate the breakdown of more stable soil organic residues. While this can be 

beneficial for plants and microbes over the short term, anthropogenic activities (i.e., tillage, 

erosion, fertilizer application, etc.) have exacerbated the breakdown of  soil carbon stocks 

(Nunes et al., 2020). The evidence suggests that understanding the role nitrogen turnover and 

SOM in terrestrial ecosystems will be crucial to understanding N-cycling within agroecosystems. 

 

1.1.2.     Nitrogen Turnover and Soil Organic Matter in Terrestrial Ecosystems 

Soil organic matter offers a plethora of chemical, biological, and physical benefits to soil 

environments. On their surface layer (organic horizon), arable soils possess between 2,000 to 

6,000 kg N ha-1 of organic matter (Shafreen et al., 2021). Some benefits include increased soil 

fertility via augmentation of the soil cation exchange capacity (CEC), interfacing with clay for 

improved soil aggregate stability, and disease and pest suppression through enhanced soil 

microbial diversity (Fenton et al., 2018). In addition, increased SOM, specifically soil organic 

carbon (SOC), can result in lower greenhouse gas emissions in conventional soils (Nunes et al., 

2020). Thus, it is no surprise that SOM is estimated to be 58% carbon by mass. Soil organic 
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matter can be fragmented into five constituents: living biomass (1st constituent) decomposes 

plant residues or detritus (2nd constituent) into particulate organic matter (<2mm) (3rd 

constituent) which releases nutrients into the edaphic environment; then stable organic matter 

less than 0.053 mm, or rather—humus, (4th constituent) is the result of sequential stages of 

decomposition; finally, the most altered form of SOM is deemed recalcitrant organic matter (5th 

constituent) (Bot and Benites, 2005). In terms of decomposition, the first 3 constituents are 

considered labile (days to years), humus is considered slow (years to centuries), and recalcitrant 

carbon is considered to be the most stable (centuries to millennia) (Ferraz de Almeida et al., 

2019; Bot and Benites, 2005; Six and Jastrow, 2002). Despite a seemingly high abundance of Nr, 

due to rapid nutrient uptake by plants, only a small fraction of the terrestrial N reservoir is in 

living biota. In fact, only 15% of the soil organic matter is labile, while the remaining 85% 

is recalcitrant—or rather, unable to be transformed from organic to soluble inorganic forms of 

nitrogen through assimilation by plants, or mineralization by microorganisms (Socolow, 1999; 

Magdoff, 1993). While there is debate regarding the true meaning of “recalcitrance,” and even 

dismissal of the term as a misnomer (Kleber, 2010), research suggest that the turnover of 

recalcitrant—or rather, “highly-protected reduced soil organic matter,” is driven by dynamics 

between microbial activity and abiotic conditions (Kleber, 2010; Müller and Höper, 2004; Six 

and Jastrow, 2002). The oxidation of reduced soil organic matter into bioavailable forms of 

nutrients is known as turnover. While SOM turnover is a function of inputs and outputs to and 

from the pool, we must also consider the heterogeneity of the SOM pool. The SOM pool is an 

amalgam of carbon sources (animals, plants, and microbes), comprised of various elemental 

constituents that turnover at different rates (i.e., nitrogen, carbon, and phosphorus) (Six and 

Jastrow, 2002). Moreover, within a single environment, physical characteristics of the soil (i.e., 
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texture, aggregation, horizonation) heavily influence turnover drivers, which impart varying 

degrees of influence on the interactions between microbes and substrates (i.e., resource 

limitation, microbial functionality, and microbial structure, etc.) (Kleber, 2010; Müller and 

Höper, 2004).  It is possible that N-cycling variability among agroecosystems could be 

influenced, in part, by carbon-soil dynamics. A recent global meta-analysis reported that N2O 

emissions from organic soils were most attributed towards soil characteristics (i.e., C/N ratios), 

while N2O emissions from conventional soils were mainly influenced by anthropogenic N inputs 

(Skinner et al., 2014). Interestingly, this aligns with findings from another recent global meta-

analysis that showed that soil pH and C/N ratios are drivers of AOB and AOA abundance (Xiao 

et al., 2020).  

So far, this chapter has discussed the implications of anthropogenic nitrogen on the 

terrestrial ecosystem as it relates to N-cycling. To understand the N-transfer and transformations 

within N-cycling, a detailed exploration of chemolithoautotrophic (N-fixers, AOB, AOA, 

anammox, and comammox [Nitrospira]) and chemolithoheterotrophic (denitrifying microbes) 

organisms is necessary for understanding N-transformations (See Chapter 1.3). First, however, 

the interaction between N-cycling and photoautotrophic organisms (plants) should be briefly 

discussed. 

 

1.1.3.     Nitrogen and Autotrophic Terrestrial Organisms 

Over 12,000 years ago the domestication of plants and animals denoted the inception of 

agriculturally-driven alterations to the N cycle (Galloway, 2013). However, it was not until 1836 

that N was identified as a plant nutrient, and not until nearly 10 years later that N was designated 

as essential for plant growth (Galloway, 2013). As nitrogen is an inimitable resource to living 
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organisms, it is no surprise that plant productivity is strongly dependent on nitrogen availability. 

In the previous section, we briefly examined the terrestrial ecosystems unique deposition towards 

N-scarcity. In fact, terrestrial Nr concentrations have always been limited due to the low 

atmospheric rate of transfer, high metabolic cost of assimilation, N losses, and organismal 

competition. According to Xiao et al. 2019, one of the predominant controls of AOA and AOB 

abundances is competition with autotrophic plants and heterotrophic organisms for N substrates. 

Interestingly, biological nitrogen fixation (BNF) via plant-prokaryote symbiosis provided the 

majority of Nr to the terrestrial ecosystem prior to industrialization. However, according to recent 

studies, a third of total terrestrial BNF, at minimum, should be attributed to free-living organisms 

(Davies-Bernard and Friedlingstein, 2020). While N-cycling allows for transfer of N from 

massive reservoirs (i.e., atmospheric N) into smaller reservoirs (soil), terrestrial BNF flux rates 

are low compared to anthropogenic N flux rates (61.5 Tg N yr-1 and 210 Tg N yr-1, respectively) 

(Yu and Zhuang, 2020; Vitousek et al., 2013; Galloway et al., 2013). However, this review 

revealed that natural and anthropogenic flux rate estimates varied between researchers. This is 

likely a result of increased knowledge acquisition involving biogeochemical fluxes between the 

mid-20th century and present day (Table 1.2), in addition to an overall rudimentary understanding 

of N-cycling as a scientific collective (Galloway, 2013). Additionally, it is important to note that 

20% (30 Tg N yr-1) of the anthropogenic N flux rate is attributed towards combustion reactions 

(i.e., internal combustion engines and power plants) (Fowler et al., 2013; Socolow, 1999). While 

natural BNF estimates for 2100 are ~40 Tg N yr-1 higher than modern day estimates due to a 

projected global increase in temperature (Table 1.1), anthropogenic N fixation increases 

dominate in flux (Fowler et al., 2015). According to Vitousek et al. 2013, anthropogenic N has 

increased total N fixation by as much of 470% compared to pre-industrial levels. However, the 
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use of anthropogenic N has not only influenced total N in the terrestrial ecosystem but estimates 

also suggest downregulations in BNF rate. In fact, human perturbation of the global N cycle has 

resulted in lower diversity indices for terrestrial plants, as well as animals (Ward, 2013). This 

implies that over the last 150 years, anthropogenic N flux has affected the incidence of BNF via 

plant-symbiosis by directly increasing terrestrial ecosystem Nr concentrations. Consequently, the 

most important N fixing organisms are those that exhibit endosymbiotic relationships with 

leguminous crops and trees (Ward, 2013). Additionally, arbuscular mycorrhizal fungi (AMF) are 

a group of heterotrophic microorganisms that form symbiotic relationships with upwards of 80% 

of all terrestrial plants, including legumes (Liu et al., 2020; Zhang et al., 2016). Embodying 

between 20-30% of total soil microbial biomass, AMF provides tremendous benefits to the plant-

soil-microbial continuum (i.e., nutrient acquisition, community structure, and C-cycling) (Zhang 

et al., 2016). In fact, the trigonal symbiosis between legume-rhizobia-AMF have been shown to 

improve plant growth and increase resilience against ecological stresses (i.e., abiotic, and biotic) 

(Lie et al., 2020). However, domestication has also resulted in a downregulation of genes that 

promote symbiosis between organisms and AMF (i.e., decreased compatibility between 

rhizobium and AMF) (Liu et al., 2020). This downregulation has been exacerbated by  the 

deleterious effect of chemical fertilizers on AMF community structure and colonization patterns. 

Thus, as researchers embark upon new projects in search of connections between ecological 

factors and N2O emissions, AMF may provide a critical link between autotrophic nitrogen use 

efficiency (NUE) and mitigation of N losses. 

 

 

1.1.4.      Reactive N as an Environmental Pollutant  
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 As we begin to address the implication of anthropogenically increased Nr concentrations, 

it is important to consider the N sources and magnitudes. Contemporarily, perturbations to the 

terrestrial N cycle that result in chemical and spatial changes are explored through N budgeting. 

Interestingly, N budgeting on the global scale evolved from the work of Jean-Baptiste 

Boussingault, who used N balance sheets to explore N dynamics in agricultural systems  

(Galloway et al., 2013). In the end, Boussingault’s annotations matured into a meta-appraisal of 

global N budgets across multiple reservoirs and flux-based changes in N magnitude. While N 

inputs have increased dramatically over the last sesquicentennial, anthropogenic perturbations 

have shown the greatest flux over the last 60 years (Zaehle, 2013; Fowler et al., 2013; Holland et 

al., 1999). It was previously stated that anthropogenic activities are responsible for half of all 

atmospheric N2 fixation, however, it is important to consider the proportion of reduced Nr and 

oxidized Nr within the anthropogenic portion. Reduced (NHx) and oxidized forms (NOy) of 

anthropogenic N are produced through different processes and subject to different fates. 

Anthropogenic fixation of reduced Nr is a result of BNF and Haber-Bosch processing, while 

oxidized Nr is attributed to industrial practices and combustion engines (Galloway et al., 2013). 

The industrialized synthesis process for synthesis of NH3 via artificial nitrogen fixation is 

described as follows: 

 

Haber-Bosch Equation: 

              N2 + 3 H2 
Ј 

 
 

 2 NH3 (∆H = -92.4 kJ ∙ mol-1)                             [1] 

 

 Thus, the proportion of reduced to oxidized Nr in the anthropogenic portion of total Nr 

fixation provides insight into which processes drive anthropogenic N flux. Recent estimates 
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suggest that reduced Nr accounts for 180 (±20) Tg N annually, which is roughly 85% of the 

anthropogenic portion (Fowler et al., 2013; Galloway et al., 2013; Zaehle, 2013). Moreover, 

within the reduced component, agricultural BNF and Haber-Bosch are responsible for 60-85 Tg 

N yr-1 and 120-132 Tg N yr-1, respectively (Fowler et al., 2013). Therefore, it fair to conjecture 

that those interactions between environmental nitrogen and soil biota within conventional and 

organic farming systems are not only influenced by nitrogen source but cropping system as well 

(i.e., nitrogen-fixing cover crops). Moreover, only 17 percent of anthropogenic nitrogen is 

consumed by humans, the rest is lost to the environment. While lost N eventually returns to the 

atmosphere as N2, it is likely to spend decades to centuries in various ecosystems and reservoirs 

as reactive N (Fowler et al., 2013). For example, NO3
- pollution in water results in eutrophication 

and increased groundwater nitrate levels (162.0 mg/L) (Kazakis et al., 2020). Moreover, 

numerous studies show a strong positive correlation between nitrogen fertilizer-use and nitrate 

pollution of water sources (Gorski et al., 2019; Kazakis et al., 2020; Hafez et al., 2020). 

Additionally, while NOx gases (i.e., NO and NO2) are responsible for smog and acid rains, N2O, 

a unique nitrogen oxide that is 300 times more powerful than CO2, facilitates a deleterious redox 

reaction with ozone (O3) in both the troposphere (8-14 km) and stratosphere (50 km) (Portmann 

et al., 2012). Due to the fact that N2O is a dimer of NO with long half-life (150 to 200 years), it is 

not considered an NOx gas. Once N2O is photoionized in the atmosphere the result is O3-

depletion by the highest anthropogenically emitted ozone-destroying GHG in modern history. In 

fact, between 1750 and 2018, N2O emissions increased by more than 20% (270 to 331 part per 

billion). Moreover, agriculture practices are responsible for 74-90% of N2O gas emissions 

(Duxbury, 1994).  On top of depleting ozone in the stratosphere which provides UV protection, 

reactions between hydrocarbons and N2O can present human health concerns through the 
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production of tropospheric ozone in the troposphere (Lefohn et al., 2018). Thus, considering the 

terrestrial N cycle and processes therein, it is reasonable to perceive long-term-use of 

anthropogenic N as more of an environmental pollutant than an agronomic source. Likewise, this 

research strives to promote mitigation of N2O emissions by studying the biogenic entities (i.e., 

AOA and AOB) that enable emissions from conventional and organic systems by producing the 

reducing agent hydroxylamine (NH2OH) for creation of N2O through multi-pathway 

denitrification (NH3 → NH2OH →NO2
- → NO3

- → N2O or NH3 →NH2OH →NO → N2O or 

NH3 → NH2OH → →NO2
- → N2O.  However, this literature review has revealed that NH2OH is 

also a catalyst in complete ammonium oxidation (Comammox) by Nitrospira bacteria. 

According to Shao and Wu, 2021, under low nitrogen conditions (15−35 mg-N/L), Nitrospira 

and AOB strongly competed for NH3/NH4
+.  

 

1.2. Nitrogen Distribution and Immobilization in Terrestrial Ecosystems 

 

1.2.1.     Biochemical aspects of N distribution 

As examined previously, N-cycling and ecosystem dynamics play a vital role in nitrogen 

distribution. However, N distribution can be further affected by latitude, region, and even soil 

characteristics. For example, the N content of the soil surface (≤ 15cm) ranges from 0.1 to 0.6%. 

Moreover, depending on soil type, the amount of N per hectare varies between 2000 and 12,000 

kg (Shafreen et al., 2021). Additionally, deposition of N is higher in forested ecosystem 

compared to other ecosystems; and soils in higher altitude regions have higher N deposition than 

those soils in regions with lower altitude (Shafreen et al., 2021). While N distribution has been 

shown to be strongly influenced by topography, N immobilization is shaped by soil content and 

organismal composition. As we know, nitrogen immobilization may occur biogenically 
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following the addition of high C:N ratio substrates. However, it is important to note that 

mineralization and immobilization occur simultaneously in edaphic environments, and all 

heterotrophic soils organisms immobilize and mineralize N (Robertson and Groffman, 2015). 

This is because physiological composition and metabolic demands vary between decomposers 

(i.e., C:N ratio of fungi [25:1] vs. bacteria [7:1]). Thus, if net mineralization is greater than net 

immobilization, then the amount of inorganic N is increasing in the edaphic system. One 

interesting intersection between N distribution and N immobilization is the role of “rock-eating” 

fungi in the weathering of rocks. These fungi expedite the weathering of minerals (rocks) to 

obtain biogenically imperative nutrients such a phosphorus (P), potassium (K+), calcium (Ca+2), 

and according to recent studies, nitrogen (N) (Houlton et al., 2018). 

 

1.2.2.     Geochemical traits of global N distribution 

          Recent studies estimate that denudation of surface rocks and bedrock contribute 

varying amounts of N to terrestrial ecosystems (~19 to 31 Tg N yr-1). With temperate and boreal 

ecosystems receiving the highest fraction of rock N flux (8 to 38% of all N inputs), and tropical 

ecosystems receiving the least rock N flux (4 to 12% of all N inputs) (Houlton et al., 2018). 

Nevertheless, these outcomes are distinctly driven by conditions that favor rapid weathering of 

parent materials, and latitudes that result in lower BNF via temperature-limitations. Moreover, 

while rock N inputs are thought to influence the global N budget, the effects are more apparent 

on the ecosystem and regional level (Houlton et al., 2018). Although rock N flux may not 

compare to globally to that of the anthropogenic N flux, the rock N reservoir is substantial (Table 

1.3) and the role that chemical weathering and mobilization of N from these reservoirs plays on 

N-cycling within terrestrial ecosystems should not be diminished.  
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1.3. Transformations and Organisms Responsible for Nitrogen 

 

While numerous studies evaluate changes in microbial community composition at higher 

resolutions (class, family, genus, species, etc.), the focus of this study is to identify functional 

changes in community structure (genes and enzymes) and relate those changes to management 

practices, farming system, edaphic properties, and N2O emission flux. Thus, we will briefly 

discuss N-transformation processes and the role of chemolithoautotrophic and 

chemolithoheterotrophic organisms in N-cycling within terrestrial ecosystems. 

 

1.3.1.     Nitrification 

In terrestrial ecosystems, nitrification is performed by autotrophic bacteria (i.e., AOB 

[Family: Nitrobacteraceae], AOA, heterotrophic nitrifiers (i.e., Arthrobacter globiformis, 

Streptomyces grisens, Pseudomonas spp., Thiosphaera pantotropha, etc.) and fungi 

(i.e.,  Aspergillus flavus)( Maeda et al, 2011; Robertson and Groffman, 2015). Nevertheless, 

nitrification in soils is believed to be dominated by autotrophic nitrifiers that use C from CO2 or 

carbonates as their energy source; and N as an electron donor through oxidation of NH3. 

Furthermore, oxidation of NH3 by autotrophic nitrifiers is accomplished through the use of 

ammonia monooxygenase (AMO), the AMO enzyme is denoted by the amoCAB operon which 

encodes three genes (Stein et al., 1998). The amoA polypeptide is the subunit that contains the 

active site of the AMO enzyme, thus the primer sequence of the amoA functional gene is used to 

quantify AOA and AOB abundances in soil. Thus, differentiation between autotrophic and 

heterotrophic nitrification can be experimentally assessed through additions of acetylene (C2H2). 

The catalytic activity of the membrane-bound amoA enzyme is irreversibly lost, this is believed 
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to be a result of the active site for amoA enzyme within the cells of nitrifiers being replace by 

acetylene (Hynes, 2017, Stein et al., 1998). Regardless, studies have shown variability in the 

degree to which nitrifier activity is inhibited by acetylene (Wrage et al., 2004). While this study 

does not seek to inhibit microbial activity, it is crucial that its experimental units enable 

microbial activity. Irrespective of agroecosystem (organic or conventional), uptake of plant-

available N by agronomic crops is dependent on the availability of mineralized N. In addition to 

the quality of organic matter (C:N ratio), temperature and soil moisture strongly dictate the 

mineralization and immobilization of inorganic N-substrate within edaphic environments. 

Specifically considering experiment units containing soils from organic farming systems, 

substantial inputs of quality organic matter under favorable temperature and soil moisture could 

lead to high rates of microbial activity moisture. Consequently, this potentially increases the 

amount of ammonia/ammonium, which could possibly result in a cascade of biogenic Nr 

reactions (nitrification, dentification, etc.). This is especially important considering that 

ammonium supply is most important regulating factor in nitrification (Robertson and Groffman, 

2015). Thus, incongruity in water-filled pore space (WFPS) between agroecosystems could give 

rise to variations in nitrification.   

%WFPS = 
           

 ɀ 
 

Ȣ

 [2] 

 

Additionally, heterotrophic bacteria and fungi are phylogenetically diverse organisms that 

oxidize ammonium, amines, and amides into nitrate through direct and indirect mechanisms. 

Unlike autotrophic nitrification, these reactions are not linked to ATP synthesis and do not 

produce energy, in fact, there is argument regarding whether heterotrophs even benefit from 

nitrification (Prosser, 2005). Furthermore, fungi possess their own unique mechanism for 
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nitrification that is linked to cell lysis and lignin degradation (Robertson and Groffman, 2015; 

Prosser, 2005). Interestingly, some heterotrophic nitrifiers are able to simultaneously perform 

nitrification and aerobic denitrification (i.e., Pseudomonas stutzeri, Microbacterium sp., 

Acinetobacter sp, etc.) (Xia et al., 2020). These organisms are commonly used in municipal 

water systems to remove nitrogen from wastewater. While nitrification is dominated by 

autotrophs in most soils, heterotrophic nitrification seems to play an important role in N2O 

emissions from wet environments with low soil pH and high C:N ratio (Liu et al., 2019). 

According to Liu et al. 2019, heterotrophic activity (nitrification and dentification) contributed 

nearly all of the total N2O emissions from paddy soils at 70% WFPS, irrespective of soil pH. 

Moreover, quantification of these communities can be accomplished through PCR analysis of 

bacterial nirS, nirK, and nosZ genes and Fungal nirK genes (Table 1.1) (Lie et al., 2019). 

 

1.3.1.1     Major organisms: AOA, AOB, Comammox (Nitrospira) 

In terms of abundance, AOA and AOB populations are believed to exist in competing 

magnitudes, with AOA dominating in oligotrophic environments (low NH3) and possessing a 

stronger affinity to NH4
+ substrates in acidic environments (Robertson and Groffman, 2015). 

Since the revolutionary discovery of 16S rRNA gene sequencing, the diversity of bacterial 

nitrifiers has grown from five genera (Nitrosomonas, Nitrosospira, Nitrosococcus, Nitrosolobus, 

and Nitrosovibrio) to 14 described species ammonia-oxidizers in the beta subclass of the 

Proteobacteria (which includes paraphyletic groups [two clades] of Nitrospira) (Robertson and 

Groffman, 2015). Thus, since reclassification Nitrosomonas the most encompassing genus of 

betaproteobacterial ammonia-oxidizers. As it relates to our research study, arable soils are 

believed to be dominated by Nitrosomonas species, while unfertilized and acidic soils contain 
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few Nitrosomonas spp. and are largely characterized by AOA, Nitrosospira spp., and 

Nitrosovibrio spp.  

 

1.3.1.2.     Quantification of Nitrifier Abundance and Nitrification  

The practice of determining the total amount of organisms in a sample, or microbial 

abundance, is common practice when exploring biological systems. This process requires the use 

of molecular tools such as real-time quantitative polymerase chain reaction (qPCR). Thus, to 

determine nitrifier abundance, researchers must target key functional genes that encode for 

enzymes that are specific to nitrifiers  (Table 1.1). For archaeal and bacterial ammonium 

oxidizers, functional genes that encode for the ammonia monooxygenase enzyme 

(AOA amoA and AOB amoA, respectively) (Zhao et al., 2019) are targeted. This functional gene 

is of great importance as amoA production serves as both the first step and the rate-limiting step 

of nitrification. Interestingly, recent studies have attributed 100% of NH4
+ related N2O emission 

to nitrifier denitrification by ammonium oxidizers (Wrage-Mönnig et al., 2018). Nitrifier 

denitrification occurs when autotrophic ammonium oxidizers (i.e., AOB) reduced NO2
- into 

N2O/N2 under oxygen limited conditions. Currently, there is controversy regarding whether 

AOA and nitrite oxidizing bacteria (NOB) also participate in nitrifier denitrification (Wrage-

Mönnig et al., 2020; Zhu-Barker and Steenwerth, 2018). Thus, there is an important distinction 

between nitrifier denitrification and coupled nitrification-denitrification, where denitrifiers utilize 

by-products of nitrification. In the latter, hydroxylamine, nitrite, and nitrate are all by-products 

that can act as oxidizing agents or reaction catalyst for denitrifiers (Table 1.1). Additionally, it 

should be noted that the nxr functional gene, which encodes for nitrate oxidoreductase, is used to 

identify NOB. These NOB are responsible for the conversion of nitrite to nitrate. Interestingly, 



   

18 

 

this gene is also conserved within the Comammox pathway of Nitrospira (Figure 1.1). Therefore, 

while total abundance of microbes is ascribed by the sum of archaeal and bacterial 16s RNA 

genes in a sample; nitrifier abundance is captured through bacterial and archaeal amoA 

quantification, and quantification of nitrification (or potential nitrification) is best described 

through the presence of nxr functional genes. 

 

1.3.2.     Denitrification 

While it may be a surprise to many, all soils, whether it be arid desert soils or wet 

peatland soils, experience denitrification and support active identifiers (Robertson and Groffman, 

2015). Thus, denitrifiers in soils are comprised of bacteria that are highly diverse nutritionally 

(i.e., organotrophs, chemo- and photolithotrophs, etc.), and wide-ranging in their functions and 

habitats (N2 fixers, thermophiles, halophiles, facultative, obligate, etc.). In soils, denitrification is 

primarily driven by facultative anaerobes, most of which are gram negative (G-) bacteria 

(Pseudomonas, Alcaligenes, Agrobacterium, Flavibacterium, etc.). Denitrifiers generally 

represent as high as 5% of culturable microbes and 20% of the total microbial biomass in soils 

(Robertson and Groffman, 2015). Denitrification is coupled with e- phosphorylation via the 

cytochrome system, thus, dentification is an energy process. As an energy process, dentification 

is mediated by individual enzymes (nar, nir, nor, and nos) (Table 1.1). Interestingly, 

intermediate by-products of these enzymes can be released at any point during the process (NO2, 

NO, N2O). Moreover, each denitrification enzyme of these enzymes biochemically inducible, 

meaning that reactivity is highly dependent on O2 concentrations and substrate availability. 

Additionally, since these enzymes govern sequential processes, the availability of enzymes 

(which is strongly influenced by denitrifier diversity and enzyme longevity) also contributes to 
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dentification (Robertson and Groffman, 2015). When the inducible nature of these enzymes in 

soils is considered, it is less surprising that all soils exhibit denitrification. However, researchers 

often use those same enzyme-coding genes to quantify denitrifiers. Similar to nitrification, 

determining denitrifier abundance requires that the functional genes that encode denitrifier-

specific enzymes are quantified through molecular analyses (i.e., qPCR).  

 

1.3.2.1.     Quantification of Denitrifier Abundance and Denitrification 

While there are multiple reductase enzymes involved in denitrification (Table 1.1), we 

are most concerned with the well-characterized  nirK and nirS (nitrite reductase) and nosZ 

(nitrous oxide reductase) genes. These functional genes represent the rate limiting step of 

denitrification (nirK and nirS) and N2O consumption (nosZ) and are regularly used as marker 

genes in ecological studies involving denitrifier microbes (Zhao et al., 2019; Timmermans et al., 

1983). Additionally, while they are functionally synonymous, nirK and nirS differ structurally 

(copper and a cytochrome cd1-containing nitrite reductase, respectively). Evidence suggests that 

nirK (nitrite reductase) and norB (nitric oxide reductase) may have experienced evolutionary 

events (i.e., lateral gene transfer), and thus are less conserved (more variable in function and 

genetic sequence) than amoA genes (Wrage-Mönnig et al., 2018). Notwithstanding phylogenetic 

commonalities, the existence of a fungal nirK primer further illustrates a decreased degree of 

conservation regarding the nirK enzyme. Moreover, nirK enzymes have been shown to be more 

tolerant of oxygen and acidity than nirS enzymes (Wrage-Mönnig et al., 2018). This suggests 

that agroecosystem type (organic or conventional) may contribute to the up-regulation of nirK or 

downregulation of nirS. Furthermore, there is no evidence that this mechanism occurs for the 

cytochrome cd1 -containing nirS (co-functional enzyme to nirK) or the quinol-dependent norZ 
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(co-functional enzyme to norB). It interesting to note that non-denitrifying organisms have a 

wide range of nosZ gene diversity, similar to AOB which possess nirK and norB genes, possibly 

through lateral gene transfer. This was highlighted in a study by Wrage-Mönnig et al. in 2018. In 

fact, many N2O-consuming organisms (nosZ) share common ancestry but belong to a different 

clade (i.e., clade II) and cannot be quantified using conventional denitrifier nosZ primers (i.e., 

clade I). Additionally, half of these organisms function only to consume N2O, as opposed to 

producing it. Interestingly, some conventional denitrifiers possess clade II nosZ genes, however, 

clade II nosZ gene organisms are more abundant than clade I in most terrestrial ecosystems 

(Wrage-Mönnig et al., 2018).  

 

1.3.3.     Nitrous Oxide (N2O) Production 

           As we have discussed previously, N2O emissions from soils are connected to 

various environmental conditions, organisms, and processes (Table 1.4). It should be noted that 

some studies use “potentiality” techniques to signify denitrification or nitrification. This 

commonly involves inhibition (acetylene) for denitrification; and short-term nitrite/nitrate 

production for nitrification. Regardless, most quantification methods involve the measurement of 

either mineral N (NO2
-/NO3

-) for nitrification, or gaseous N (N2O/N2) for denitrification (Wang 

et al., 2020; Norton & Ouyang, 2019).  

 

 

 

1.3.4.     Environmental Factors Affecting Nitrogen transformations in Soil. 
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As biologically-mediated processes, N-transformations (i.e., nitrification [amoA] and 

denitrification [nirK, nirS, and nosZ]) are responsive to environmental conditions. Therefore, it is 

important that we consider the environmental factors that promote these processes in soils. For 

example, mineralization and immobilization are extremely important for the conversion of 

organic (reduced) forms of nutrients (organic matter) into soluble, plant available forms (i.e., 

NH4
+, HCO3

-, H2PO4
-2, etc.). However, it is the quantity and quality (C:N ratio) of organic matter 

that acts as main factors in controlling the rates of mineralization and immobilization in soils. 

Similarly, it is essential to lay a groundwork for factors that control the most important soil N-

transformation processes: nitrification and denitrification (Table 1.5). 

 

1.4. N-cycling in Conventional and Organic Agroecosystems      

   Since the dawn of the Haber-Bosch process in the early 1900s, agriculturalists have 

argued the ethics, or lack thereof, regarding the “chemical imperialization” of soils and crop 

production systems through the utilization of synthetic chemicals. Within the last couple of 

centuries, the quarrel has graduated from a decentralized philosophical inquiry to an international 

movement, equipped with political polarization and partisan zealots. However, the opportunity 

cost of choosing one of these systems over the other is bound to individual perception. For 

example, the industrialist may favor the system with the most profitability on a per acre scale, 

while the conservationist might favor the system that is the least environmentally deleterious. 

Nevertheless, the fundamental difference between organic and conventional systems is the 

utilization of synthetic amendments to suppress pathogens and provide essential plant nutrients. 

However, as we have learned in previous chapters, this single discrepancy has resulted in major 

consequences to the environment (i.e., eutrophication, water pollution, soil denudation, etc.). 
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However, organic systems are not without fault, as applications of amendments (i.e., manure and 

compost) and utilization of closed nutrient cycles (cover crops and crop rotations) have been 

shown to variably impact N-cycling and nitrogen use efficiency (NUE) (Chmelíková et al. 2021; 

Behnke et al., 2020; Xiao et al., 2019, Ouyang et al. 2018). Moreover, studies have demonstrated 

that while soils under organic measurement exhibited lower area-scaled N2O emissions, those 

same soils displayed higher yield-scaled N2O emissions when compared to conventionally 

managed soils (Skinner et al., 2014; Tuomisto et al., 2012). However, both organic and 

conventional systems present challenges for N management and thus, experience N losses.  

 

1.4.1.     Challenges of N Management 

           Nitrogen losses are largely influenced by excessive application of nitrogen 

fertilizers; for example, manure as a lone N source results in the loss of ancillary nutrients (i.e., 

phosphorus) (Wander, 2015). Thus, proper N management requires that manure composition be 

considered to reduce over application. However, manure sources often lack heterogeneity and 

vary in nutrient availability (Ward, 2015). Thus, research surrounding compost (slower nutrient 

release) and biochar-additive (increased nutrient availability of manure) are becoming more 

popular as the incidence of organic production systems and the adoption of environmental 

regulations expand globally. Moreover, as the global demand for more food increases, global 

agriculture will respond through higher applications of inorganic and organic forms of nitrogen 

(Mahmud et al., 2021). Additionally, climate change exacerbates environmental feedback and 

reinforces the impact of anthropogenic perturbations on N-fate within agroecosystems. For 

example, increasing temperatures and precipitation events will directly exacerbate N losses via 

soil denudation and denitrification (Norton & Ouyang, 2019). Therefore, it is crucial that N 
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management is optimized across all agroecosystems, not only to mitigate environmental 

pollution (i.e., N2O emissions) but to promote higher plant efficacy (i.e., NUE). Currently, 

research initiatives are striving to develop solutions that substantiate a shift toward low nitrifying 

agricultural systems (Norton and Ouyang, 2019). 

 

1.5. Impacts of Agricultural Practices and Regimes on N-cycling microbes. 

 

1.5.1     Which system is more resilient to N2O emissions? 

             In this final section, we will employ the scientific baseline provided by previous 

sections to build linkages among agroecosystem management, organismal dynamics (i.e., 

abundance, structure, and composition), and N2O emissions. In the early stages of this chapter, a 

question surfaced involving the relative resiliency (N2O emissions) of organic production 

systems and conventional production systems. Across the natural sciences, resilience can be 

defined as the ability of a system to adjust to perturbations without compromising structure and 

functionality. In other words, a resilient system will function the same despite the disturbance. 

However, we have learned that in the terrestrial ecosystem these disturbances are often tethered 

to feedback—or rather, sequential biological reactions (i.e., nitrification-denitrification). Since 

the Neolithic revolution, the convention of agriculture has persistently challenged the resilience 

of the terrestrial ecosystem. Through perturbations and disturbances, the feedback associated 

with agriculture has effectively altered the functionality and structure of every reservoir. While it 

is likely that these alterations are a component of a global perturbation that will subsist across a 

timescale of millennia, in the short-term these changes are deleterious to the environment and 
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living biota. Thus, when addressing the question of which system is most resilience to N2O 

emissions it is important that we consider the factors that promote resilience.  

In Chapter 1.1, the discussion around N turnover and SOM in terrestrial ecosystems 

highlighted the prospective significance of organic matter in agronomic cropping systems. We 

say prospective because the distribution of organic constituents (stage of decomposition) will 

impact systems variably as a function of quantity, quality (C:N ratio), and ecological factors (i.e., 

climate, topography, soil structure, etc.). It is important to note that in natural terrestrial 

ecosystems, soil fertility is reliant on two sources: organic matter and minerals. In terms of 

resilience to N2O emissions, while SOM functions as an indicator of soil health in agricultural 

systems, it exists first as a natural mechanism for ecological sustainability. As a soil system 

experiences less anthropogenic disturbance (tillage, overgrazing, tillage, etc.), the production of 

SOM restores structure and functionality to the anthropogenically perturbed ecosystem. Thus, it 

is fair to conjecture that resilience within an agricultural system, as it pertains to N dynamics, 

will increase as that system that possesses higher SOM content. Due to tillage and intensive 

cultivation, conventional farming systems contain less SOM than organic farming systems. Thus, 

it is likely that organically managed systems which allow for accumulation of the soil organic 

matter, will possess more resilience than traditional conventionally managed systems. However, 

studies show that conventional systems may become less dissimilar to organic systems when 

exposed to integrated management practices (Hartman et al., 2015). Therefore, while it appears 

that organic systems are more resilient to N2O emissions than conventional systems, the question 

becomes more complicated following the integration of ancillary factors (i.e., no-till, cropping 

rotations, and fertilization schemes).  
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1.5.2     Which system has more biodiversity? 

          During a 2015 biodiversity study, long-term organically managed soils revealed distinctly 

different microbiomes (higher richness, lower evenness, lower dispersion) when compared to 

long-term conventionally managed soils (Hart et al., 2015). While the authors refused to 

conclusively state that low-input farming resulted in higher biodiversity, it is evident from their 

study that organic farming practices promoted higher diversity. In fact, it was stated that the 

differences between the two systems decreased as conventionally managed soils were subjected 

to integrated fertilization strategies (Hart et al., 2015). However, there appears to be some 

controversy surrounding the topic, as some studies have concluded that organic production 

systems are more diverse. A recent meta-analysis found that soil microbial community size 

(microbial biomass carbon [MBC] and microbial biomass nitrogen [MBN]), microbial 

abundance (total phospholipid fatty-acids [PLFA]), and soil microbial activity (dehydrogenase, 

urease, and protease) were upwards of 51%, 59%, and 84% higher than conventional systems, 

respectively (Lori et al., 2017). In addition to total microbial biomass, organically managed 

systems have been shown to accumulate higher amounts of AMF biomass than conventionally 

managed systems (Martínez-García et al., 2018). While biodiversity in organic production 

systems may not always be higher, they likely differ from conventional production systems in 

structure and composition. Organic production systems tend to have higher soil organic matter 

than conventional farming systems (Tuomisto et al., 2012). Since SOM is partially comprised of 

living biomass, the relationship between soil microbes and SOM is impossible to disentangle. 

Thus, it is possible that the differences in microbial abundance and composition between these 

agricultural systems are strongly linked to SOM content.  
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1.5.3     How does resilience to N2O emission relate to microorganisms? 

Earliest in this section, we concluded that the system with the highest organic matter 

would be most resilient to N2O emissions. Additionally, we conjectured that those differences in 

microbial dynamics between the two systems must be strongly linked to SOM content. However, 

these generalizations could be perceived as simplistic—or even, incomplete without considering 

variation in the co-factors that contribute to resilience to N2O emissions. Soil organic matter 

content is arguably the most important ecological difference between conventional and organic 

farming systems. However, in the opinion of this author, SOM operates to increase soil entropy 

(biodiversity, resilience, unpredictability, etc.) as opposed to lowering soil entropy. Thus, while 

SOM enhances soil structure and biological proliferation, resilience to N2O emissions is further 

manipulated by conditional co-factors (i.e., cropping system, moisture, temperature, fertilizer 

type, and alterations to soil pH, quality of SOM, community composition, etc.). While theories 

involving entropy in ecology are highly debated, the use of entropy in this context refers to a 

shift away from anthropogenic disturbances (i.e., tillage), which decrease SOM. For example, a 

recent study found that conservation soil has a significantly higher abundance of nitrifiers and 

denitrifiers than plow tillage (Kaurin et al., 2018). In addition to revealing a connection between 

minimum-disturbance systems and microbial abundance, this study also reported that the 

minimum-disturbance systems had the most dynamic response (decrease in abundance) to 

wetting-drying events. Thus, while SOM will most likely increase N-transforming microbial 

abundance and composition in organic production systems, it is probable that co-factors, both 

abiotic and biotic, will exhibit variable fluctuation on those same N-transforming microbe 

populations. In terms of mitigation of N2O emissions in such environments, it is imperative to 

consider the interaction between these co-factors that influence N2O resilience and factors that 
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influence mineralization and immobilization. While the amount of N2O emitted via the 

decomposition of organic matter is relatively low, barring intensive disturbances (i.e., tillage) 

(Guenet et al., 2020), temperate climatic conditions (i.e., moisture), high C:N inputs, and 

nitrogen amendments (manure or mineral fertilizer) can significantly augment mineralization. 

Due to the inducible nature of denitrification genes, factors will eventually influence processes 

that favor the production of N2O (Table 1.4). Thus, it appears that resilience of soil to N2O 

emissions is influenced by factors that either promote or reduce N-transformations within a given 

agroecosystem. However, it seems that the critical driver of resilience is the structural and 

functional composition of microbial communities. Therefore, it is fair to conjecture that organic 

production practices introduce elements that stimulate an adaptable microbial community and 

operatively reduce N2O emissions. 

 

1.6. Summary 

In summation, inextricable links exist between N-transforming microbes, terrestrial C and 

N cycles, and management practices within agroecosystems. Moreover, these links are tethered 

to N2O emissions and N losses. In a world dominated by reactive N, it is imperative that 

agriculturalists strive to limit the amount of N that is lost as an environmental pollutant. 

Moreover, while it appears that organic systems may have more functional conditions that 

benefit producers in a climate-conscious society, research is still needed to identify critical 

relationships between denitrifier and nitrifier functional genes. This chapter has also unearthed 

research gaps regarding competition among plants and soil microbes for N substrate. For 

example, how does competition for N substrate differ between organic farming systems and 

conventional farming systems (i.e., NUE)? Moreover, acknowledging that the SOM content of 
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organically-managed soils in North Carolina may result in an increased abundance of N-

transforming microbes, what management practices could be implemented to mitigate emissions 

from organically-managed soils? Additionally, what practices might work to safeguard against 

emissions, while simultaneously protecting the benefits of sustainable agriculture (i.e., high 

SOM, increased biodiversity, etc.)? The aforementioned questions, and others presented 

throughout this chapter will be addressed through field and greenhouse experiments outlined 

within this dissertation. Additionally, the conceptual synthesis presented within this chapter will 

provide a solid foundation for subsequent chapters of this dissertation. 
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Table 1.1. The N dynamics of biological reactions along with their respective functional genes  

and enzymes. 

*Denotes anaerobic biological processes; oxidizing agent = electron (e-) acceptor; reducing agent = e- donator 

Biological 

Reaction 

Functional genes and enzymes Transformation (to)  

Transfer (tf) of end-

product 

Biological 

Nitrogen Fixation 

(BNF) 

nifH (nitrogenase) 
N2 → NH3 (ammonia) or NH4

+
 

N2 → NH3 → R-NH2 (organic N) 

Atmosphere → Plant 

Plant → Soil 

Assimilation N/A N/A Soil → Plant 

Mineralization N/A R-NH2 → NH4
+ (ammonium) 

Soil → Soil (fixed) 

Soil → Plant 

Soil → Microorganisms 

Nitrification amoA (ammonia monooxygenase) NH3 → NH2OH (hydroxylamine) 
Oxidizing/Reducing agent 

Rate control step (NOs-) 

Denitrification* 

 

nar, nap, nas (nitrate reductase) NO3
- → NO2

- (nitrite) Oxidizing agent 

nirK and nirS (nitrite reductase) NO2
- → NO (nitric oxide) 

Oxidizing agent, 

Rate control step (N2O) 

norBC and norZ (nitric oxide 

reductase) 
NO → N2O (nitrous oxide) 

Soil Ą Atmosphere 

Oxidizing agent 

nosZ (nitrous oxide reductase) N2O → N2 (dinitrogen) Soil Ą Atmosphere 

Complete 

Ammonium 

Oxidation 

(Comammox) 

amoA (ammonia monooxygenase) NH3 → NH2OH Reducing agent 

hao (hydroxylamine oxidoreductase) NH2OH →  NO2
- Oxidizing agent 

nxr (nitrate oxidoreductase)* NO2
- ↔ NO3

- (nitrate) 

Soil → Plant 

Soil → Microorganisms 

Soil → Freshwater 

Reducing Agent 

Oxidizing Agent 

Anaerobic 

Oxidation 

(Anammox)* 

nirK and nirS (nitrite reductase) NO2
- → NO Oxidizing agent 

hao (hydroxylamine oxidoreductase) 
NH2OH →  NO2

- 

 
Oxidizing agent 

hzs (hydrazine synthase) 
NO → N2H4 (hydrazine) 

NH4
+ → N2H4 

Reducing agent 

hdh (hydrazine dehydrogenase) N2H4 → N2 Oxidizing agent 

nar and nap (nitrate reductase) NO3
- → NO2

- Oxidizing agent 

Reducing Agent 

Dissimilatory 

Nitrate Reduction 

to Ammonium 

(DNRA)* 

nar and nap (nitrate reductase) NO3
- → NO2

- 
Oxidizing agent 

Reducing Agent 

otr (octaheme tetrathionate reductase) NO2
- → NH4

+ 

Soil → Soil (fixed) 

Soil → Plant 

Soil → Microorganisms 

onr  or nrfA (octaheme cytochrome C 

nitrite reductase) 
NO2

- → NH4
+ 

Soil → Soil (fixed) 

Soil → Plant 

Soil → Microorganisms 

Nitrate/Nitrite-

Dependent 

Anaerobic 

Methane 

Oxidation (n-

DAMO)*  

msrA (methyl coenzyme M 

reductase; bacteria)  

CH4 → CO2 

NO2
- →N2 

Soil → Atmosphere 

Carbon source 

Oxidizing agent 

pmoA (particulate methane 

monooxygenase; archaea) 

CH4 → CO2 

NO3
- → NO2

- 

Soil → Atmosphere 

Carbon source 

Oxidizing Agent 
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Table 1.2. Anthropogenic and natural reactive nitrogen fluxes along with global magnitudes across time (Tg N yr-1). 

 1959 1970 1975 1995 2010 2100 

Natural BNF 104 118 50-170 90-130 58-128 (± 50%) 170 (±50%) 

Lightning - - 10 3 5 (± 50%) 7 (± 50%) 

Combustion* 15 19 19 21 30-40 (± 10%) 20 (± 10%) 

Fertilizer 

Production* 

15 20-30 30-40 78 120 (± 10%) 160 (± 20%) 

Agricultural BNF* - - 40-89 43 60 (± 30%) 79 (± 30%) 

Ocean BNF - 12 10-130 40-200 120-140 (± 50%) 166 (± 50%) 

Anthropogenic Nr 30 39 - 49 89 - 148 142 210 - 259 259 

Annual fixation Nr 134 169 - 179 248 - 458 275 - 475 413 – 473 602 

*Denotes anthropogenic sources of reactive N; BNF = Biological Nitrogen Fixation; Future projections for 2100 were 

estimated using  representative concentration pathways from the 2014 IPCC assessment of climate change.
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Table 1.3. Global nitrogen distribution in terrestrial soils and rocks (Tg N yr-1) compiled from a 

literature review (Shafreen et al., 2021; Houlton et al., 2018; and Ward, 2013; Tamm 2012). 

 

Reservoir (Sub-type) 

 

Component  

 

N (Tg N) 

Terrestrial Soils 

NH4
+ (clay fixed) 2.0 x 104 

Organic Matter 2.2 x 105 

Microorganisms 5.0 x 102 

Litter 3.3 x 103 

Crust and Rocks 

Igneous Rocks 1.0 x 109 

Sedimentary Rocks 4 x 108 

Continental Crust 1.3 × 109 

Crustal Rock 6.4 x 108 
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Table 1.4. Soil N-transformation processes that can result in N2O Production. 

  
Process By-Product Product O2 Conditions 

Nitrifier-nitrification NH2OH N2O Aerobic 

Nitrifier-denitrification NO2
- N2O Aerobic/Anaerobic 

Denitrification NO3- N2O Anaerobic  

Codenitrification (fungi) NO2
- N2O Anaerobic 

DNRA NO2
- N2O Anaerobic 

Comammox NO2
- N2O Aerobic 

Anammox NO2
- N2O Anaerobic 

n-DAMO (archaea) NO2
- N2O Anaerobic 
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Table 1.5. Factors that control nitrification and denitrification in soils (Norton and Ouyang, 2019; Robertson and 

Groffman, 2015). 
 

Process Factors 

Nitrification ¶ Ammonia (NH3)/Ammonium (NH4
+) supply (most important factor). 

¶ Sufficient O2  

¶ AOA/AOB Abundance and Community Structure (related to substrate and environmental conditions) 

¶ C:N ratio (higher ratio, lower nitrification). 

¶ Soil pH (7.5-8 in agronomic soils). 

¶ Soil Moisture (Finer textured soils: WFPS = 55%; Coarser textured soils: WFPS = 40%) 

¶ Temperature (slower in colder soils). 

¶ Chemolithoautotrophic metabolism (inorganic carbon, i.e., CO2). 

Denitrification ¶ Limited O2 (most important factor in fields). 

¶ Inhibited gas exchange (limited O2 in center of soil aggregates). 

¶ Availability of reduced carbon (e- donor) ( (i.e., methanol, glycerin, etc.) 

¶ Availability of nitrate (NO3
-) (e- acceptor). 

¶ Diffusion of nitrifier products (NO3
-) from oxygenated zones (i.e., rhizosphere) to anaerobic zones. 

¶ Chemolithoheterotrophic/Mixothrophic metabolism (organic carbon, i.e., methanol, acetate, etc.) 
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CHAPTER 2 

 

Multi-Amplicon Nitrogen Cycling Gene Standard: An Innovative Approach for Absolute 

Quantification of N-transforming Soil Microbes in Terrestrial Ecosystems 

 

ABSTRACT 

Agriculture accounts for nearly three-fourths of all anthropogenic emissions of nitrous 

oxide (N2O) anthropogenic emissions, a potent greenhouse gas (GHG). Improvements in 

agricultural management practices are critical for improving plant nitrogen (N) use efficiency 

and reducing anthropogenic N2O emissions. Identifying “climate-smart” management practices 

demands a mechanistic understanding of the linkage between N2O emissions and the biological 

factors that drive these emissions: nitrogen cycling (N-cycling) microbes. There is a need for N-

cycling gene assays that are cost-effective, practical, and accessible to climate-smart researchers. 

Historically, methods for characterizing N-cycling microbes in soil involve adept preparation 

protocols and procedures and present significant learning curves to researchers with little or 

intermediate experience with molecular biology and biochemical assays. In a recent study, Han 

et al. (2023) demonstrated the suitability of synthetic oligonucleotides to serve as real-time 

quantitative PCR (qPCR) standards for quantifying microbial genes in soils. While this study is 

not based on the works of Han et al. (2023), our results complement their findings and offer fresh 

insights into this novel methodology. Here, we describe an innovative approach that provides 

precision in the absolute quantification of five N-transforming target genes (AOB amoA, 

AOA amoA, nirK, nirS, and nosZ) in soils. Similar to Han et al. (2023), our method obviates the 

cost-intensive aspects of traditional qPCR methods in soil microbial ecology (e.g., gel 
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purification of qPCR products and in-vivo cloning of plasmids) and is capable of being extended 

to any biogeochemical system, or environment of interest. Additionally, this qPCR approach 

provides several unique advantages: 1) it introduces a streamlined protocol that utilizes a single 

multi-amplicon synthetic oligonucleotide, 2) requires only a single dilution series and one stock 

solution to quantify all gene targets 3) the multi-amplicon synthetic oligonucleotide contains a 

non-edaphic gene (ZIKV) that can serve as a soil spike to determine DNA extraction efficiency 

and DNA recovery estimates, and 4) this protocol mitigates PCR inhibition from soil-derived 

substances by using a modified DNA extraction protocol and inhibitor tolerant polymerase. 

Furthermore, it is worth noting that this work aims to reduce the technical burden on non-

biologists/biochemists when conducting soil microbiological assays, support the development of 

climate mediation practices, and advance climate-smart agriculture goals. 

 

INTRODUCTION 

          Nitrous oxide (N2O) is a greenhouse gas (GHG) with a warming potential that is 273 times 

greater than carbon dioxide (CO2) (EPA, 2023). Soil N2O emissions account for 74% of 

anthropogenic N2O emissions and ~7% of the total greenhouse force (EPA, 2023; Millar et al., 

2010). Moreover, the increasing application of N fertilizer continues to exacerbate N2O 

emissions across the globe. Soil N2O emissions primarily originate from two microbial 

processes: nitrification and denitrification (Table 2.1) (Ouyang et al., 2018). Popular N fertilizers 

such as urea or ammonium nitrate contain nitrogen in the form of ammonia (NH3) or ammonium 

(NH4
+), two nitrogen forms highly desired by a functional group of microbes called ammonium 

oxidizers. When these N fertilizers are applied to soil, ammonium-oxidizing bacteria (AOB) and 

ammonium-oxidizing archaea (AOA) convert NH4
+ into NH2OH (hydroxylamine) using enzymes 
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encoded by the amoA (ammonia monooxygenase) functional gene. Hydroxylamine is quickly 

converted into nitrite (NO2
-), commonly considered the rate-limiting step of nitrate production 

(Zhao et al., 2019; Sinha & Annachhatre, 2002). Moreover, under oxygen-limited conditions 

(anaerobic), microbes can convert NO2
- into gaseous N forms through denitrification. 

Denitrifiers possessing nirK and nirS (nitrite reductase) functional genes can convert NO2
- into a 

gas called nitric oxide (NO). This is considered the rate-limiting step of  N2O production, which 

possesses a strong GHG warming potential and effectively traps heat in the atmosphere (Wang et 

al., 2017; Timmermans & Van Haute, 1983). However, many denitrifiers possess the nosZ 

(nitrous oxide reductase) functional gene, which converts N2O into nitrogen gas (N2). This is 

considered the rate-limiting step of N2O consumption (Zhao et al., 2019).  

 

Considering the current climate crisis, an international rise in eco-consciousness has expanded 

the call for climate-resilient agricultural ecosystems (Jiang et al., 2023). This rise in awareness, 

combined with a stream of socio-economic policy, has induced a series of requests for climate-

focused innovation within the agricultural sector (Ogunyiola et al., 2022; Nascimento et al., 

2021). Notwithstanding the U.S. Farm Bill, legislative actions such as the Inflation Reduction 

Act of 2022 (IRA) will appropriate upwards of $21 billion towards “climate-smart agriculture” 

over the next decade (Bistline et al., 2023, p. 6). Indeed, agricultural activity directly contributes 

to the climate crisis as the dominant source of nitrogen (N) pollution (EPA, 2017; Stüeken et al., 

2016; Ward, 2012). While contemporary funding mechanisms seem promising, agricultural 

advancement in the area of climate resilience depends, in part, on the impact of climate-smart 

solutions on soil microbial communities (Zhang et al., 2022). A growing capacity for 

conservation policy within the government—and a desire for informed science-based decision-
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making—suggests that mitigating the effect of agriculture on climate will require a workforce of 

multi-disciplinary researchers.  

 

Thus, making the most of climate-smart agriculture funding will involve increasing the number 

and types of disciplines (e.g., agronomists, animal scientists, ecologists, etc.) engaged in climate-

focused soil molecular biology applications. One such application involves quantifying genes 

encoding the functional enzymes of N-transforming microorganisms (Table 2.1) in soils. This 

assay determines the number of organisms in a sample or microbial abundance. Biogeochemists 

and soil microbiologists commonly use abundance metrics to characterize soil microbial 

communities (i.e., community composition, activity, etc.). Microbial abundance can provide a 

crucial metric for linking population dynamics to sustainable agriculture management decisions 

(i.e., C depletion and N2O emissions) (Khalili et al., 2019). Microbial abundance and community 

composition of N-cycling microbes are often used to estimate potential N2O emissions from 

agroecosystems. As a corollary, these microbial parameters are a solid basis for suggesting 

management practices that mitigate N2O emissions from agroecosystems. For soil analyses, 

microbial abundance consists of four components: 1) soil DNA extraction kits; 2) a set of gene 

target samples with a range of known concentrations (standards); 3) real-time quantitative 

polymerase chain reaction (qPCR) reagents; and 4) a qPCR detection system. A growing body of 

evidence suggests that product differentiation within these four components (i.e., different 

extraction kits) might have differential impacts on qPCR efficiency (Svec et al., 2015). For 

example, the performance of the qPCR assay may differ between two different qPCR 

instruments or two different soil DNA extraction kits (Wydro et al., 2022). 
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Moreover, the performance of qPCR assays is also dependent on the physical attributes (e.g., 

amplicon size) of the gene of interest. For example, qPCR assays for N-cycling genes are often 

subject to longer runtimes (80 – 220 minutes) compared to typical qPCR assays (~45 minutes). 

The amplicon size for N-cycling genes ranges between 200 to 600 base pairs (bp), while typical 

qPCR assay amplicons are usually between 75 to 150 bp.  Under these conditions, unique run 

methods (thermocycling stages) are necessary for achieving high DNA amplification efficiency. 

Sometimes, qPCR efficiencies are either suboptimal or not reported. Thus, establishing a robust 

qPCR standard curve presents a considerable challenge for calculating the microbial abundance 

of N-cycling genes. Current methods for constructing standard curves employ reference genes 

(i.e., 16S rRNA, fungal ITS, etc.) or recombinant plasmids in creating known concentrations of 

gene targets for curve calibration (Frey et al., 2022; Chen et al., 2015). However, these methods 

often involve in-vivo cloning steps or gel extraction-amplification protocols and might require a 

significant amount of time and molecular training on behalf of the researcher. These detailed 

methodologies quantifying N-cycling genes are often difficult to ascertain, especially for non-

molecular biologists. The absence of a standard with a known concentration often restricts 

researchers to relative quantification (gene expression via comparison between samples) instead 

of absolute analyte quantification (total gene copy number). One alternative to these methods is 

digital PCR, which does not require standards for absolute quantification. While digital PCR 

remains valuable to clinical research, it presents significant optimization challenges for routine 

environmental assays (Kokkoris et al., 2021). The amplicon sizes alone disqualify this method as 

an appropriate platform for the absolute quantification of N-cycling genes from agricultural soils. 

It is likely that amplicon size of N-cycling genes will require the most attention when adopting 

thermocycling procedures and developing innovative assays. 
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Given that soil is the primary source of N-based gaseous emissions, there is a need for innovative 

techniques for evaluating N-transforming microbes in soil. However, it is crucial to climate goals 

that such protocols are easily employed across various disciplines and research settings. 

Fortunately, recent advancements in synthetic biology have expanded the genomic horizon, 

offering novel genomic pathways for environmental assays (Han et al., 2023; Zemb et al., 2020). 

We have built upon these pathways to develop a tailored application of synthetic biology for N-

cycling and N-transforming soil microbes. Here, we propose a versatile qPCR assay that utilizes 

a multi-purpose, synthetic DNA standard (Multi-Amplicon N-Cycling Gene Fragment) capable 

of quantifying the absolute abundance of N-cycling genes in soils. We use this method to explore 

N-dynamics across a suite of Southeastern U.S. agricultural soils differing in management 

practice (conventional, organic) and farming practice (i.e., fertilizer input, no-till, etc.). The 

proposed method complements climate-smart agriculture goals and can be employed across 

various disciplines and research settings.  

 

MATERIALS AND METHODS 

 

Soil collection and locations 

          The N-cycling gene assays were performed on three distinct sources of agricultural soils:  

a conventionally managed (CON) soil, an organically managed (OM) soil, and a no-till managed 

(NT) soil. These soils were collected at a depth of 15 cm from two research stations at North 

Carolina State University (NCSU): the Mountain Research Station (MRS) (35°29'13.8"N 

82°58'06.1" W) in Waynesville, North Carolina, USA; and the Center for Environmental 
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Farming Systems (CEFS) (35°22'55.2"N 78°02'14.8" W) in Goldsboro, North Carolina, USA. 

The OM and CONV soils were collected from MRS, and the NT soils were collected from 

CEFS. The MRS soils shared the same taxonomic classification: Cullowhee-Nikwasi complex 

(coarse-loamy over sandy or sandy skeletal, mixed, superactive, mesic Fluvaquentic 

Humudepts). The CEFS soil was classified as Wickham series (fine-loamy, mixed, semiactive, 

thermic Typic Hapludults). The soils collected from these locations were subjected to different 

experimental designs (i.e., field, greenhouse, etc.) and treatments (agricultural amendments, 

cropping systems, etc.). The inclusion of these soils satisfied the objective to increase the 

diversity of soils that were analyzed within this study. 

 

Soil DNA extraction and processing 

          Soil DNA was extracted using the Qiagen PowerSoil DNA Isolation Kit (cat. no. 47016; 

Qiagen, CA, USA) with slight modifications to the manufacturer’s instructions as described 

below. Soil samples were sieved at 2mm and placed in frozen storage at -20°C. Approximately 

250 mg of frozen soil samples were added to the PowerBead Pro Tubes. A vortex adapter (cat. 

no. 13000-v1-24; Qiagen, CA, USA) was employed to maximize homogenization and lysis of 

frozen soil samples. The vortexing time was proportional to the number of PowerBead Pro 

Tubes, permitting 10 minutes for every 12 tubes/preps. We adjusted the centrifugation time of 

the PowerBead Pro Tubes from 1 minute to 2 minutes. Additionally, ~700 µL of supernatant was 

collected instead of 600 µL. Following inhibitor removal, DNA binding, and washing, 80 µL of 

elution buffer was added to the center of the white filter membrane. The quantity (ng/µL) and 

purity (A260/280) of extracted DNA were determined using a NanoDrop spectrophotometer 
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(Thermo Scientific, Wilmington, DE, USA). All DNA samples were labeled and stored in a 

freezer at -20°C. 

 

Design and production of Multi-Amplicon N-Cycling Gene Fragment 

          Overview: The Multi-Amplicon N-Cycling Gene Fragment (Figure 2.1) was created by 

synthesizing oligonucleotides with overlapping ends, which were then 'stitched together' to 

create a double-stranded DNA product (gBlocks) (IDT, Personal Communication, March 31, 

2023). Each synthesized oligonucleotide was an amplicon from a reference organism that 

contained the primer sequence(s) of N-cycling genes. The final product consisted of (1) 

customized, synthetic oligonucleotides, 2286 base pairs (bp) in length, to quantify five (5) 

functional genes: AOA amoA and AOB amoA (ammonia monooxygenase), nirK and nirS (nitrite 

reductase), nosZ (nitrous oxide reductase); and one (1) internal standard: ZIKV (Zika virus) 

(accession number, NC_012532.1).  

 

The production of Multi-Amplicon N-Cycling Gene Fragment was performed according to the 

following steps: 

 

          Step 1: Primer pairs were identified for each target gene (AOA amoA, AOB amoA, nirK, 

nirS, nosZ, and ZIKV (Zika virus) (Table 2.2). A literature review was used to assist with primer 

selection and inform upon the prevalence over time, frequency of use, and novelty of primer 

pairs (data not shown). Thus, primers were selected based on a combination of factors, some 

more novel (i.e., Clade I nosZ primer) and others more prevalent (AOA amoA and AOB amoA).  

 



   

53 

 

          Step 2: Amplicon regions containing the target gene and primer sequence(s) were 

identified within the reference organism of each primer pair. GenBank® 

(http://www.ncbi.nlm.nih.gov) was used to cross-reference nucleotide sequences and identify the 

complete amplicon within a reference organism or GenBank Tax ID. We selected Microbial 

Nucleotide BLAST, entered the primer sequence(s) into the “Enter Query Sequence” box, and 

entered the reference organism(s) into the “Choose Search Set” box. Degenerate primer 

sequences were converted to non-degenerate primer sequences using the IUPAC convention. 

Under the “Sequences producing significant alignments” list, the criterion for alignment 

selection was as follows: “complete genome” in the description, a “query coverage” equal to 

100%, and a “percent identical” equivalent to 100%.  

          Step 3: The presence of the target gene and primer sequence(s) within the alignment was 

confirmed by viewing the “Graphics,” selecting the “search” function under the “Tools” section, 

and entering the degenerate primer sequence(s) into the search bar.  Then, “modify range” was 

used to select the entire gene amplicon. An additional 20 nucleotides were included upstream 

and downstream of the amplicon to provide context for the polymerase during qPCR 

applications. The complete amplicon was extracted from GenBank using the “Download FASTA 

(selection)” option within the graphic. Geneious Prime (https://www.geneious.com/) may be 

used to streamline this step. 

 

          Step 4: Target gene amplicons were combined into one 2286 bp sequence for gBlocks™ 

synthesis. To avoid complexity issues due to high G/C content or homopolymeric runs, 

amplicons for each target gene were incorporated in the following order: nirS, AOB amoA, AOA 

amoA, ZIKA, nirK, and nosZ.  
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          Step 5: Following complexity tests and disclosures, the sequence was submitted to IDT 

through their “gBlocks™ Gene Fragments Entry” portal. Regardless of degeneracy, all primer 

pairs were customized using the IDT “Oligo Entry” portal. All DNA oligonucleotides and gene 

fragments were manufactured and shipped by IDT within 5-10 business days. 

 

 

Calculation of DNA copy number 

          Using the properties listed within the IDT specification sheet, the number of DNA copies 

present in Multi-Amplicon N-Cycling Gene Fragment (1000 ng dry weight) before resuspension 

was determined to be 3.99 x 1011. 

 

          DNA copy number was determined using the equation below: 

 

ὔόάὦὩὶ έὪ Ὀὔὃ ὅέὴὭὩί = 
  Ɇ Ȣ   

  Ɇ    Ɇ 
 

 

Where “amount” is the amount of DNA in nanograms (ng), 6.022 x 1023 is Avogadro’s 

number (molecules/mol-1), “length” is the length of the DNA template in base pairs (bp), 1 

x 109 is the conversion factor (ng g-1), and 660 is the average mass of 1 bp of dsDNA (g 

mol-1). 

 

 

 



   

55 

 

Resuspension of Multi-Amplicon N-Cycling Gene Fragment 

          Following IDT’s instructions, the Multi-Amplicon N-Cycling Gene Fragment was 

centrifuged at 3000 x g before opening. The gene fragment was resuspended into 100 µL of 

IDTE pH 8.0 (1X TE Solution [10 mM Tris, one mM EDTA]) (cat. no. 11-05-01-05; IDT, Iowa, 

USA). Finally, the gene fragment was incubated at 50°C for 20 minutes and briefly vortexed and 

centrifuged. The resuspension resulted in a final concentration of 10 ng µL-1. The DNA copy 

number of the resuspended Multi-Amplicon N-Cycling Gene Fragment was determined to be 

3.99 x 109 ng µL-1. 

      

Preparation of stock solutions using resuspended Multi-Amplicon N-Cycling Gene 

Fragment  

          A working solution containing 1 x 109 copies of DNA µL-1 was produced immediately 

following the resuspension of Multi-Amplicon N-Cycling Gene Fragment.  We added 75 µL of 

the resuspended gene fragment  (3.99 x 109 copies of DNA µL-1) to an Eppendorf Tube (5 mL) 

containing 2.925 mL of IDTE pH 8.0 (1X TE Solution) to produce 3 mL of working solution (1 

x 109 copies of DNA µL-1).  Then, we aliquoted 9 µL of working solution into individual PCR 

tubes to create stock solutions (1 x 109 copies of DNA µL-1) for serial dilutions. The remaining 

resuspended Multi-Amplicon N-Cycling Gene Fragment, working solutions, and stock solutions 

were stored in the freezer at -20°C. All products containing gene fragments were subjected to no 

more than three freeze-thaw cycles. Additionally, primers were subjected to no more than 30 

freeze-thaw cycles. 
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Preparation of qPCR standards using stock solutions 

          A serial dilution using the stock solution was used to create qPCR standards. A single PCR 

tube containing 9 µL of stock solution (1 x 109 copies of DNA µL-1) was thawed on ice. Next, 

we added 9 µL of nuclease-free water to PCR tubes (8-strip) with individually attached caps. The 

PCR tube strip caps were labeled 108-101, representing the DNA copy number post-serial 

dilution. The first step of the serial dilution was to add 1 µL of stock solution to the “1 x 108” 

PCR tube. The serial dilution resulted in known concentrations of the Multi-Amplicon N-

Cycling Gene Fragment ranging from 109-101 DNA copies.  

 

qPCR to quantify the absolute abundance of N-cycling genes. 

          The copy numbers of AOA amoA, AOB amoA nirS, nirK, and nosZ genes of each soil 

DNA sample were determined using a QuantStudio™ 6 Flex Real-Time PCR System (Applied 

Biosystems, Foster, California). Additionally, qPCR reactions utilized the primers and 

thermocycling conditions shown in Table 2.2. Thermocycling conditions were optimized by 

integrating protocols and procedures from different research studies (Saarenheimo et al., 2015; 

Henry et al., 2004) (Table 2.2). All standard dilutions and unknown samples were measured in 

triplicate. All assays utilized one of two plate types: semi-skirted 96-well plates (cat. no. 1402-

9100, USA Scientific, Ocala, Florida, USA) or full-skirted 384-well plates (cat. no. 1438-4700, 

USA Scientific, Ocala, Florida, USA). MicroAmpTM Optical Adhesive Film (cat. no. 4311971, 

Applied Biosystems, Foster, California, USA) was applied to each microplate before analysis. 

For 96-well plates (semi-skirt), the final qPCR volume was 20 μL with one μL of template DNA, 

10 μL of 2 × SsoAdvanced Universal Inhibitor-Tolerant SYBR Green Supermix (Bio-Rad, 

Hercules, CA, USA), 7 μL of nuclease-free water, and 1 μL of each primer (10 μM each). A 
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dilution series of 109 –102 copies of Multi-Amplicon N-Cycling Gene Fragment were used as 

standards for each qPCR assay. For 384-well plates (full skirt), the final qPCR volume was 10 

μL with 0.5 μL of template DNA, 5 μL of 2× SsoAdvanced Universal Inhibitor-Tolerant SYBR 

Green Supermix (Bio-Rad, Hercules, CA, USA), 3.5 μL of nuclease-free water, and 0.5 μL of 

each primer (10 μM each). A dilution series of 109 –101 copies of Multi-Amplicon N-Cycling 

Gene Fragment were used as standards for each qPCR assay. 

 

RESULTS 

qPCR amplification efficiencies and robusticity 

For 96-well plates, qPCR efficiencies (%) and robusticities (R2) for N-cycling genes ranged from 

99% to 112% and 0.974 to 0.999, respectively (Table 2.3). At a minimum, standard curves 

reflected a 6-point dilution series ranging between 108 – 103
 copies of the Multi-Amplicon N-

Cycling Gene Fragment. (Figure 2.2). For 384-well plates, qPCR efficiencies (%) and 

robusticities (R2) for N-cycling genes ranged from 116% to 210% and 0.979 to 0.999, 

respectively (Table 2.3). At a minimum, standard curves reflected a 5-point dilution series 

ranging between 109 – 101
 copies of the Multi-Amplicon N-Cycling Gene Fragment (Figure 2.3). 

 

Amplification range difference between plate types 

These results revealed that the amplification ranges were more comprehensive on the 384-well 

plate platform than on the 96-well plate platform. Thus, detection sensitivity was higher on the 

384-well block than on the 96-well block. Amplification plots for bacterial and archaeal amoA 

genes (AOA and AOB) revealed amplification curves at 1 x 109 copies of the Multi-Amplicon 

N-Cycling Gene Fragment standard using the 384-well plate platform (Figure 2.4). For those 
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same genes and concentrations, qPCR conditions were insufficient for amplification on the 96-

well plate platform (Figure 2.2). 

 

Impact of Multi-Amplicon N-Cycling Gene Fragment Method on PCR Inhibition 

Before the Multi-Amplicon N-Cycling Gene Fragment method, previous N-cycling gene assays 

resulted in little amplification due to PCR inhibition (Acharya et al., 2017). We address PCR 

inhibition within this method through pipeline modifications—upstream and downstream. To test 

the effectiveness of upstream modifications, we tested the DNA purity of the soil DNA samples 

used in this study. We found that modifications to our DNA extraction protocol resulted in an 

average DNA purity (A260/280) of ~1.78 (data not shown). Humic substances containing more 

carbon than other soil-borne PCR inhibitors have been identified as the primary PCR inhibitors 

in soil DNA samples51. Elemental analysis of total carbon (TC) was used to investigate the 

response of DNA purity to increasing carbon content. For a subset of soil DNA samples, the TC 

and DNA purity were 1.39% and 1.82, respectively, and the coefficient of variation (CV) for TC 

and DNA purity was revealed to be 17% and 1.2%, respectively. To mitigate molecular 

inhibition further, the downstream modifications constituted the introduction of inhibitor-tolerant 

DNA polymerase. 

 

Detecting of ZIKV internal standard via qPCR 

Amplification of the ZIKV amplicon on the Multi-Amplicon N-Cycling Gene Fragment was 

achieved using the primer pairs and PCR conditions outlined in Table 2.2. The successful 

amplification of the ZIKV amplicon on the Multi-Amplicon N-Cycling Gene Fragment appears 

promising for future applications. Indeed, the Multi-Amplicon N-Cycling Gene Fragment 



   

59 

 

exhibits functionality in qPCR specification and physical substance. When deployed as a spike-

in standard, the size of the Multi-Amplicon N-Cycling Gene Fragment (2286 bp) can be 

leveraged to our advantage. Additionally, melting curves revealed that the ZIKV was not 

detected in unknown samples (Table 2.4). Our results demonstrate the relevance of the ZIKV 

amplicon as a spike in agricultural soils. Furthermore, preliminary analyses with a different gene 

fragment revealed that “spiking” soil samples with 2 x 109 copies of gene fragment, as prescribed 

within other studies, produced interference with DNA applications downstream (Fields et al., 

2019; Krehenwinkel et al., 2018; Gohl et al., 2016;). Soil DNA samples submitted for next-

generation sequencing (NGS) were subject to oversaturation, exhibiting preferential 

reconstruction of reads related to the gene fragment (data not shown). If NGS were not 

performed, spiking samples would effectively gauge soil DNA extraction efficiency. 

 

DISCUSSION 

The current methods for quantifying the copy number of N-cycling genes differ based on cost, 

difficulty, and standard calibration curve (relative or absolute). Our method utilizes an absolute 

approach because we are interested in the total number of organisms instead of a relative 

percentage. The most commonly used methods in soil microbial ecology employ either gel-

purified products (less expensive, intermediate, relative) or plasmid DNA (more expensive, 

advanced, absolute). Notwithstanding their technical requirements, both methods are dependable 

techniques for producing qPCR standards of known concentrations. Gel purification for DNA 

isolation is one of the most commonly used techniques in molecular biology. It is a reliable 

method for producing DNA fragments for many downstream applications (e.g., PCR and 

plasmid construction). While gel purification is often a requisite for its construction, plasmid 
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DNA provides a more accurate and efficiently produced standard. Moreover, plasmid DNA 

enables the encoding of multiple target genes into its open reading frame (ORF). However, 

concerning N-cycling genes, studies that use gel-purified products are often subject to relative 

quantification of gene copies. As a result, abundances are reported in reference to a gene (16S 

rRNA) and lack information regarding the PCR amplification efficiency of the assay (EPA, 

2023; Zhang et al., 2022; Chen et al., 2015; Saarenheimo et al., 2015; Zhang et al., 2011). 

Conversely, advanced methods (i.e., plasmid DNA) usually report PCR amplification efficiency 

information but require complex biochemical protocols (PCR product-vector litigation Ą PCR 

cloning Ą plasmid construction) (Tang et al., 2022; Zhao et al., 2016; Henry et al., 2004). 

Moreover, gel extraction kits, which are required for intermediate and advanced methods, can 

cost upwards of $600 (cat. no. 20051, Qiagen, CA, USA). Furthermore, the cost of advanced 

methods is increased by the money and time required for PCR product-vector litigation, PCR 

cloning, and plasmid construction. Interestingly, this exceeds the cost of the Multi-Amplicon N-

Cycling Gene Fragment (~$400) outlined in the previous sections. Moreover, studies have shown 

that when compared to DNA plasmids or pure cell cultures, double-stranded DNA fragments are 

a cost-effective alternative for preparing qPCR standard curves, which are required for absolute 

quantification (Abzazou et al., 2018). Regarding reliability and sensitivity, a recent study 

demonstrated that qPCR standards produced from synthetic DNA fragments are comparable to 

DNA plasmid standards (Han et al., 2023). The Multi-Amplicon N-Cycling Gene Fragment 

highlights the benefits of current methods to provide researchers with a cost-effective protocol 

for absolute quantification of N-cycling genes that 1) does not require gel electrophoresis or 

plasmid construction and 2) allows multiple genes to be quantified using one stock standard. Our 

results reveal that multi-amplicon fragments can provide an innovative approach to exploring 
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biotic responses to anthropogenic N pollution in terrestrial ecosystems. Furthermore, our 

findings demonstrate that the Multi-Amplicon N-Cycling Gene Fragment method can effectively 

identify climate-smart management practices.  

 

We present a practical approach that utilizes tried-and-tested techniques to explore N-cycling 

genes in terrestrial soils. Moreover, the dependability of these techniques has been well 

demonstrated by hydrologists, as well as human health researchers (Zemb et al., 2020; Sidstedt et 

al., 2022). A sizable body of literature substantiates the legitimacy of the techniques used within 

our method (Zemb et al., 2020; Saarenheimo et al., 2015; Abzazou et al., 2018; Sidstedt et al., 

2020; Hess et al., 2021). Moreover, using similar techniques and gene targets, Han et al. (2023) 

found that gene copy numbers obtained using synthetic DNA or plasmid standards were 

comparable amongst soil DNA samples. As our studies run parallel, the findings in Han et al. 

(2023) provide a solid underpinning for and further validate our Multi-Amplicon N-Cycling 

Gene Fragment methodology. In this study, what is being proposed is relevant innovation that 

can be extended to any biochemical system when studying soils. This study uniquely synthesizes 

separate approaches (ZIKA spike for DNA extraction, inhibitor-tolerant polymerase, multi-

amplicon standard) into a molecular approach tailored for a broad range of soils. To our 

knowledge, this is the first study to use synthetic multi-amplicon DNA fragments as qPCR 

standards for the absolute quantification of targeting N-cycling genes. Moreover, the ZIKV 

amplicon enables DNA extraction efficiency to be compared across myriad edaphic 

environments. Furthermore, comparing data generated from this method (e.g., Ct values, copy 

number, etc.) with other N-cycling gene quantification methods (i.e., plasmid DNA, gel purified 

products) would be extraneous. While the Multi-Amplicon N-Cycling Gene Fragment has 
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generated beneficial information regarding microbial abundance and community composition of 

N-cycling genes, we have reserved those insights for future correspondence. Instead, we will 

highlight the advantages and disadvantages of this method, as well as its capacity to enable 

systematic analysis of N dynamics in terrestrial soils.  

 

While this method supplied stable and robust calibration curves, it is not uncommon for 

estimates of PCR efficiency to differ based on instrument factors (Svec et al., 2011). Thus, to 

assess the utility of this method, we tested the protocol on 96-well blocks and 384-well blocks. 

On the 384-well platform, the amplification efficiencies were outside the ideal range of 90% to 

110%. While other primers ranged between 116% and 147%, the nosZ assay differed 

significantly from other gene assays. The amplification efficiency was 70% higher than observed 

within the nirK assay, which shares the same run method. It is worth noting that the nosZ assay 

utilizes a primer set designed for Clade I (typical) nosZ organisms. Due to previously established 

research questions, an amplicon for the Clade II (atypical) nosZ was not included in the Multi-

Amplicon N-Cycling Gene Fragment schematic. Concerning the nature of this particular primer 

set, others have attributed the sub-optimal efficiency of Clade I nosZ assays to the high 

degeneracy of the primers (Tang et al., 2022). However, the nosZ assays observed high 

efficiencies (~210%) instead of low efficiencies (~60%). The same was true for Han et al. 

(2023), who observed similar efficiency values (~58%) for the unmodified version of the same 

nosZ primer (Henry et al., 2006). Additionally, while nosZ primers may be highly degenerate, all 

of the assays in this study utilized degenerate primers. Thus, it is unsurprising that compared to 

the 96-well platform, all functional genes observed slight to moderate increases in qPCR 

amplification efficiency on the 384-well platform. However, increases in efficiency were more 
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often than not accompanied by higher R2 values. We surmise that these observations may be 

attributed to primer degeneracy and reaction volume. Considering reaction kinetics, lower 

reaction volumes might reduce the time required for denaturing, which could result in DNA 

degradation if prolonged. This is especially relevant for this assay, as DNA degradation has been 

shown to reduce the qPCR efficiency of more extended amplicon targets (Johann et al., 2023). 

Thus, it is likely that alterations to the thermocycling method for the 384 well-platform would 

ameliorate the conditions that reduce amplification efficiencies. Overall, we consider the qPCR 

efficiencies and R2 values presented within this report satisfying, regardless of plate type. 

 

Moreover, while primer degeneracy may have a differential impact on the qPCR efficiency of 

specific assays, overall, the utility of degenerate primers is evident. The Multi-Amplicon N-

cycling gene Fragment has been used to quantify N-cycling genes from three distinct agricultural 

systems. Melting curve analysis revealed multiple peaks within soil DNA samples, suggesting 

non-specific amplification of N-transforming microbes (Figure 2.5). Upon further investigation, 

we found that the shape and presence of melt curve amplicons varied across experimental 

conditions for the same N-cycling gene assay. For example, for the same gene (i.e., AOA amoA), 

more than one peak was observed in the melting curves of the MRS soils, which were subjected 

to greenhouse (controlled) conditions, and one peak was observed in the CEFS soil, which was 

under field conditions (data not shown). While this could result from a location effect, it is more 

likely that the presence of multiple amplicons observed in the MRS soils denotes a shift in 

community composition due to greenhouse experiment conditions (i.e., soil amendments, roots, 

plants, etc.). These observations demonstrate the utility of degenerate primers in evaluating N-

dynamics across a range of agricultural settings and shifting microbial communities. 
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Furthermore, our results suggest that the impact of reaction volume (10 μL or 20 ȉL) on reaction 

kinetics may be multi-lateral. The linear amplification curves of AOA amoA suggest that smaller 

reaction volumes may increase qPCR amplification at higher concentrations (>1 x 108 copies of 

gene fragment) (Figure 2.5). It is unlikely that absolute quantification of N-cycling genes in 

agricultural soils will necessitate a known standard above 1 x 108 DNA copies. However, 

including higher concentration standards is likely to favor a more precise estimation of qPCR 

efficiency. Dilution series as high as 10-fold are commonly used in microbiology and are often 

favorable for environmental assays (Stanley et al., 2022; Wang et al., 2022; Zhu, 2006). Thus, 

our results imply that adjustments in reaction volume can expand the analytical range of qPCR 

assays. However, since reaction volume differed by plate type (i.e., 20 μL for 96-well and 10 μL 

for 384-well), further investigation is required to ascertain whether this phenomenon is 

determined by reaction volume or plate type.  

 

Additionally, the successful amplification of our N-cycling target genes suggests that this 

protocol modifications significantly reduced the presence of soil DNA inhibitors. While the 

fraction of TC represented by humic substances and other PCR inhibitors is unspecified, soils 

with higher TC would likely possess more PCR inhibitors. Thus, the CV values for DNA purity 

(1.2%) and TC (17%) suggest that differences in DNA purity were minor despite substantial 

differences in soil carbon content and humic substances by association. Furthermore, our results 

agree with previous studies that using an inhibitor-tolerant DNA polymerase is a powerful 

solution for overcoming PCR inhibition (Hess et al., 2021). Additionally, the amplification 

results suggest that methodological triangulation, combining protocols from different studies 

(Table 2.2), improved reaction efficiency and further mitigated PCR inhibition. Despite our 
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success in pinpointing acceptable qPCR conditions without dependence on melting curves or 

agarose gels, the run-times for our analyses are twice as long as those reported in similar N-

cycling gene studies (Zhang et al., 2022; Qiu et al., 2019; Qiu et al., 2018; Chen et al., 2015). It 

is worth noting, however, that the amplification efficiencies and R2 values of the qPCR reactions 

were not reported within these studies. Thus, it is a challenge to ascertain whether the energy 

cost associated with longer run times is necessary to maintain our qPCR reactions' efficacy.  

 

We designed the synthetic multi-amplicon fragment to serve two functions: to generate standard 

curves for qPCR and to spike soil samples to determine DNA extraction efficiency (Zemb et al., 

2020). Since ZIKV is not found in soil, the ZIKV gene is the spike component of the Multi-

Amplicon N-Cycling Gene Fragment. Before DNA extraction, soil samples are “spiked” with a 

known Multi-Amplicon N-Cycling Gene Fragment concentration. Then, qPCR determines the 

difference between the amount of ZIKA added and ZIKA recovered (DNA recovery). While this 

report does not explicitly provide insight into the Multi-Amplicon N-Cycling Gene Fragment's 

DNA recovery capabilities, the technology will likely complement future environmental-based 

assays. Soil DNA is a powerful indicator of ecosystem dynamics. As its investigative capacity 

becomes more apparent to a wide range of scientists (i.e., forensics, biology, ecology, etc.), the 

utility of soil DNA continues to increase. For example, soil DNA has been employed to estimate 

soil microbial carbon, nitrogen (Gong et al., 2021), and microbial biomass (Prommer et al., 

2020). Thus, improving the accuracy and precision of these estimates will require a posteriori 

knowledge of soil DNA recovery.  
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Finally, while it is evident that this research technique is relevant to soil scientists without a 

molecular biology background, it also broadens the capabilities of the STEM workforce to 

champion climate goals domestically—and internationally. As climate change legislation is 

likely to prevail within the policy stream, the impacts of climate change on human health and the 

environment will remain a research priority. The methods described above could benefit other 

climate change research areas (i.e., water quality, air quality, etc.) by providing immediate 

practical relevance in addressing climate threats. The relationship between microbes and climate 

is becoming increasingly recognized (Ogunyiola et al., 2022; Dutta & Dutta, 2016). While 

climate change influences the production and consumption of significant GHGs (N2O, carbon 

dioxide, and methane), it may also intensify the pathogenic impacts of microbes (Tiedje et al., 

2022; Smith & Fazil, 2019; Dutta & Dutta, 2016). According to recent studies, climate change 

expands pathogen ranges and the prevalence of antibiotic resistance via phenomena such as 

sewage overflow, insect vectors, and adverse weather conditions (Tiedje et al., 2022; Mora et al., 

2022; Semenza et al., 2022). Researchers are currently developing climate models that use 

microbial data to develop interventions and prevent threats to human health regarding pathogen 

expansion (Tiedje et al., 2022). However, the efficacy of climate models in anticipating human 

health threats from pathogenic microbes is contingent upon the availability of microbial data. 

Using our method, hydrologists, entomologists, and meteorologists could employ a variety of 

multi-amplicon gene fragments to produce significant microbial data and contribute to a growing 

biological data ecosystem. Our method provides a multi-disciplinary approach to studying 

microbe-climate interactions and progresses the development of new climate intervention, 

prevention, and transformation strategies (EPA, 2014).  
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While previous attempts to use gene fragments as a spike for soil samples rendered unexpected 

results, the implications of gene fragment saturation on NGS can be addressed in myriad ways, 

above all, spiking soil samples with less gene fragment (A. Loucanides, personal communication, 

September 24, 2023). We propose using gel electrophoresis to isolate the Multi-Amplicon N-

Cycling Gene Fragment from spiked DNA samples. The purified gene fragment could then be 

excised from agarose gel and quantified using a nanodrop spectrometer. The DNA copy number, 

or in this context, DNA recovery, could be easily calculated using the equation mentioned above. 

Additionally, qPCR will increase the precision of DNA recovery estimations via amplification of 

the ZIKV amplicon. In future studies, we plan to explore this scheme as we explore climate-

smart solutions and expand the use of this innovative technology within agricultural ecosystems.  

 

CONCLUSION 

While our method provides precise estimates of absolute abundance, we advise that discretion be 

used when employing this method for different target genes or across different qPCR plate 

blocks and thermocycling instruments. Environmental qPCR assays often require more time than 

standard assays, and the Multi-Amplicon N-Cycling Gene Fragment method is no exception. 

Generally, qPCR is a reasonably fast technique, taking 45 minutes to an hour to complete 40 

amplification cycles. However, the large amplicons associated with environmental assays often 

involve complicated run methods requiring more cycle time. Our observations revealed that the 

type of qPCR plate block and run method (e.g., length of denaturing stage) had a noticeable 

impact on qPCR amplification and optimization. Moreover, we found that the difficulty of PCR 

optimization varied across target genes and even differed between genes with similar reaction 

kinetics (i.e., nirK, nosZ). Thus, attempts to optimize this method for different genes and qPCR 
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platforms should focus troubleshooting efforts on modifications to reaction volume and 

thermocycling procedures.  

Although many studies have investigated N-cycling gene dynamics in soil, PCR 

efficiency and robusticity have not been consistently reported. Often, methods that utilize gel-

purified products do not report indicators of assay performance. As a result, insight into the 

precision and accuracy of qPCR assays is limited to studies that employ more complex protocols 

(i.e., plasmid construction). It is unclear whether this is merely a technical oversight or a result of 

a reliance on the relative quantification of gene copy numbers. Regardless, there is a need for 

flexible methods that allow for absolute comparisons of N-cycling gene copies across soils and 

environments. Insofar as it relates to assay performance metrics, our method seeks to promote 

transparency and ensure that N-cycling genes in soil are estimated with high precision. 

In conclusion, international climate goals call for reducing anthropogenic N2O emissions 

and other potent GHGs. Given the role of soil as the primary source of N2O emissions, 

mitigating climate change will require innovation at the field and lab levels. The abovementioned 

method provides scientists with an innovative, practical, and low-cost approach for quantifying 

N-cycling microbes in soil and other systems such as sediments or water. This would help design 

climate-smart practices for N management.  
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Table 2.1. The N dynamics of biological reactions along with their respective functional genes  

and enzymes. 

*Denotes anaerobic biological processes; oxidizing agent = electron (e-) acceptor; reducing agent = e- donator

Biological Reaction Functional genes or enzymes Nitrogen Transformation (to)  

Biological Nitrogen 

Fixation (BNF) 
nifH (nitrogenase) 

N2 → NH3 (ammonia) or NH4
+

 

N2 → NH3 → R-NH2 (organic N) 

Assimilation N/A N/A 

Mineralization N/A R-NH2 → NH4
+ (ammonium) 

Nitrification amoA (ammonia monooxygenase) NH3 → NH2OH (hydroxylamine) 

Denitrification* 

 

nar, nap, nas (nitrate reductase) NO3
- → NO2

- (nitrite) 

nirK and nirS (nitrite reductase) NO2
- → NO (nitric oxide) 

norBC and norZ (nitric oxide reductase) NO → N2O (nitrous oxide) 

nosZ (nitrous oxide reductase) N2O → N2 (dinitrogen) 

Complete Ammonium 

Oxidation (Comammox) 

amoA (ammonia monooxygenase) NH3 → NH2OH 

hao (hydroxylamine oxidoreductase) NH2OH →  NO2
- 

nxr (nitrate oxidoreductase)* NO2
- ↔ NO3

- (nitrate) 

Anaerobic Oxidation 

(Anammox)* 

nirK and nirS (nitrite reductase) NO2
- → NO 

hao (hydroxylamine oxidoreductase) 
NH2OH →  NO2

- 

 

hzs (hydrazine synthase) 
NO → N2H4 (hydrazine) 

NH4
+ → N2H4 

hdh (hydrazine dehydrogenase) N2H4 → N2 

nar and nap (nitrate reductase) NO3
- → NO2

- 

Dissimilatory Nitrate 

Reduction to Ammonium 

(DNRA)* 

nar and nap (nitrate reductase) NO3
- → NO2

- 

otr (octaheme tetrathionate reductase) NO2
- → NH4

+ 

onr  or nrfA (octaheme cytochrome C nitrite 

reductase) 
NO2

- → NH4
+ 

Nitrate/Nitrite-Dependent 

Anaerobic Methane 

Oxidation (n-DAMO)*  

msrA (methyl coenzyme M reductase; bacteria)  
CH4 → CO2 

NO2
- →N2 

pmoA (particulate methane monooxygenase; 

archaea) 

CH4 → CO2 

NO3
- → NO2

- 



   

79 

 

 
 Table 2.2. Primers and qPCR conditions for the real-time PCR quantifications of AOB amoA, AOA amoA, nirK, nirS, nosZ, and ZIKV (spike)    

genes extracted from soils. 

× DN, CL, AT, EXT are short for denaturation, cycles, annealing temperature, and extension, respectively.  
× Description of degenerative primers by letter (code): M = AC; R=AG; W=AT; S=CG; Y=CT; K=GT; V=ACG; H=ACT; D=AGT; B=CGT; N=ACGT 
× ZIKV qPCR conditions derived from the cDNA amplification phase of the RT-qPCR run method. 

 

Target 

Gene 

Primer 

Pairs 

Sequence (5’Ą 3’) qPCR conditions Product Size 

(nt) 

References 

AOA amoA 

Arch-amoAF STA ATG GTC TGG CTT AGA CG 
 95°C for 5 min (DN); 40 

CL: 95°C for 10 s, 58°C for 

45 s, and 72°C for 45 s. 

531 

 

(Francis et al., 2005) 

(Tao et al., 2021) 
Arch-

amoAR 

GCG GCC ATC CAT CTG TAT GT 

AOB amoA 

amoA-

1Fmod2 

GGG GHT TCT ACT GGT GGT C 

Same as amoA 675 (Chee-Sanford et al., 

2020) 

 
amoA2mod

R 

CCC CTC KGS AAA GCC TTC TTC 

nirK 

nirK876 ATY GGC GGV AYG GCG A 95°C for 15 min (DN); 40 

CL: 95°C for 20 s, 60°C for 

35 s and 72°C for 70 s. 
204 

(Henry et al., 2004); 

(Saarenheimo et al., 

2015) nirK1040 GCC TCG ATC AGR TTR TGG TT 

nirS 

nirSCd3aF AAC GYS AAG GAR ACS GG 95°C for 15 min (DN); 40 

CL: 95°C for 20 s, 55°C for 

35 s and 72°C for 70 s. 
447 

(Kandeler et al. 2006); 

(Saarenheimo et al., 

2015) 
nirSR3cd GAS TTC GGR TGS GTC TTS AYG AA 

nosZ     

(Clade I) 

typical 

nosZ1mod-F WCS YTS TTC MTS GAY AGC CAG 
 

 

Same as nirK 288 
(Chee-Sanford et al., 

2020) (Saarenheimo et 

al., 2015) (Henry et al., 

2004) 

nosZ1mod-

R 

ATR TCG ATS ARC TGV KCR TTY TC 

ZIKV 

ZIKV-F AAR TAC ACA TAC CAR AAC AAA GTG GT 
95°C for 20 s (DN); 40 CL: 

95°C for 1 s and 60°C for 20 

s 
142 

(Faye et al., 2013) 

ZIKV-R TCC ACT CCC YCT YTG GTC TTG 
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Table 2.3. Amplification of efficiencies and coefficient of correlation (R2) of qPCR quantifications using Multi-Amplicon N-Cycling Gene 

Fragment for target genes (AOB amoA, AOA amoA, nirK, nirS, nosZ, and ZIKV) by plate type (96-well or 384-well).  

× Reference organisms denote the source of the target gene amplicon within the Multi-Amplicon N-Cycling Gene Fragment. 

Target Gene Reference organism (GenBank) Plate Type (96-well or 384-well) qPCR Amplification Efficiency (%) R2 

AOA amoA 

Candidatus Nitrososphaera 

gargensis (Ga9.2, complete genome) 

96-Well  112.335 .982 

384-Well 124.637 .979 

AOB amoA 
Nitrosomonas europaea (ATCC 

19718 tax id:228410) 

96-Well 100.572 .999 

384-Well 146.929 .990 

nirK Achromobacter deleyi strain 

(FDAARGOS_1050 chromosome, 

complete genome) 

96-Well 106.139 .985 

384-Well 128.840 .997 

nirS Pseudomonas aeruginosa strain 

(PA2207 chromosome, complete 

genome) 

96-Well 99.124 .985 

384-Well 116.366 .990 

nosZ   Bradyrhizobium japonicum 

(USDA110: tax id 224911) 

96-Well 104.842 .974 

384-Well 210.287 .999 

ZIKV The NS5 sequences (Genome 

polyprotein) 

96-Well 121.879 .990 

384-Well - - 
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Figure 2.1. Flow chart illustrating the design and synthesis of the Multi-Amplicon N-Cycling Gene Fragment amplicons, which contains the amplicons of six (6) 

functional genes (ZIKV, nirK, nirS, nosZ, AOB amoA, and AOA amoA) and 2286 base pairs. 
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Figure 2.2. Standard curves, indices, efficiencies, and R2 values for all Multi-Amplicon N-Cycling Gene Fragment 

amplicons (target genes) on 96-well plates. AOA amoA (TOP LEFT), AOB amoA (TOP RIGHT), nirK (MIDDLE 

LEFT), nirS (MIDDLE RIGHT), nosZ (BOTTOM LEFT), and ZIKV (BOTTOM RIGHT). 

AOA amoA AOB amoA 

nirS nirK  

nosZ ZIKV  
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Figure 2.3. Standard curves, indices, efficiencies, and R2 values for all Multi-Amplicon N-Cycling Gene Fragment 

amplicons (target genes) on 384-well plates. AOA amoA (TOP LEFT), AOB amoA (TOP RIGHT), nirK (MIDDLE 

LEFT), nirS (MIDDLE RIGHT), nosZ (BOTTOM LEFT), ZIKV (NOT ANALYZED). 

AOA amoA AOB amoA 

nirS nirK  

nosZ 
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Figure 2.4. Linear amplification plots of the AOA amoA assay for 96-well (TOP) and 384-well qPCR plates 

(BOTTOM). Amplification was achieved at a higher concentration for the 384-well plate than the 96-well plate. 

Concentrations are in blue next to the amplification curve. The non-template controls are blanks containing no  

DNA template or serial dilution. 

384-Well Plate 

96-Well Plate 

No amplification 

Amplification 
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ZIKA Spike gBlock™ 

Unknown Samples 

ZIKA Spike gBlock™ ZIKA Spike gBlock™ 
ZIKA Spike gBlock™ 

ZIKA Spike gBlock™ 

Unknown Samples 

Unknown Samples 
Unknown Samples 

Unknown Samples 

Figure 2.5. Melting curves for Multi-Amplicon N-

Cycling Gene Fragment amplicons (target genes) 

and unknown agricultural soil DNA samples. AOA 

amoA (TOP LEFT), AOB amoA (SECOND TO 

TOP LEFT), nirK (SECOND TO TOP RIGHT), 

nirS (TOP RIGHT), nosZ (BOTTOM LEFT), and 

ZIKV (BOTTOM RIGHT). Since ZIKV is not 

found in agricultural soils, no melt curves were 

generated outside of the standard. The ZIKV 

amplicon serves as an internal standard for DNA 

extraction efficiency and DNA recovery estimates 

(not reported in this study) (Zemb et al., 2020).  

 

ZIKA Spike gBlock™ 

AOA amoA AOB amoA nirK  nirS 

nosZ ZIKV  

No Analyte Detected 
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CHAPTER 3 

Biochar and Arbuscular Mycorrhizal Fungi (AMF) Effects on Soil N and N-Cycling 

Microbes in Organic and Conventional Agroecosystems 

 

3.1. ABSTRACT  

In most terrestrial ecosystems, the most limiting nutrient for plants is nitrogen (N)—this 

is especially true for agroecosystems. According to the USDA, upwards of 21 million metric tons 

of synthetic fertilizer was utilized in 2020—more than half was N fertilizer. Since the 

industrialization of the Haber-Bosch process in 1913, inputs of reactive nitrogen (Nr) to the 

environment have more than doubled. Currently, animal and crop production account for ~70% 

of all anthropogenic (human-made) nitrous oxide (N2O) emissions. Two farming system 

characteristics have been shown to impact N2O emissions: soil carbon (C) amendments such as 

biochar content and plant root-microbe symbionts such as arbuscular mycorrhizal fungi (AMF), 

have been shown to affect N2O emissions. However, how biochar and AMF interact to affect 

N2O emissions in conventional and organic agroecosystems are not fully understood. We found 

that fate of nitrogen (i.e., transformation and transfer of N) can be influenced by agroecosystem 

and management practices. While organic agroecosystems contained higher abundances of N 

cycling genes, cumulative emissions of N2O and CO2 were low compared to conventional 

agroecosystems. Our results showed that neither agroecosystem, nor the presence of AMF alone 

and/or with plant roots, significantly impacted soil GHG emissions in our model systems. Thus, 

partially contrary to our hypothesis, biochar did not mitigate differences in the abundance of N-

transforming microbes but did slightly decrease N2O emissions across all agroecosystems. 

However, despite the differential impacts of soil organic carbon (SOC) on N-cycling gene 
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abundances, reductions in N2O emission were associated with increasing C content, higher soil 

pH, and a decreasing ratio of (nirK + nirS)/nosZ. Our research project functions to present a 

holistic understanding of the effect of agricultural management practice on soil N-transforming 

microbes and their occupational capacity in low-C agroecosystems in the Southeast U.S. 

 

3.2. INTRODUCTION 

Currently, there is great interest in sequestering organic carbon in soils that have been subjected 

to long-term crop management regimes. Soils under long-term conventional farming systems are 

often C- and nutrient-depleted and require high applications of nitrogen (N) fertilizers to increase 

and/maintain crop productivity. Nitrogen is the most limiting nutrient for plant productivity in 

most terrestrial ecosystems, agroecosystems in particular (Nesheim et al., 2015). Conventional 

agriculture is characterized by high inputs of synthetic N fertilizers. These applications increase 

crop yields, but fail to maximize the N reservoir within soil organic matter. However, excessive, 

and inefficient use of N fertilizer jeopardizes human health and the environment through 

ammonia volatilization, nitrate leaching, and nitrous oxide (N2O) emissions. Conversely, organic 

farming systems can only utilize organic N fertilizer, and require third party certification which 

is enforced by the United States Department of Agriculture (USDA)’s National Organic Program 

(NOP) . Despite the absence of synthetic N-fertilizer and higher soil organic matter (SOM),  N-

losses from organic farming systems (i.e., N2O emissions) are often higher per product unit (i.e., 

crop yield) (Tuomisto et al., 2012). In their global meta-analysis, Skinner et al, (2014) reported 

that while N2O emissions from conventionally-managed soils were mainly influenced by total N 

inputs, organically-managed soils seemed to be mostly influenced by soil characteristics opposed 

to N input. A recent meta-analysis revealed that SOC increased with N additions (synthetic and 
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organic-N) overtime but weakened after 10 years due to increased acidification (Liu et al., 2023). 

The authors further reported that increased soil acidification induced by N addition promoted 

microbial compositional changes and decreased microbial biomass carbon (MBC). We 

hypothesize the addition of carbon amendments (i.e., biochar) would decrease the N2O 

emissions.  

       At present, there is international push to mitigate greenhouse gas emissions (GHGs) by 

implementing management practices that enhance carbon (C) sequestration and increase SOC in 

agricultural soils (Azadi et al., 2021; Lugato et al., 2018; Paustian et al., 2016).  Recent studies 

suggest that the addition of N may cause an increase in SOC, which can affect N-cycling and 

potentially lower N2O emissions. (Guenet et al., 2020). The capacity of SOC to regulate N-

cycling and N2O emissions is likely dependent on N supply and agroecosystem conditions. In 

their recent study, Liu et al. (2023) found that besides climate, the duration of N addition was the 

most important factor affecting C-cycling in soils. Soil organic carbon (SOC) is crucial to the 

productivity of agricultural management systems (Yang et al., 2020; Tuomisto et al., 2012). Soil 

organic carbon (SOC) has been shown to have differential effects on N-cycling genes across 

agroecosystems (Zhang et al., 2022; Liu et al., 2021; Yang et al., 2020, Palmer et al., 2017). 

Climate-friendly practices that mitigate N losses and suppress N2O emissions while stabilizing 

soil C are needed to enhance the productivity of a wide range of alternative agroecosystems. 

Furthermore, it is important to consider the role of plant-microbe interactions in C sequestration 

and N cycling, specifically the interactions involving arbuscular mycorrhizal fungi (AMF).  

          Arbuscular mycorrhizal fungi play a critical role in C-cycling in terrestrial ecosystems. 

Arbuscular mycorrhizal fungi (AMF) are a group of biotrophic microorganisms that form 

symbiotic relationships with upwards of 80% of all terrestrial plants, including the majority of 
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crop plants (Liu et al., 2020; Zhang et al., 2016). Embodying between 20-30% of total soil 

microbial biomass, AMF provides tremendous benefits to the plant-soil-microbial continuum 

(i.e., nutrient acquisition, community structure, and C-cycling) (Zhang et al., 2016). For 

example, Huang et al. (2021) found that the presence of mycorrhizal fungi provides greater soil 

microbial biomass by increasing the number of hyphae and living microbes in the rhizosphere. 

Additionally, AMF presence increases the SOC stock via shoot-, root- and AMF-derived SOC 

(Huang et al., 2021). Additionally, AMF has been shown to impact N-cycling genes that are 

responsible for nitrification and denitrification (Xiao et al., 2019). Various studies have 

demonstrated the ability of AMF to reduce N2O emissions and N losses by decreasing the 

abundance of genes responsible for N2O production (nirK, nirS) and increasing the abundance of 

genes responsible for N2O consumption (nosZ) (Zheng et al., 2023, Hao et al., 2022; Xiao et al., 

2019). Biochar has been shown to decrease N2O emissions by enhancing the biological processes 

that promote N2O reduction (nosZ gene) (Yang et al., 2022). Additionally, plant symbionts, such 

as arbuscular mycorrhizal fungi (AMF), have been shown to modify microbial communities and 

N-cycling dynamics (Gou et al., 2024).  We hypothesized that the addition of carbon 

amendments (i.e., biochar) would decrease the N2O emissions. 

          Biochar has been shown to increase SOC and C sequestration by raising soil stable C 

(Yang et al., 2020; Semida et al., 2019). For over 5000 years, biochar has been used to increase 

ecosystem services (e.g., increasing plant nutrient uptake, and water filtration, etc.) and improve 

the production of agricultural soils (Semida et al., 2019; Glaser et al., 2014). As a result, biochar 

has become a pillar of sustainable agriculture production, and research focused on expanding the 

benefits of biochar to large-scale agricultural production is ongoing (Vijay et al., 2021; Semida et 

al., 2019; Liu et al., 2019). Biochar can be divided into a recalcitrant fraction, which is resistant 
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to microbial decomposition, and a labile fraction, which is available to soil microbes (Bakshi et 

al., 2018). In soils with low SOC, biochar application has been shown to increase SOC by 

reducing CO2 emissions. This is partially due to the ability of biochar to enrich organic-C sources 

(i.e., ketones, carboxyl, and aromatics) and protect the fraction of C in soil aggregates (Kimetu 

and Lehmann, 2010). Conversely, biochar application has been shown to increase CO2 emissions 

under SOC-rich conditions. This can be partially attributed to low C stabilization efficiency, and 

the preferential nature of a biochar to stabilize recalcitrant SOM fractions over other more labile 

fractions (Kimetu and Lehmann, 2010). As result, CO2 emission have been shown to positively 

correlate with increasing SOM content (Kimetu and Lehmann, 2010). For example, Xiao et al. 

(2019) revealed that similar to SOC, the impact of biochar amendment on N-cycling genes is 

dependent on the properties of biochar and spatio-temporal conditions. While biochar is a widely 

used management practice with well-demonstrated benefits, factors such as the application rate 

and feedstock (i.e., crop residue or wood), if not carefully selected, could have adverse effects on 

small- and large-scale agriculture production. Consequentially, there are uncertainties, namely 

knowledge gaps related to best practices for using biochar to regulate N-cycling in low-C soils. 

Our hypothesis proposes that biochar would decrease differences in the number of N-

transforming microbes between agroecosystems. 

Overall, the effects of management practices on N-cycling and N-cycling microbes are poorly 

understood. To the best of our knowledge, no comprehensive efforts have been directed to 

establish the linkage between N-cycling genes and management practices that utilize biochar to 

regulate N-cycling in low-C soils in the Southeastern U.S. Hence, the objectives of this study 

were to 1) identify the influence of biochar on the N dynamics across alternative 

agroecosystems, 2) determine the impact of biochar on arbuscular mycorrhizal fungi (AMF) 
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colonization of plant roots, 3) assess the gene abundance relationship between N-transforming 

microbes within and between agroecosystems. 

 

3.3. MATERIALS AND METHODS 

 

Soil Collection and Processing 

          This mesocosm experiment was performed in the Mary Anne Fox Greenhouse at North 

Carolina State University (NCSU), Raleigh, NC. The air temperature in the greenhouse averaged 

25 ± 1 °C during the day and 20 ± 1 °C during the night. Two distinct sources of agricultural 

soils [conventionally-managed (CONV) soil, organically-managed (ORG) soil] were used for 

this experiment. These fields existed as farm-scale experiments and were not replicated. These 

soils were collected from the Mountain Research Station (MRS) (35°29'13.8"N 82°58'06.1"W) at 

North Carolina State University (NCSU). The CONV and ORG soils shared the same taxonomic 

classification: Cullowhee-Nikwasi complex (coarse-loamy over sandy or sandy skeletal, mixed, 

superactive, mesic Fluvaquentic Humudepts). At the time of soil sampling in March 2022, both 

agricultural systems were post-harvest and uncultivated.  Prior to the microcosm experiment, 

both soils were partially air-dried and sieved to 4 mm to remove stones and plant roots, and then 

sieved to 2 mm. A routine soil test revealed the CONV and ORG soils contained pH values of 

6.6 and 7.0, respectively. 

 

3.3.1 Greenhouse Microcosm Experiment 

Treatments and Experimental Design: The experimental design was a randomized complete 

block with treatments in a 4 x 3 split-plot arrangement with four replications. The main 
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treatments consisted of four agroecosystem types (conventional [CON], organic [ORG], 

conventional + biochar [CONBC], organic + Biochar [ORGBC]) and sub-treatments consisted of 

three mycorrhizal treatments (no-AMF or no-root control [CK], arbuscular mycorrhizal fungi 

[AMF], and plant roots and arbuscular mycorrhizal fungi [RAMF]). Biochar amendments were 

wood-based (pine tree) and possessed 71% carbon content (CharGrow, Asheville, NC). Biochar 

was supplied to the ORGBC and CONBC agroecosystems at 30 t C ha-1 (w/w). The AMF 

inoculum used for the experiment was obtained from West Virginia University, Division of Plant 

and Soil Sciences and consisted of a granular media containing spores, hyphae, and colonized 

root pieces. The AMF inoculum contained eight mycorrhizal species (Rhizophagus clarus, 

Rhizophagus intraradices, Claroideoglomus claroideus, Claroideoglomus etunicatum, 

Gigaspora margarita, Gigaspora Rosea, Dentiscutata Heterogama, and Acaulospora 

morrowiae) and were mixed and sieved at 2 mm. 

 

Plexi-glass Mesocosms: Plexi-glass mesocosms were used to isolate the effects of AMF or 

RAMF on soil N2O emissions (as described in Zhang et al., 2022) (Figure 3.1). Each mesocosm 

was rectangular box with six compartments, where one side contained three compartments 

consisting of soil, plants, and AMF inoculant (HOST compartments), and the other containing 

three compartments consisting of soil and static chambers for periodic gas sampling 

(RECIPIENT compartments). Each HOST and RECIPIENT compartment contained 3 kg of soil 

and 24 g of AMF inoculum. The HOST and RECIPIENT compartments were separated by mesh 

which mediated ingrowth of plant roots and AMF. The dimensions of each compartment were 13 

× 15 × 15 cm (width × depth × height ) with a total area of 195 cm2. The mesh size used to 

mediate ingrowth was determined by sub-treatment: no-AMF or no-root control (CK) (0.45 μm), 
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arbuscular mycorrhizal fungi (AMF) (20 μm), and plant roots and arbuscular mycorrhizal fungi 

(RAMF) (1.6 mm). The 0.45 μm mesh did not restrict the ability of water, mineral and dissolved 

organic N, and plant root exudates (soluble C) to move between HOST and RECIPIENT 

compartments (Zhang et al., 2022). For this experiment, except for AMF colonization when 

directly involved plant roots, all analyses and observations focused on recipient compartments. 

 

Plant Growing Conditions: Four maize seeds (Zea mays L.) were sown into each of the HOST 

compartments on 7 June 2022 (0 day after sowing, DAS 0). To ensure optimal plant growing 

conditions, all main treatment soils (HOST and RECIPIENT compartments) were supplied with 

sodium nitrate (NaNO3) at 180 kg N ha-1. We elected to use NaNO3 because it is derived from 

natural rock deposits, and is considered an organic fertilizer under federal law (7 CFR 205.600) 

(ECFR, 2022; USDA, 2002). A routine soil analysis revealed the exchangeable sodium percent 

(ESP) to be less than 1%. Taken together, we concluded that the amount of Na+ applied through 

NaNO3 would be negligible and unlikely to impact plant growth. Due to insufficient soil 

potassium (K), the CON and CONBC were supplied with muriate of potash (MOP) at 90 kg K2O 

ha-1.  

 

Rainfall Simulations: A 50-minute rainfall simulation was used to assess the impact of rainfall 

events on gas emissions from agroecosystems. In agricultural soils, denitrification plays a 

dominant role in soil N2O emissions, thus, previous studies have used mimic rainfall events to 

reach ~80% of soil water filled pore space (WPFS) and create soil environment ideal for 

denitrification before gas sampling (Zhang et al., 2022). To achieve these denitrification 

conditions, 600 ml of DI water was applied to each RECIPIENT compartment. Since water 
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moved free between the mesh that separated RECIPIENT and HOST compartments, water was 

only added to the RECIPIENT compartment. Between rainfall simulations, HOST and 

RECIPIENT compartments received ~400 ml of deionized (DI) water per week. During the 

rainfall simulation, 120 ml and 600 ml of DI water were added to HOST and RECIPIENT 

compartments, respectively, on 16, 20, 30, 34, 42, and 48 DAS. The DI water was applied to 

RECIPIENT compartment in five rounds, during each round, each RECIPIENT compartment 

received 120 ml of DI water, totaling 600 ml over the course of the rainfall simulation. The 

rainfall simulation occurred during the early evenings, and gas sampling occurred the next day 

approximately 15 hours later. 

 

Measurements of Soil Greenhouse Gas Emissions (N2O, CO2, and CH4): We collected gas 

samples from each RECIPIENT compartment using a modified static chamber method (Zhang et 

al, 2022, Qiu et al., 2019). Gas emission rates were measured 12 hours after each rainfall 

simulation at 17, 21, 31, 35, 43, and 49 DAS, resulting in 6 measurements of N2O fluxes. Gas 

samples were taken 30 min after placing chamber lids onto the chambers. The amount of trace 

gas (ambient atmospheric N2O) was assumed to be negligible at time zero. Using a 5 ml syringe 

(Becton Dickinson, Franklin Lakes, NJ, USA), gas samples (5 mL) were taken from the 

headspace (1,365 ml or cm3) and immediately injected into 10 mL vials (Labco, UK) that had 

been flushed with N2. In accordance with previous studies, we assumed the rate of gas 

accumulation in the chambers to be linear over short time periods. (Zhang et al., 2022, Qiu et al., 

2019).  All gas samples were analyzed for N2O, CO2, and CH4 within 12 hours using a 

Shimadzu-2014 gas chromatograph (Shimadzu Corporation, Kyoto, Japan). Gas concentrations 

(ppm) were converted into fluxes (mass per area per time) using the Ideal Gas Law as described 
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by similar studies (Zhang et al., 2022;  Zaman et al., 2021; Kahmark et al., 2020; Ding et al., 

2015. Mean GHG emissions were calculated by averaging fluxes during each sampling period.  

        Gas emission flux of the GHG (mg m-2 day -1) was determined using the equations below: 

 

                                                    ‌ά  
 Ɇ 

 Ɇ 
Ɇὅ Ɇὓ                                        [1] 

 

Where, “αm” is the amount of gas concentration (ppm) in micrograms (µg), “V” is 

chamber volume (m3), “P” is atmospheric pressure in pascals, “R” is the universal gas 

constant (8.314 J K-1 
*
 mol-1), “T” is the temperate in Kelvin (°K = °C + 273), “C” is 

concentration in parts per million (ppm), and “M” is the molar mass of the gas (i.e., 

44.013 g mol-1 for N2O). While greenhouse temperature was monitored, all measurements 

assumed standard pressure (1 atm). 

                                                                   ‌ὺ
 Ɇ 

 Ɇ 
    [2] 

 

Where, “αv” is the flux of gas or slope (ug GHG/min), “Y0” is gas in micrograms (µm) at 

the first sample time “T0”, “Y1” is gas in micrograms (µm) at the last sample time “T1”. 

Gas is gas in micrograms (µm) is the same as the “αm” derived for each sampling in 

equation 1.   

         ὣ‌ὺ
   Ɇ  Ɇ  

 
     [3] 

Where, “Y(αv)” is the gas emission flux of the GHG (mg m-2 day -1) and “A” is that area 

of the gas chamber (m2). 
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Plant Biomass Harvest and Plant N Analyses, and Quantification of AMF Colonization of 

Plant Roots: Maize plants were allowed to grow for 55 days until being harvested. Aboveground 

plant biomass and roots were dried at 65℃ for 72 h and weighed to determine plant and root 

biomass. Nitrogen concentration was determined using a CHN elemental analyzer (Carla Erba 

and model 2400, Perkin Elmer Co., 210 Norwalk, CT, USA). Colonization rate of maize roots by 

AMF were measured via staining with trypan blue and modified gridline-intersect method 

(McGonigle and Miller, 1990; Phillips and Hayman, 1970).  Root samples were washed under a 

2 mm sieve and gently massaged to remove any visible soil or organic residue. Root samples 

were cut into ~1 cm in length and placed into a Simport Histosette (cat. no. M491-2, Simport 

Scientific, Quebec, Canada). Prior to clearing, root samples were soaked in water for 1 hour. To 

clear the roots, samples were fully submerged into a beaker of 5% (w v-1 ) KOH and placed into 

a steam cooker at 105° for 30 minutes. Following clearing, root samples were soaked in acidified 

in 1% (v v-1) HCl for 1 hour and then gently rinsed with DI water. Root samples were fully 

submerged into a beaker containing 0.05% trypan blue solution (cat. no. 15-250-061, Life 

Technologies Corporation, Grand Island, New York), and then placed into a steam cooker at 

105° for 10 minutes. The stained roots were spread on a Petri dish with gridlines and examined 

for AMF colonization using a dissecting microscope at ×35 magnification. 

 

Soil Sampling and Analyses: Following harvest, soil samples were taken from the center of 

RECIPIENT compartments (ca. 1000 g) after maize plants were harvested. Soil samples were 

sieved through 4 mm and 2 mm sieves to remove all visible residues and plant roots. Subsamples 

(~50 g) were then taken immediately and stored at -20℃ for soil DNA analyses. The bulk of soil 
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samples were stored at 4℃  and subjected to chemical and microbial analyses, which were 

conducted within two weeks. Soil pH was measured in a soil-water slurry (1:1, soil/water ratio) 

using a pH meter 430 (Corning, Corning, New York). Soil extractable organic C (SEOC) and 

inorganic N (NH4
+-N and NO3

−-N) were estimated using the methods described in Zhang et al. 

2022. Microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) were 

determined using a fumigation−extraction method described in Vance et al. (1987) (Qiu et al., 

2019). Briefly, two 20g soil subsamples were prepared: the first (non-fumigated sample) was 

immediately placed in 50mL of 0.5M K2SO4, shaken at 250 rpm for 30 minutes and then filtered 

using Whatman filter paper #1, the second (fumigated sample) was treated with ethanol-free 

chloroform for 48 hours prior to extraction. Dissolved organic carbon was analyzed with TOC 

analyzer. Inorganic nitrogen was calculated by summing NH4
+ and NO3

- in non-fumigated soil 

extracts. Microbial biomass nitrogen was determined by oxidizing K2SO4 extracts with alkaline 

persulfate. The concentration of NO3
- and NH4

+ was measured using a Lachat flow injection 

analyzer. Using conversion factors 0.33 (KEC) and 0.45 (KEN), the differences in extractable 

organic C and inorganic N between fumigated and nonfumigated soil samples were used to 

calculate MBC and MBN, respectively (Qiu et al., 2019). Microbial respiration and net 

mineralization were determined using a modified incubation-extraction method (Alef and 

Nannipieri, 1995). Total carbon (%) was determined by the Environmental and Agricultural 

Testing Service Laboratory at North Carolina State University. 

 

Abundance of N-cycling Functional Genes in RECIPIENT Compartment Soil: To 

investigate how agroecosystem and AMF or plant roots affect N-transforming microbes and N-

transformations, copy numbers of key genes involved in NO3
- production (AOA amoA and AOB 



   

98 

 

amoA), N2O production (nirK and nirS), and N2O consumption (nosZ) were quantified.  The 

utility of nirK/nirS or nirS/nirK, and (nirK + nirS)/nosZ gene in approximating the relative 

composition of the denitrifying community and estimating soil N2O production capacity has been 

well-demonstrated (Zhang et al. 2022; Yang et al., 2018; Hu et al., 2015; Jones et al., 2014; 

Bender et al., 2014). DNA extraction was performed on 0.25 g of soil using Qiagen PowerSoil 

DNA Isolation Kit (cat. no. 47016; Qiagen, CA, USA). The copy numbers of AOA amoA and 

AOB amoA, nirK, nirS, and nosZ were determined using a QuantStudio™ 6 Flex Real-Time 

PCR System (Applied Biosystems, Foster, California). Final qPCR volume was 20 μL with 1 μL  

of template DNA, 10 μL  of 2 × SsoAdvanced Universal Inhibitor-Tolerant SYBR Green 

Supermix (Bio-Rad, Hercules, CA, USA), 7 μL  of nuclease-free water, and 1 μL  of each primer 

(10 μM each). All qPCR assays were performed in triplicate and included negative controls 

without template DNA. Standard curves were generated using a 6-point dilution series ranging 

between 109 – 103
 copies of ZIKA Spike gBlocks™ Gene Fragment. The qPCR efficiencies (%) 

and robusticities (R2) for N-cycling genes ranged from 99% to 112% and 0.974 to 0.999, 

respectively. DNA standards consisted of a synthetic DNA fragment with primer-specific 

amplicons for each N-cycling gene (IDT gBlocks™ Gene Fragments). Primer pairs were 

systematically optimized for qPCR performance using the aforementioned synthetic DNA 

fragments (See Chapter 2: N-cycling Gene Blocks: A New Method for Quantifying N-

transforming Soil Microbes in Agricultural Ecosystems for details). 
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 3.3.2   Incubation Experiment 

Impact of Carbon on CON and ORG Soils 

         While biochar provides organic carbon, its labile C content is relatively small compared to 

other carbon sources (e.g., amino acids and carbohydrates). We conducted a 66-day incubation 

experiment to consider the effects of relative availability of carbon (cellulose and glucose) and 

mineral N on N-cycling genes and GHG emissions. The experimental design was a randomized 

complete block with treatments in a 4 x 2 factorial arrangement with four replications of eight 

jars each. The main treatment consisted of four agroecosystem types (conventional [CON], 

organic [ORG], conventional + cellulose/glucose [CONCG], organic + cellulose/glucose 

[ORGCG]) and sub-treatments consisted of two nitrogen levels (90 and 180 kg ha-1). Nitrogen 

was applied to treatments as an NaNO3 solution at 45 and 90 mg C kg-1
 (90 and 180 kg ha-1), 

respectively. Cellulose (90 mg of dry powder) and glucose (1 ml of dextrose solution) were 

applied in a 1:10 ratio (2500 and 250 mg C kg-1, respectively). To maintain soil moisture across 

all treatments, an equivalent amount of DI water (1 ml) was added to non-cellulose/glucose 

treatments. Soil moisture was maintained and adjusted to initial levels after each gas sampling 

period. Gas emission rates were measured separately at 1−2, 5, 8, 15, 21, 29, 35, 43, 49, 57, and 

64 DAS. After termination, soil samples were collected, stored (-20℃ or 4℃), and analyzed 

within two weeks. 

Statistical Analysis. 

All datasets were analyzed using JMP Pro 17 (SAS Institute, 2023). The Levene’s test 

was performed for agroecosystem (main treatment) and mycorrhizae (sub-treatment) to assess 

homoscedasticity of variance. Mixed model procedures were performed with random effects: 

rep, rep × agroecosystem; fixed effects: agroecosystem, mycorrhizae, agroecosystem × 
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mycorrhizae. Effect levels were as follows: agroecosystem (conventional [CON], organic 

[ORG], conventional + biochar [CONBC], organic + Biochar [ORGBC]); mycorrhizae (no-AMF 

or no-root control [CK], arbuscular mycorrhizal fungi [AMF], and plant roots and arbuscular 

mycorrhizal fungi [RAMF]). Effects were compared by pairwise comparisons of least square 

means using Tukey-Kramer HSD. For the incubation experiment, two-way ANOVA was used to 

test the significance of N input and cellulose/glucose effects. Multivariate analysis and pairwise 

correlations were used to ascertain relationships between N-transforming genes and gas 

emissions within agroecosystems. Repeated measures with a mixed model approach were used 

on gas flux data to test the effects of treatment, sampling time, and their interaction (DAS/DAP × 

agroecosystem) over time. 

 

3.4. RESULTS 

 

            3.4.1. Greenhouse Mesocosm Experiment 

Effects of Agroecosystem, and Penetration of Roots and Mycorrhizal Fungi on Maize Plant 

Biomass, Root Biomass, and Mycorrhizal Fungal Colonization of Roots. 

The type of agroecosystem significantly affected maize plant biomass, root biomass, and AMF 

colonization (Tables 3.1 and 3.2). Compared to both ORG and ORGBC soils, CON and CONBC 

soil had significantly higher plant biomass and root biomass (Tables 3.1 and 3.2). With the 

exception of CON (47%), the AMF colonization rate of host plant roots in the HOST 

compartments was similar for all agroecosystems (54% to 57%) (Tables 3.1 and 3.2). The AMF 

colonization rate was significantly higher for CONBC and ORGBC soils, compared to CON 

soils. Thus, biochar did significantly impact AMF colonization for CONBC soils when compared 
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to their non-biochar treated counterpart (CON soils), but not ORGBC soils when compared to 

ORG soils. We found that neither AMF and/or root presence had a significant effect on plant 

biomass (p > 0.1391), root biomass (p > 0.80), or AMF colonization (p > 0.6532) (Tables 3.1 and 

3.2), suggesting that root and/or AMF penetration into RECIPIENT compartments did not 

increase plant nutrient uptake or plant growth. 

 

Soil pH, Microbial Biomass C and N, Microbial Respiration, and Net N-Mineralization in 

the RECIPIENT Compartments 

        Soil pH was significantly higher for ORGBC compared to CONBC, ORG, and CON 

treatments. However, compared to CONBC and ORG soils, the soil pH for CON soils was 

significantly lower. These results suggest that biochar significantly increased soil pH, leading to 

significantly higher pH in ORGBC and CONBC than in ORG and CON, respectively. The type 

of agroecosystem had a significant impact on MBC, MBN, and soil pH (Table 3.1 and Table 

3.2). While ORGBC soils had significantly higher MBC than ORG soils, neither soil differed 

significantly from CON and CONBC soils. The presence of AMF and/or roots and soil pH did 

not have a significant effect on MBC (Table 3.2). While MBN was significantly lower for 

RAMF treatments, when compared to no-AMF control (CK), RAMF did not differ significantly 

from AMF treatments. Additionally, compared to CON and CONBC, the presence of AMF 

significantly increased MBN in ORG and ORGBC soils. Moreover, the presence of root and 

AMF significantly reduced MBN, and slightly increased soil pH (p = 0.1057) across all 

agroecosystem soils (Table 3.1 and Table 3.2). The MBC:MBN ratios for the ORG soils were 

significantly lower than those found in the CON and CONBC soils. In all agroecosystem soils, 

RAMF treatments had a significant effect on microbial respiration and net N-mineralization 
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(Table 3.2). Compared to CONBC and ORGBC soils, net N-mineralization was significantly 

higher for ORG and CON soils. Biochar significantly decreased net N mineralization as net N-

mineralization was significantly lower in CONBC and ORGBC than in ORG and CON soils, 

respectively. 

 

Soil N2O, CH4, and CO2 Emissions in the RECIPIENT Soil. 

Our repeated measures analysis revealed that N2O, CH4, and CO2 emissions varied significantly 

across sampling times. While N2O and CH4 emissions were highest on DAS 17 and DAS 21, 

neither showed revealed significant variability between sampling times following DAS 21. A 

larger temporal variation was observed across sampling times for CO2 which observed the 

highest emissions on DAS 49 and the lowest emissions on DAS 21. For our purposes, global 

warming potential (GWP) can be defined as a number that represents the relative contribution of 

a gas toward global warming. Our results revealed no significant differences in gas emissions 

(Figure 3.2) and GWP amongst agroecosystem (p > 0.4951), mycorrhizal treatments (p > 

0.4433), nor their interaction (p > 0.2742).  Furthermore, no significant correlations were found 

between individual genes of interest (i.e., AOA amoA and AOB amoA, nirK, nirS, and nosZ) and 

N2O emissions. However, biochar slightly, but not significantly, decreased N2O emission across 

treatments (Figure 3.2). We found that total N2O emission from the CON soils were +48% 

higher than those observed in the ORG soils (Figure 3.2). Moreover, when compared to ORG 

and ORGBC soils, emissions for CONBC soils were higher (+17% and +33%, respectively) but 

less than observed from CON soils. For CH4 and CO2, these trends were either non-existent or 

less apparent, however, the difference in CO2 for biochar amendment treatments was more 
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apparent between CON and CONBC soils (-8%) than ORG and ORGBC soils (-0.9%) (Figure 

3.2). 

 

Abundances of Nitrification and Denitrification Genes. 

For all genes of interests (AOA amoA, AOB amoA, nirK, nirS, and nosZ), organic soils (ORG 

and ORGBC) contained significantly higher average gene abundances than conventional soils 

(CON and CONBC) (Figure 3.3). The presence of AMF and/or roots had no significant effect on 

gene abundances. The addition of biochar did not significantly impact gene abundance, for 

example, ORG and ORGBC soils exhibited less than 1% differential in their average gene 

abundances. However, CONBC slightly decreased the gene abundance of all genes of interest by 

-8% to -1% when compared with the means of CON soils. Thus, although biochar did not 

mitigate difference in N-transforming microbes among treatments, biochar-induced mitigation of 

N-transforming microbes appeared to be more apparent within conventional soils compared to 

organic soils. We found significant differences in the nosZ/(nirK + nirS) ratios among the 

treatments (Figure 3.4c). While there were no statistically significant differences between ORG 

and CONBC soils compared to CON soils, the nosZ/(nirK + nirS) for ORGBC soils was 58% 

larger than observed within CON soils. 

 

Relationships among Plant and Soil Properties, Abundances and Community Composition 

of Denitrification Genes, and Soil N2O Emission. 

Multivariate analysis revealed no significant relationships between soil N2O emission and the 

copy numbers of denitrifier genes (nirS, nirK, and nosZ) (0.0815 ≥  p ≤ 0.8889) (data not 

shown). However, soil N2O emission were positively correlated with the ratio of nirS/nirK for 
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CON soils, alone (p = 0.0221) (data not shown). Despite the lack of statistical significance, 

compared to CON soils the relationship between soil N2O emission and the ratio of nirS/nirK 

became less positive for CONBC and shifted to negative for ORG and ORGBC soils. Regardless 

of the agroecosystem type, there were no significant relationships observed between soil N2O 

emission and the ratios of nirK/nirS or (nirK + nirS)/nosZ.  

 

3.4.2. Incubation Experiment 

Effects of Organic Carbon Additions on  the Community Composition of N-cycling 

Microbes 

To better understand the N dynamics revealed within the greenhouse mesocosm experiment 

(GHM experiment), an incubation experiment was used to explore the impact of carbon on 

denitrifier gene ratios and N2O emissions. In the GHM experiment, all genes of interest were 

positively correlated in the CON (p < 0.0043), CONBC (p < 0.0030), and ORG (p < 0.0048) 

soils . However, in ORGBC soils, positive correlations were marginally significant, and only 

existed between nirS and nirK (p = 0.0560) and nirK and AOA amoA (p = 0.0929) (data not 

shown). In the incubation experiment, all genes of interest were positively correlated in the CON 

(p < 0.0008) and ORG (p < 0.0154) soils. However, in CONCG and ORGCG soils, all genes of 

interest were positively correlated (.0001 < p < 0.0278), except nirK and nirS where no 

significant correlation was found between the genes in either soil (p = 0.1070 and p = 0.8773, 

respectively) (data not shown). Additionally, nirK, but not nirS, positively correlated with the 

ratio of nirS/nirK for CONCG (p = 0.0334) ORGCG soils (p = 0.0409). However, unlike any 

other soil, nirK positively correlated with the ratio of nirK/nirS for ORGCB soils (p = 0.0401). 

Compared to other soils, ORGCG revealed fewer relationships between genes of interest, 
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showing positive correlations for AOA amoA and AOB amoA (p = 0.0021) and nosZ and nirS (p 

= 0.0265), alone (data not shown). These findings suggest that biochar and cellulose/glucose can 

reduce the co-linearity between denitrification genes (i.e., nirS and nirK), as well as other N-

cycling genes. Overall, this suggests that carbon additions can alter the relationship between nirS 

and nirK genes despite farming system. 

 

Effects of Organic Carbon Additions on Soil N2O Emission. 

          For the incubation experiment, our results revealed no significant differences in N2O 

emissions amongst agroecosystem (p > 0.4578), nitrogen level (p > 0.3221), nor their interaction 

(p > 0.7554).  We found that total N2O emission from the CON soils were +52% higher than 

those observed in the CONCG soils (data not shown). Compared to ORG and ORGCG soils, 

emissions for CON soils were higher (+32% and +30%, respectively). Moreover, the addition of 

cellulose and glucose decreased average N2O emission in the CON soil by 40% under low N (90 

kg ha-1), and by 17% under normal N (180 kg ha-1). Soil N2O emission was negatively correlated 

with the ratio of (nirK + nirS)/nosZ for the CONCG soil, alone (p = 0.0321). Additionally, in 

both experiments, the higher soil N2O emission in the CON soil was characterized by a 

significantly lower ratio of (nirK + nirS)/nosZ compared to the carbon-amended ORG treatment 

(ORGBC or ORGCG) (Figures 3.5 and 3.6). In both experiments, despite higher soil N2O 

emission in the CON soil, no significant differences were observed in the ratio of nirK/nirS 

among different agroecosystem soils (Figures 3.5 and 3.6). For the GHM experiment, nirS/nirK 

and nirK/nirS were negatively corelated across all agroecosystems (p > .0001) (Table 3.3). For 

the incubation experiment, nirS/nirK and nirK/nirS were negatively correlated across all 

agroecosystems, CON (p = 0.0120), CONCG (p = 0.0334), ORG (p = 0.0017), and ORGBC (p = 
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0.0036) (Table 3.3). While the relationship between nirS and nirK was linear for both 

experiments (p > 0.0095), the ratios of nirK/nirS and nirS/nirK differed statistically for the 

incubation experiment (Figure 3.6). It is likely that the reciprocal of the fraction of nirK/nirS 

(i.e., nirS/nirK) increased computational accuracy and produced less statistical interference 

(Curran-Everett, 2013). In other words, compared to nirK/nirS, pairwise comparisons using 

nirS/nirK were more uniform and allowed for stronger insights on N2O dynamics. However, in 

contrast to previous studies (Zhang et al., 2022; Jones et al., 2014), the ratio of nirS/nirK was not 

significantly correlated with soil N2O emission (Table 3.3) (Zhang et al., 2022; Jones et al., 

2014). However, while both experiments exhibited higher soil N2O emission in the CON soil, 

significant differences in the ratio of nirS/nirK were only observed among different soils in the 

incubation experiment (Figure 3.6). Interestingly, for both experiments, significant differences in 

the ratio of (nirK + nirS)/nosZ were observed among their respective agroecosystem soils (Figure 

3.6). Additionally, in the incubation experiment, all genes of interest, with the exception of nirS 

in the ORG soil, contained significantly higher average gene abundances than the CON soil 

(Figure 3.7). 

  

3.5. DISCUSSION 

Our results showed that neither agroecosystem, nor the presence of AMF alone and/or with plant 

roots, significantly impacted soil GHG emissions (Table 3.2 and Figure 3.2). However, partially 

contrary to our hypothesis, biochar did not mitigate differences in the abundance of N-

transforming microbes but did slightly decrease N2O emissions across all agroecosystems 

(Figure 3.2). Additionally, biochar only increased AMF colonization in conventional soils, not 

organic soils (Table 3.1). Similarly, differences in the abundance of N-transforming microbes 
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among treatments were attributed to management system (i.e., conventional-, organic-soils) and 

only slightly towards management practice (biochar-amendment) (Figure 3.3). However, an 

incubation experiment revealed that the addition of cellulose- and glucose-C had different, yet 

significant, impact on the microbial community composition, compared to the biochar 

amendment. Despite the differential impacts of soil organic carbon (SOC) on N-cycling gene 

abundances (Figure 3.3 and Figure 3.7), reductions in N2O emission were associated with 

increasing C content, higher soil pH, and a decreasing ratio of (nirK + nirS)/nosZ (Figure 3.5 and 

3.6). Thus, our study revealed that the relationship between N2O-producing denitrifiers (nirS and 

nirK) and N2O-consuming denitrifiers (nosZ) provided a linkage between N-cycling genes and 

management practices.  

 

The Impact of Biochar on N-transforming Microbes, the composition of microbial 

communities, and Soil N2O emission. 

Factors such as experimental conditions, soil pH, biochar source, pyrolysis temperature, and 

fertilizer applications can contribute to the differential effects of biochar amendment on N-

cycling genes in soil (Yao et al., 2022; Xiao et al., 2019). Contrary to Xiao et al. (2019), our 

results show that biochar amendment slightly decreased the abundance of AOA, AOB nirK, nirS 

and nosZ in conventional soils, and had no effect on the gene abundance of organic soils (Figure 

3.2). Although biochar had a small impact on the gene abundances within conventional soils, we 

found that biochar mitigated the differences in the ratio of (nirS + nirK)/nosZ among treatments 

(Figure 3.5). Moreover, the relationship between (nirS + nirK)/nosZ and soil N2O emission 

appeared to be inversely related—as the ratio of (nirS + nirK)/nosZ increased, soil N2O emission 

decreased (Figure 3.5).  This is in alignment with Liu et al. (2020), who reported that the impact 
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of biochar on N2O emissions was to a lesser extent governed by gene abundance, and more 

dependent on the community composition of denitrifiers. While biochar mainly affects soil by 

altering porosity and fertility (Hussain et al., 2020), the impact of biochar on microbial 

community composition is dependent on various chemical properties. However, numerous 

studies have demonstrated the importance of soil pH in regulating microbiological responses to 

biochar (Geng et al., 2022; Zhang et al., 2019; Xiao et al., 2019 ). For example, Xiao et al., 

(2019) identified soil pH as the most important factor in controlling the response of N-cycling 

genes to biochar amendments. In our study, soil pH differed significantly between non-biochar 

amended- and biochar-amended soils (CON < ORG = CONBC < ORGBC). In their 

environmentally-controlled study, Geng et al. (2022) reported that biochar pyrolyzed at higher 

temperatures was more efficient at improving soil pH. Thus, it is likely that the utilization of 

high-temperature pyrolyzed, wood-based (pine) biochar contributed to soil pH differences 

among the treatments. 

          Similarly, the lower AMF colonization rate observed in the root samples of the CON soil 

treatment could be attributed to low soil pH. A recent study by Ma et al. (2023) showed that 

AMF colonization rate and spore abundance declined with soil available phosphorus (P) and 

increased with soil pH. Application of N fertilizer has been shown to increase the abundance of 

denitrifier and nitrifier genes by promoting soil P availability (Sun et al., 2019). For example, 

Hao et al. (2022) showed that biochar and/or AMF addition decreased soil N2O emissions, and 

mainly attributed this decrease in N2O emissions towards diminished abundance of nirK and nirS 

and increased abundance of nosZ. Additionally, Xiao et. al (2019), reported that nirK abundances 

in biochar-amended soils were higher under N-fertilization than without N-fertilization. 

Considering that all agroecosystem treatments were P-sufficient (according to routine soil tests), 
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and received the same quantity and type of N-fertilizer, it is reasonable that CONBC soils 

exhibited a higher ratio of (nirS + nirK)/nosZ compared to CON soils. 

          The source of biochar affects its effects on soil N2O emissions. The highest biochar-

induced N2O reductions documented so far was a biochar produced through slow, high-

temperature pyrolysis (Cayuela et al., 2013). It is probable that biochar-induced soil pH changes 

influenced N2O emissions and contributed to differences in the ratio of (nirS + nirK)/nosZ 

among treatments (Figure 3.5), especially between conventional treatments (CON soil and 

CONBC soil). Short-term application of low-temperature pyrolyzed, crop residue-based biochar 

has been shown to decrease the ratio of (nirS + nirK)/nosZ but enhance total N2O losses (He et 

al., 2019). Lan et al. (2018) found that high-temperature pyrolysis biochar can reduce N2O 

emission by simultaneously increasing nosZ abundance and decreasing mineralized N 

(NH4
+/NO3), especially in low pH soils. In cropland soils, low soil pH has been shown to impact 

fungal composition and stimulate heterotrophic nitrification. In a pH-manipulated study, it was 

found that for cropland and forest soils, net nitrification was highest at pH 3.5 and 5.5, likely due 

to heterotrophic nitrification (Zhang et al., 2020). Similar to Xiao et al. (2019), further analysis 

revealed that biochar amendment overall decreased mineral nitrogen content. In our study, net N-

mineralization was lowest in biochar-amended treatments that contained AMF and/or roots 

(Table 3.1). Conversely, net N-mineralization was highest in CON soils treatments without AMF 

and roots (CK). Taken together is likely that biochar reduced N2O emissions in conventional soil 

by improving soil pH, decreasing mineralized N, and reducing nirK gene abundance and/or 

increasing the relative abundance of nosZ genes.  
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Effects of Biochar, Cellulose-, and Glucose-C on N-cycling Dynamics: Linkages between N-

Cycling Genes and Management Practices  

Soil organic carbon (SOC) increases the utility of terrestrial soils and provides agricultural 

ecosystems with a myriad of benefits (i.e., N2O regulation). While increased SOC can provide 

ecosystem services by improving N-cycling, the effect on N2O reduction will likely be negligible 

when N is limited (Palmer et al., 2017). Nonetheless, similar to the biochar-amended soils—even 

under low nitrogen (90 kg ha-1)—N2O emissions did not significantly differ when amended with 

cellulose/glucose-C. However, unlike the biochar amendment, cellulose/glucose-C significantly 

mitigated the differences in N-transforming gene abundances among all agroecosystems (Figure 

3.6). Wood biochar is lignin-rich and contains lower amounts of labile organic carbon compared 

to other biochar feedstocks. On the other hand, cellulose/glucose-C is equivalent to crop residue 

biochar (e.g., cover crop, straw, etc.) in that it is rich in labile organic molecules. It is likely that 

pine-based biochar did not possess the amount labile organic C necessary to stimulate microbial 

growth to the same extent as cellulose/glucose-C.  

          Additionally, the relationship between nirS/nirK ratio among treatments was not 

significant under biochar-amended soils, but was significant for soils amended with 

cellulose/glucose-C (Figures 3.5 and 3.6). Wang et al. (2022) showed that straw-based biochar 

promoted C and N turnover, stimulated microbial growth, and increased the abundance of 

denitrification genes (nirS and nirK). Given the presence of N-fertilizer, it is plausible that 

cellulose/glucose-C introduced enough labile carbon to shift the microbial composition of nirS 

and nirK denitrifiers.  

Moreover, it is likely that the reduced N2O emissions and altered microbial composition 

associated with the incubation experiment were the result of higher MBC:MBN ratios. Contrary 
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to the biochar response, the ratio of (nirS + nirK)/nosZ was 1) significantly higher for the 

ORGCG soil compared to ORG soils, and 2) did not appear to be inversely related with N2O 

emission (Figure 3.6). Higher soil MBC:MBN ratios have been shown to reduce soil N2O 

emissions at the field level and on the global scale. (Zhang et al., 2022 and Li et al., 2022, 

respectively). Our results revealed that  MBC:MBN in the CONCG soil (16.8) soil was 

substantially higher than the CONBC soil (6.35). Thus, it is likely that higher MBC:MBN 

immobilized mineral N and reduced N substrate for N2O emission. It is possible that the C 

(glucose and cellulose) addition shifted the microbial community composition in favor of fungi 

over bacteria, and thus reduced N2O emissions. For example, in the PGM experiment, CON soils 

had higher N2O emission but revealed a significantly lower rate of AMF colonization, compared 

to the CONBC, ORG, and ORGBC soils. In the incubation experiment, CON soils had higher 

N2O emission but possessed the lowest C content, compared to the CONCG, ORG, and ORGCG 

soils. The difference in the ratio of nirS/nirK and MBC:MBN between the two experiments 

suggests that labile-C exhibited a short-term effect on microbial composition. While AMF and/or 

root presence alone may not have been sufficient for providing the rhizosphere with the 

necessary amount of C to significantly impact soil denitrifier activities and N2O emission. It is 

likely that AMF and/or root presence alone may not have been sufficient for providing the 

rhizosphere with the necessary amount of C to significantly impact soil denitrifier activities and 

N2O emission. For example, Palmer et al. (2017) showed that due to the effect of SOC on N 

cycling, increased SOC led to relatively small, yet significantly higher, nitrous oxide emissions. 

Taken together, it is reasonable to conclude that the variation in the soil response to biochar or 

cellulose/glucose-C was due to the effects of native SOC on N-cycling.            
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In conclusion, given that agricultural N2O emissions are linked to the widescale changes to 

Earth's climate system, concerns regarding the adoption of sustainable and climate-smart 

agricultural practices are not just ecological, but time-sensitive. The capacity of agroecosystems 

to reduce N losses is essential for reaching short- and long-term sustainability goals. However, 

agroecosystems are rarely without variation, and thus, sustainability strategies often lack the 

holistic understanding of the effects of management practice on that system. Thus, there is a need 

for research that builds a linkage between N-transforming microbes and N transformations that 

can be applied to a range of farming systems (alternative agroecosystems). Our results show that 

the relationship between the abundances of N-cycling microbes and N2O emissions was 

differentially affected in conventional and organic agroecosystems. When observed, reductions 

in N2O emissions were associated with short-term changes to agroecosystem characteristics that 

were developed via long-term practices (i.e., soil pH, soil organic carbon). Yet, the relationship 

between N2O-producing denitrifiers (nirS and nirK) and N2O-consuming denitrifiers (nosZ), i.e., 

(nirK + nirS)/nosZ, provided a linkage between N-cycling genes and management practices. Our 

study suggests that management practices (i.e., biochar application) have the capacity to shift 

microbial composition of N-cycling microbes and mitigate differences among alternative 

agroecosystems.  
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Table 3.1. Comparison of Plant Biomass, Root Biomass, Root Colonization Rate, Microbial Biomass N, Microbial Biomass C, 

Microbial Biomass C:N Ratio, and Soil pH among CK, AMF, and RAMF in CON, ORG, CONBC, and ORGBC Soils with Standard 

Errors (STE).a 

aDifferent letters among the treatments indicated the significance at 0.05 level, Tukey-Kramer HSD test. STE (±), Standard error for entire column 

 

 

   

                          plant 

biomass  

                           (g m-2) 

root biomass  

(g m-2) 

AMF 

colonization 

(%) 

MBC 

(mg C kg-

1) 

MBN 

(mg N kg-

1) 

MBC:MBN 

 

Net 

Mineralizatio

n 

(mg N kg-1) 

 

pH 

CON 

soil 

CK 1311 ± 120bc 249 ± 31cde 0.52a 72a 13bc 5.81abc 5.83a 5.53a 

AMF 1669 ± 120ab 278 ± 31bcd 0.47a 73a 18abc 4.39bc 3.36abcde 5.51a 

RAMF 2163 ± 120a 418 ± 31ab 0.43a 95a  10c 10.60a 1.07de 5.67a 

CONBC 

soil 

CK 1878 ±120ab 433 ± 31a 0.58a 94a  18abc 5.40bc 2.50bcde 6.00a 

AMF 1951 ± 120a 408 ± 31ab 0.58a 88a  11bc 8.40ab 0.44e 6.09a 

RAMF 1554 ± 120ab 294 ± 31abc 0.56a 82a  16abc 5.28bc 2.73abcde 6.04a 

ORG 

soil 

CK 646 ± 177cd 157 ± 45cdef 0.57a 80a 25a 3.02c 4.44abc 6.02a 

AMF 209 ± 257d 65 ± 65cdef 0.50a 71a  21ab 3.73bc 4.93ab 5.98a 

RAMF 511 ± 142d 65 ± 37f 0.57a 84a  19abc 4.92bc 3.66abcd 6.04a 

ORGBC 

soil 

CK 302 ± 143d 60 ± 37f 0.56a 97a  23a 4.20bc 1.67cde 6.41a 

AMF 398 ± 141d 84 ± 37ef 0.59a 109a  25a 4.33bc 2.14bcde 6.41a 

RAMF 675 ± 141cd 122 ± 37def 0.57a 105a  19abc 5.62abc 0.98de 6.44a 

 STE (±)   ±0.04 ±15 ±2 ±1.18 ± 0.63 ± 0.04 
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Table 3.2. Results (F-Values) of Mixed Model for the Effects of Agroecosystem (CON, ORG, 

CONBC, and ORGBC) and Mycorrhizae (CK, AMF, and RAMF) on Soil, Plant (Maize), 

and Microbial Parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ad.f., degrees of freedom. Significant effects: *0.01 < P ≤ 0.05; **0.001 < P ≤ 0.01; ***P ≤ 0.001. AMF, 

arbuscular mycorrhizae fungi; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; 

AOA, ammonium oxidizing archaea; AOB, ammonium oxidizing bacteria. 

 

sources agroecosystem mycorrhizae agroecosystem × mycorrhizae 

d.f. 3 2 6 

mean CO2 0.77 0.82 0.8 

mean CH4 0.66 0.5 0.54 

mean N2O 0.9 0.65 1.26 

AMF colonization 4.49** 0.02 0.34 

plant biomass 84.43*** 2.18 5.03** 

root biomass 56.13*** 0.22 5.67** 

MBC 4.22* 0.22 0.379 

MBN 16.13** 3.48* 2.46† 

MBC:MBN 7.39** 3.84* 3.38* 

net N-mineralization 20.05** 4.84* 4.04** 

respiration 1.64 3.74* 0.68 

pH 258.34*** 2.47 1.69 

amoA AOA 11.35** 0.19 0.23 

amoA AOB 19.54** 0.58 0.5 

nirK 18.63** 0.178 0.15 

nirS 29.12*** 0.55 0.3 

nosZ 15.69** 0.44 1.07 

nirS/nirK 1.31 1.03 0.92 

(nirK + nirS)/nosZ 4.86* 0.84 2.12† 
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Table 3.3. Pairwise Correlations (R2) among Denitrification Genes Genes (nirK, nirS, and nosZ) and N2O Emissions 

by Agroecosystem for Greenhouse Mesocosm Experiment (CON, CONBC, ORG, ORGBC) and Incubation 

Experiment (CON, CONCG, ORG, ORGCG). 

    

  
      

  nirK × nirS  (nirK + nirS)/nosZ × Total N2O emission      

           

Greenhouse Mesocosm Experiment           

CON 0.9321***  -0.2803        

CONBC 0.798**  -0.3707        

ORG 0.8909**  0.587† 
   

ORGBC 0.5643†  0.4023    

  
 

    

Incubation Experiment       

CON 0.9585**  -0.0724     

CONCG 0.617†  -0.4279    

ORG 0.8073*  0.4892    

ORGCG -0.797  0.5836    

       

ad.f., degrees of freedom. Significant effects:†0.05 < P ≤ 0.10, *0.01 < P ≤ 0.05; **0.001 < P ≤ 0.01; ***P ≤ 0.001.    
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Figure 3.1.  Plexiglass mesocosm box with gas collection chamber in the RECIPIENT compartments (front row) and maize plants in 

the HOST compartments (back row). The RECIPIENT and HOST compartments are separated by specialized mesh (not pictured).  

For this experiment, except for AMF colonization when directly involved plant roots, all analyses and observations focused on 

recipient compartments. 
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Figure 3.2.  Mean N2O (a), CH4 (b), and CO2 emissions (c) by agroecosystem. Each error bar is 

constructed using 1 standard error from the mean (n=4).  CON, conventional, CONBC, 

conventional + biochar, ORG, organic, ORGBC, organic + biochar. While there were no 

significant differences in GHG emissions (same letters) among the treatments, CON and 

CONBC treatments had higher N2O gas emissions, Tukey-Kramer HSD test.  
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Figure 3.3. Soil nitrifier [AOA and AOB] (a) and denitrifier [nirS, nirK, and nosZ] (b) gene 

copy numbers (log-transformed) in CON, CONBC, ORG, and ORGBC soils. Each error bar is 

constructed using 1 standard error from the mean (n=4). CON, conventional, CONBC, 

conventional + biochar, ORG, organic, ORGBC, organic + biochar. Bars with the same letters 

are not significant at 0.05 level, Tukey-Kramer HSD test. 
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Figure 3.4. Boxplots illustrating the ratio of nirK/nirS (a), nirS/nirK (b), and the ratio of  

(nirK + nirS)/nosZ (c) in CON, CONBC, ORG, and ORGBC soils. CON, conventional, CONBC, 

conventional + biochar, ORG, organic, ORGBC, organic + biochar. Different letters among the 

treatments indicated the significance at 0.05 level, Tukey-Kramer HSD test. 

 

 

 

(a) 

(b) 

(c) 
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Figure 3.5. Plexi-glass Mesocosm Experiment. Relationship between total N2O emissions and 

the ratios of nirK/nirS (a), nirS/nirK (b), and (nirK + nirS)/nosZ (c) in CON, CONBC, ORG, and 

ORGBC soils. Each error bar is constructed using 1 standard error from the mean (n=4). CON, 

conventional, CONBC, conventional + biochar, ORG, organic, ORGBC, organic + biochar. 

Different letters among the treatments indicated the significance at 0.05 level, Tukey-Kramer 

HSD test. 
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Figure 3.6. Incubation Experiment. Relationship between total N2O emissions and the ratios of 

nirK/nirS (a), nirS/nirK (b), and (nirK + nirS)/nosZ (c) in CON, CONCG, ORG, and ORGCG 

soils. Each error bar is constructed using 1 standard error from the mean (n=4). CON, 

conventional, CONBC, conventional + biochar, ORG, organic, ORGBC, organic + biochar. 

Different letters among the treatments indicated the significance at 0.05 level, Tukey-Kramer 

HSD test. 
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Figure 3.7. Incubation Experiment. Soil nitrifier [AOA and AOB] (a) and denitrifier [nirS, nirK, 

and nosZ] (b) gene copy numbers (log-transformed) in CON, CONCG, ORG, and ORGCG soils. 

Each error bar is constructed using 1 standard error from the mean (n=4). CON, conventional, 

CONBC, conventional + biochar, ORG, organic, ORGBC, organic + biochar. Bars with the same 

letters are not significant at 0.05 level, Tukey-Kramer HSD test.
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CHAPTER 4 

The Impact of Agroecosystem-Specific Manipulations on the Soil Microbiome  

 

ABSTRACT                                                                                          

           Application of organic amendments and presence of beneficial microbes, such as 

arbuscular mycorrhizal fungi (AMF), are key to sustaining the productivity of agroecosystems 

and maintaining soil organic carbon (SOC). Therefore, identifying the impact of farming 

practices such as amendments and AMF on the soil microbiome is crucial for expanding the 

benefits of sustainable agricultural practices. We conducted 16S rRNA amplicon sequencing 

using an Illumina platform to explore the impact of biochar, mycorrhizae, and agroecosystem on 

the microbiomes in a greenhouse mesocosm experiment with maize as a model crop. A split-plot 

design was conducted with four main treatments (conventional [CON], organic [ORG], 

conventional + biochar [CONBC], organic + Biochar [ORGBC) and three subplot treatments 

(no-AMF or no-root control (CK), AMF only (AMF), and plant roots with AMF (RAMF). The 

no-root-no AMF control (CK), AMF, and RAMF treatments were achieved through installing 

meshes of 0.45 μm, 20 μm, and 1.6 mm to mediate the penetration of AMF and/or roots, 

respectively. At the end of 55-day experiment, soil samples were collected from mesocosm 

compartments which contained either host plants (HOST) or bare soil (RECIPIENT). Soil DNA 

was extracted from 0.25 g of soil using Qiagen PowerSoil DNA Isolation Kit. Amplicons were 

purified using Mag-Bind TotalPure NGS clean-up beads (Omega Bio-Tek) and sequenced on an 

Illumina NextSeq 2000 sequencing platform with P2 flowcells (2 × 150 bp). Metric 

multidimensional scaling (MDS) was used to conduct multivariate analysis and explore 

dissimilarities with our complex ecological data. While alpha diversity is a measure of 
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microbiome diversity within each sample, beta diversity is a measure of the similarity or 

dissimilarity between samples. We found no significant differences in alpha diversity between 

treatments and sub treatments ( p > 0.05). However, beta diversity was markedly different with 

farming system type (i.e., conventional-, organic-soils) being primarily responsible for the 

majority of observed differences between data points and clusters (i.e., beta diversity) (p = 

0.001). Additionally, the microbiomes differed significantly between compartment types (i.e., 

HOST and RECIPIENT) (p = 0.001), which varied in their plant × AMF × soil (plant-AMF-soil) 

interactions. Moreover, our analysis revealed that biochar had a stronger effect on the 

microbiome than did the presence of plants roots and arbuscular mycorrhizal fungi (AMF). In 

particular, the addition of biochar altered the microbiome of the conventional soils to be more 

similar to that of organic soils. Interestingly, compartment type exhibited a stronger effect on 

microbiome manipulation than biochar, or plants roots and AMF (i.e., presence or absence). 

Taken together, our study emphasizes the ability of agricultural management practices to 

contribute to the resiliency of microbiomes and resist management-induced microbiota changes, 

as well as demonstrates the ability of plant-AMF-soil interactions to influence microbial 

composition.  

 

INTRODUCTION 

Management practices such as tillage, cover cropping, and fertilization can profoundly alter the 

physical and chemical characteristics of the soil in agroecosystems. These changes can 

significantly impact microbiological processes, which contribute to the complex interplay 

between plant traits, environmental factors, and management practices (i.e., G×E×M). However, 

the interaction between these factors is further complicated by the composition of the 
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microbiome, which can also be influenced by agroecosystem-level induced microbiological 

processes (Hartman and Six, 2023; van Voorn et al., 2023). For example, management practices 

such as biochar application can introduce structural alterations to the soil at both macro- and 

microscale changes that impact microbial processes. Additionally, plant symbionts, such as 

arbuscular mycorrhizal fungi (AMF), have been shown to modify microbial communities (Gou 

et al., 2024). Microbiomes can offer several microbial services to agricultural systems, such as 

enhanced disease resistance, improved nutrient transformation and cycling, and increased 

tolerance to abiotic stress (Xiong and Lu, 2022). Ongoing research is focused on manipulating 

microbiomes to provide microbial services that can further improve agricultural systems. It is our 

hypothesis that the agricultural system type would have a greater impact on the microbiome than 

management practice (i.e., biochar) or arbuscular mycorrhizal fungi (AMF).  

 

With the increasing concern about the negative effects of synthetic chemicals on humans and the 

environments, there is an increasing demand for agricultural biologicals, i.e., a diverse group of 

products derived from naturally occurring microorganisms, plant extracts, beneficial insects, or 

other organic matter. The current global market size for agricultural biologicals is $13.76 billion, 

and it is projected to reach $43.53 billion by 2035 (Data Horizzon Research, 2023). Experts 

attribute the growth of the market to the increasing demand for environmentally sustainable 

practices. The microbiome is one the key factors in this growth, as the microbiome has been 

shown to co-evolve with plant rhizospheres and support ecosystem services across soil types and 

agricultural environments (Brenzinger et al., 2021; Bharati et al., 2020). For example, Ajala et al. 

2022 showed that microbes play a vital role in the ability of climate-smart agriculture 

management strategies to increase crop yields, enhance soil carbon sequestration, and mitigate 



   

134 

 

greenhouse gas emissions. As a result, the microbiome has been identified as a key 

biotechnology for climate-smart agriculture and sustainability (Data Horizzon Research, 2023; 

Ajala et al., 2022; Brenzinger et al., 2021; Bharati et al., 2020). The microbiota of an agricultural 

ecosystem's microbiome, the entire assemblage of living organisms as defined by a specific 

environment, is subject to changes via complex interactions (Suman et al., 2022). Thus, 

microbiome manipulation has become a vital tool for unlocking the full suite of benefits across 

cropping systems and various agroecosystems. Recent research has demonstrated that soil 

microbiota can be manipulated by agricultural management practices such as tillage and nitrogen 

fertilization (Fernandez-Gnecco et al., 2022). Although changes in management practice can 

induce large-scale feedback (e.g., diminished soil fertility and increased greenhouse gas 

emissions), it is difficult to ascertain the impact of field-scale agricultural practices, such as 

sustainable farming, on microscale processes that influence microbiomes. This is likely due to 

ecological resistance and resilience, which refer to the ability of an ecosystem to absorb the 

effects of a disturbance and recover from it, respectively. (Meredith et al., 2018 Toju et al., 

2018). Microbiomes in the long term can be complex, and research suggests that resistance and 

resilience in agricultural systems are influenced by legacy effects. For example, a meta-analysis 

revealed that the resistance and resilience of soil microbiomes were narrower in conventionally-

managed farming systems compared to organically-managed systems (Azarbad et al., 2023). 

This suggests that the effect of farming system has a notable impact on responses of the 

microbiome to stressors and manipulations. Moreover, the role of management practices on 

resistance and resilience within these agroecosystems, and potential interaction with legacy 

effects, is poorly understood and presents a research opportunity.  
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As the world continues to adopt and implement sustainable farming practices, it is important that 

these approaches shape the microbiota of agroecosystems in a way that advances global 

sustainability goals. Thus, there is a need to explore to what extent agricultural amendments can 

manipulate the microbiomes of alternative agroecosystems (i.e., conventionally-managed and 

organically-managed). Hence, the objectives of this study were to 1) study how management 

practice (i.e., biochar application to conventionally-managed and organically managed 

agroecosystems) affected the bacterial diversity and complexity of the microbiome, 2) determine 

if the presence of AMF and/or roots would affect the microbiome, and 3) explore the impact of 

compartment type (i.e., HOST and RECIPIENT) on the soil microbiomes of alternative 

agroecosystems. We hypothesize that the presence of roots and AMF would have a stronger 

effect on the microbiome than the compartment type. Our research emphasizes the need for 

studies that comprehend the linkages between N-transforming microbes and N transformations in 

comparable soils (i.e., type, taxonomy, and location) under different farming system 

management approaches (i.e., organically-managed, and conventionally-managed). In this 

context, our research seeks to inform climate-smart agricultural practices by linking changes in 

soil microbiological properties (i.e., the microbiome) to management practices. 

 

MATERIALS AND METHODS 

 

Greenhouse Mesocosm Experiment: Experimental Details and Overview 

          This study was conducted in conjunction with our greenhouse experiment described in 

chapter 3. The experimental design was a randomized complete block with treatments in a 4 x 3 

split-plot arrangement with four replications. The main treatments consisted of four 
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agroecosystem types (conventional [CON], organic [ORG], conventional + biochar [CONBC], 

organic + Biochar [ORGBC]) and sub-treatments consisted of three mycorrhizal treatments (no-

AMF and no-root control [CK], arbuscular mycorrhizal fungi [AMF], and plant roots and 

arbuscular mycorrhizal fungi [RAMF]). Biochar amendments were derived from loblolly pine 

(Pinus taeda) wood and possessed 71% carbon content (CharGrow, Asheville, NC). The 

ORGBC and CONBC agroecosystems received a biochar supply of 30 t C ha-1 (w/w). Both the 

conventional and organic soils were collected from the Mountain Research Station (MRS) 

(35°29'13.8"N 82°58'06.1"W) at North Carolina State University (NCSU) (see more details in 

Chapter 3). Prior to soil collections, these soils had not been sterilized or fumigated and therefore 

contained diverse AMF communities. In addition to their native AMF communities, an AMF 

inoculum was added to all the host plants to ensure that all plants had plenty of AMF spores. The 

AMF inoculum used for the experiment was obtained from West Virginia University, Division of 

Plant and Soil Sciences and consisted of a granular media containing spores, hyphae, and AMF-

colonized root pieces. The AMF inoculum contained eight mycorrhizal species (Rhizophagus 

clarus, Rhizophagus intraradices, Claroideoglomus claroideum, Claroideoglomus etunicatum, 

Gigaspora margarita, Gigaspora Rosea, Dentiscutata Heterogama, and Acaulospora 

morrowiae) and were mixed and sieved at 2 mm. 

         Plexi-glass mesocosms were used to isolate the effects of AMF or RAMF on soil N-cycling 

dynamics (See Chapter 3: Biochar and Arbuscular Mycorrhizal Fungi (AMF) Effects on Soil N 

and N-Cycling Microbes in Organic and Conventional Agroecosystems). Each mesocosm was a 

rectangular box with six compartments, where one side contained three compartments consisting 

of soil, plants (maize), and AMF inoculant (HOST compartments), and the other had three 

compartments consisting of soil and static chambers for periodic gas sampling (RECIPIENT 
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compartments). Soils were collected from two distinct sources of agricultural soils 

[conventionally-managed (CONV) soil, organically-managed (ORG) soil from the Mountain 

Research Station (MRS) (35°29'13.8"N 82°58'06.1"W) at North Carolina State University 

(NCSU) (See Chapter 3: Biochar and Arbuscular Mycorrhizal Fungi (AMF) Effects on Soil N 

and N-Cycling Microbes in Organic and Conventional Agroecosystems). Each HOST and 

RECIPIENT compartment contained 3 kg of soil and 24 g of AMF inoculum. The HOST and 

RECIPIENT compartments were separated by mesh, which mediated the ingrowth of plant roots 

and AMF. The dimensions of each compartment were 13 × 15 × 15 cm (width × depth × height ) 

with a total area of 195 cm2. The mesh size used to permit or prevent ingrowth between HOST 

and RECIPIENT compartments was determined by sub-treatment: no-AMF or no-root control 

(CK) (0.45 μm), arbuscular mycorrhizal fungi (AMF) (20 μm), and plant roots and arbuscular 

mycorrhizal fungi (RAMF) (1.6 mm). The 0.45 μm mesh did not restrict the ability of water, 

mineral and dissolved organic N, and plant root exudates (soluble C) to move between HOST 

and RECIPIENT compartments.  

          Four maize seeds (Zea mays L.) were sown into each HOST compartment on 7 June 2022 

(0 days after sowing, DAS 0). Maize plants were allowed to grow for 55 days until being 

harvested. A 50-minute rainfall simulation was used to assess the impact of rainfall events on gas 

emissions from agroecosystems. During the rainfall simulation, 120 ml and 600 ml of DI water 

were added to HOST and RECIPIENT compartments, respectively, on 17, 21, 31, 35, 43, and 49 

days after sowing (DAS). 
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Soil Collection and Preparation 

          Following harvest, soil samples were taken from HOST and RECIPIENT compartments 

(ca. 1000 g). For HOST compartments, soil samples were taken after removal of maize plants 

and dislodging of soil from plant roots. For RECIPIENT compartments, soils samples were taken 

from the center of the mesocosm to avoid edge effect. Soil samples were sieved through a 4 mm 

and 2 mm to remove all visible residues and plant roots. Subsamples (~50 g) were then taken 

immediately and stored at -20℃.  

 

DNA extraction and Amplicon Sequencing           

          DNA extraction was performed on 0.25 g of soil using Qiagen PowerSoil DNA Isolation 

Kit (cat. no. 47016; Qiagen, CA, USA). To profile the bacterial community, we amplified the V4 

region of the 16S rRNA gene using modified 515F (GTGYCAGCMGCCGCGGTAA) and 806R 

primers (GGACTACNVGGGTWTCTAAT) (Caporaso et al., 2012; Apprill et al., 2015; Parada 

et al., 2016). The PCR reactions were as follows: 12 µL of Platinum II Hot‐Start PCR Master 

Mix, 1.5 µL of each primer (10 µM), 1.5 µL template DNA and 13.5 µL molecular grade water 

for a final PCR volume of 30 µL. The PCR thermocycler conditions for the bacterial 16S rRNA 

gene were: 3 min at 94°C, 25 cycles of 45 s at 94°C, 60 s at 50°C and 90 s at 72°C and a final 

elongation step of 10 min at 72°C (King et al., 2023). Blank DNA extraction controls and 

negative PCR controls were also included, and no amplicons were observed. Amplicons were 

purified using Mag‐Bind TotalPure NGS magnetic beads (Omega Bio‐Tek; catalogue: M1378‐

01). Indexed amplicons were normalized using the SequalPrep normalization plate kit 

(ThermoFisher; catalogue: A1051001). The normalized amplicons were then pooled, 

concentrated using a speedvac, and purified through gel extraction using the PureLink Quick Gel 
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Extraction Kit (ThermoFisher; catalogue: K210012). The pooled library was sequenced on the 

Illumina MiSeq sequencing platform (2 × 250 bp) by the Pennsylvania State University 

Genomics Core Facility (Huck Institutes for the Life Sciences).  

 

Amplicon Sequencing Analysis 

          Raw demultiplexed 16S rRNA gene data was processed using the dada2 bioinformatic 

pipeline and dereplicated into Exact Sequence Variants (ESVs) (Callahan et al., 2016). Briefly, 

paired-ended 16S rRNA gene sequences were trimmed and denoised using DADA2, which also 

removes chimeric sequences. The assign Taxonomy function in the DADA2  R package was 

used to assign taxonomy against the Silva v138 database at the single nucleotide threshold 

(ZOTUs; zero-radius OTUs) (Quast et al. 2013). An operational taxonomic unit (OTU)  

approach was used to classify closely related 16S RRNA sequences into groups based on their 

percent similarity (>97%). The dataset was further cleaned by removing sequences identified as 

chloroplasts or mitochondria, and by removing ZOTUs with less than 28 (0.001%) for the 16S 

rRNA gene. The cleaned 16S rRNA gene data was then rarefied at 5000 sequences per sample 

(96 samples total). 

 

Statistical Analysis. 

          Downstream analyses were completed primarily in the R statistical environment (v.3.6.2) 

(R Core Team, 2022). Homogeneity of variance and normality were tested using the Levene’s 

and Shapiro–Wilk’s tests in the car and stats packages, respectively. For comparisons of 

microbial composition, the processed sequencing data were imported into the R statistical 

environment and used to create a Phyloseq object. Diversity indices, Bray-Curtis dissimilarities, 
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principal component analysis were performed using the phyloseq package v1.40.0 (McMurdie & 

Holmes, 2013). Patterns elucidated by ordination were tested statistically using Adonis 

(PERMANOVA) from the vegan package with 999 permutations (Jari et al., 2007).  

 

RESULTS 

 

Taxonomic Composition 

          Sequence read counts were analyzed to determine the taxonomic composition and relative 

abundance of the samples. Operational taxonomical units (OTUs) were identified using sequence 

reads and were grouped by each taxonomic rank. The relative abundance of the most abundant 

OTUs was plotted across different taxon: phylum and family (Figure 4.1). Within all treatment 

combinations (groups), five phyla accounted for 70% of the relative abundance observed 

(Proteobacteria, Acidiobacteria, Planctomycetes, Acidiobacteria, and Chloroflexi, respectively). 

For all treatment groups (treatment × sub-treatment), the Proteobacteria (i.e., Pseudomonadota) 

had the highest relative abundance (e.g. Sphingomonas, Pseudolabrys, and Xanthobacteraceae 

g.) (Figure 4.1, Chart A). All of the treatment groups had the same top five phyla, but began to 

differ at the family level. At the family level, organic farming system soils exhibited a lower 

relative abundance of Polyangiaceae and Hydrogenedensaceae compared to conventional 

farming systems (Figure 4.1, Chart B). Conversely, organic farming system soils possessed a 

higher relative abundance of Sphingomonadaceae, Beijerinckiaceae and Acidobacteriaceae, 

Subgroup 1 compared to conventional farming systems. While the intensity varied, these trends 

were maintained across both HOST and RECIPIENT compartment types. 
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Alpha Diversity and Beta Diversity 

          Shannon diversity was used to assess differences in microbiome richness and evenness 

(e.g., number of microbes present) among treatment and sub-treatments (Figure 4.2). We found 

that there were no significant differences between treatments (p = 0.6866) or sub-treatments (p = 

0.3516).  We found that the mean index values were higher for biochar-amended treatments 

compared to non-biochar amended treatments for both conventionally-managed and organically-

managed soils, despite compartment type. The higher index values associated with biochar-

amended soils suggest that biochar can increase the diversity and complexity of soil microbial 

communities across farming systems. In terms of beta diversity, the Bray-Curtis Distances Model 

was used to assess differences between the microbiome populations of compartment types, 

treatments, and sub-treatments (Figures 4.3 and 4.4). We found that farming system type (i.e., 

conventionally-managed, and organically-managed) and compartment type (HOST and 

RECIPIENT) had a significant effect on beta diversity (p = 0.001) (Figure 4.3). Similarly, our 

analysis revealed that the impact of compartment type remained consistent across farming 

system types (p = 0.001). Biochar had a slightly higher effect on organically-managed soils than 

conventionally-managed soils (p = 0.0220 and 0.0250, respectively). However, the impact of 

sub-treatment (i.e., the presence and/or absence of AMF) was not significant for both 

organically-managed soils and conventionally-managed soils (p = 0.5770 and p = 0.5690, 

respectively). Likewise, our analysis revealed that the impact of farming system remained 

consistent across compartment types (p = 0.001). However, the effect size of biochar was larger 

in HOST compartment soils compared to RECIPIENT compartment soils (p = 0.0570 and p = 

0.1300, respectively) (Figure 4.4). Similarly, the presence of AMF was not significant for HOST 

or RECIPIENT compartments (p = 0.2930 and p = 0.5170, respectively) (Figure 4.4). Further 
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analysis revealed differences in clustering based on compartment type and experimental blocks, 

suggesting a block effect (Figure 4.5).  

 

DISCUSSION 

 

Alpha diversity  

          Despite differences in farming management and practice, the number of microbes and 

biodiversity did not vary between treatment groups (Figure 4.2) This could be attributed to the 

fact that the conventional and organic farming system soils used in this experiment were 

obtained from adjacent fields and shared the same soil taxonomy, as well as the high microbial 

dispersal due to wind, farming equipment, and other disturbance mechanisms. Given the 

relatively short period (less than seven years) during which the organic farming system has been 

established, it is plausible that the soil microbial community did not have sufficient time to 

develop a diverse range of species and differentiate from the conventional farming system soil. 

Studies have shown that long-term application of organic and inorganic N fertilizer is a key 

driver of compositional shifts and activity of soil microbial communities (Schmidt et al., 2019; 

Li et al., 2017; Francioli et al., 2016; Ling et al., 2016). Additionally, the time requirement for 

“long-term application” often varies between studies. While some studies mention an 8-year 

duration (Tatti et al., 2012), others exceed 30 years (Gu et al., 2017). Temporal elements (i.e., 

sampling time and management duration) have been shown to have a substantial impact on the 

shape of the microbiota, and by association, shifts in the microbiome (Fernandez-Gnecco et al., 

2022). For example, Tatti et al., 2012 showed that the effects on the abundance of N-cycling 

genes in long-term farming system soils (8 years) rendered short term effect, but were N-type 
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dependent (i.e., inorganic- or organic N). Thus, more than five years of difference in 

management strategies may be required to significantly alter microbial richness. Additionally, 

these studies demonstrate that soil, environmental, and climate conditions can be determinants of 

local microbe diversity. It is likely that both fields were influenced by confounding variables 

related to shared soil properties, environmental conditions, and low soil-C as a result of historical 

similar management practices. Taken together, it is possible that similarities in alpha diversity 

within treatment groups resulted from a location (5-year treatments under different farming 

systems) effect that maintained resilient microbial communities despite distinct farming system 

practices (i.e., organic farming).   

 

Beta diversity 

          Our beta diversity analysis revealed a large difference between farming system 

microbiomes (conventionally-managed and organically-managed soils) (Figure 4.3). While the 

alpha diversity (Figure 4.2) was similar between the two soils, the beta diversity was clearly 

different. While treatment effects did not significant impact the number of taxa or relative 

abundance of those taxa within individual samples (alpha diversity), the microbial composition 

was significantly influenced by farming system (p = 0.001), compartment type (p = 0.001), and 

biochar (p = 0.022) (beta diversity). We found that farming systems are a significant driver in 

shaping microbial community composition, and short-term application of carbon amendments 

has a limited, yet noticeable, effect on the soil microbiome. This likely concerns the difference in 

carbon content, as well as temperature, water, and other factors that contribute to each ecological 

niche (Kou et al., 2021; Jones and Hallin, 2010). For example, Raglin et al. (2022) found that 

agronomic practice can greatly physicochemical parameter over time, which can shift N-cycling 



   

144 

 

microbe communities. Similarly, our research suggests that alterations to organic carbon content 

is the key to shifting microbial composition in farming systems in southeastern U.S. soils. 

 

Microbiome manipulation by AMF, biochar, and plant-microbe interactions 

Our study revealed a hierarchy of effects in the following order: farming system (highest), 

compartment type, biochar, and then roots and AMF (lowest) (Figures 4.4 and 4.5). However, it 

is worth noting that maize was used as crop within this greenhouse study, which has been shown 

to enhance AMF colonization and microbial composition (Xiong and Lu, 2022).  

Since they are often introduced together in agroecosystems, it can be challenging to distinguish 

the impact of maize on the microbiome from that of nitrogen. However, in this study, HOST 

compartments soils which contained maize plants, had smaller p-values than RECIPIENT 

compartment soils (p = 0.2930 and p = 0.5170, respectively). A similar phenomenon was 

observed with biochar application for HOST and RECIPIENT compartment soils (p = 0.0570 

and p = 0.1300, respectively). Additionally, all treatments and sub-treatments received equal 

application of sodium nitrate (NaNO3
-), an organic fertilizer. Nitrogen source transitions (i.e., 

inorganic to organic fertilization) can impact microbiome compositions and co-occurrence 

networks, as observed by Xin et al. (2022). In bioinformatics, co-occurrence networks are used 

to identify a relationship between the abundance of two species (Lee et al., 2022). Given the 

shape of the clusters and slight shift of CONBC soils towards ORG soils, there is likely a cross-

effect between farming systems, biochar application, and AMF (Figure 4.3). 
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The Role of on Microbiome Plant-AMF-Soil Interactions Manipulations 

We found that the factors related to HOST and RECIPIENT compartments had a significant 

effect on the microbiome of treatment groups (Figure 4.4). Our analysis revealed clear clusters 

between HOST and RECIPIENT compartments despite treatment group or farming system 

(Figure 4.4). Moreover, the clustering of experimental blocks varied between compartment types 

and farming systems, suggesting a block effect. Qualitatively, the clusters were most clearly 

defined in the RECIPIENT compartment of treatments that contained conventionally-managed 

soils (Figure 4.5). Unlike the HOST compartment which contained plants, RECIPIENT 

compartments were open at the surface, and did not contain plants. Belowground interactions 

between AMF and plant roots have been shown to have clear effects on microbial composition 

and influence the soil biotic context (Zhang et al., 2022; Dias et al., 2017). For example, two 

species used in this study (C. claroideum and Gigaspora sp.) were shown to influence the 

establishment of keystone species and overpower soil legacy effects of maize monocropping 

(e.g., pathogenic fungi, nematodes) (Dias et al., 2017). Moreover, AMF inoculation has been 

shown to modify soil microbial communities and N cycling during C-turnover events (i.e., root 

and hyphal exudation) (Gou et al., 2024; Nuccio et al., 2013). Taken together, it is possible that 

the microbiome differences between the HOST and RECIPIENT compartments were attributed 

to the presence (i.e., HOST) or absence (i.e., RECIPIENT) of plant × AMF × soil interactions. In 

the future, the effect of compartment type could be further elucidated through differential 

abundance analysis (DBA). While it is possible that this analysis might not detect significant 

differences between treatment groups (i.e., CONBC vs. ORGBC), it is likely that DBA will 

identify significant taxa differences between HOST and RECIPIENT compartment types, as well 

as farming systems. To the best of our knowledge, our study is the first to demonstrate the ability 
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of plant-AMF-soil interactions to exhibit a stronger effect on the soil microbiome than a 

management practice (i.e., biochar), or plants roots and AMF (i.e., presence or absence). Our 

results suggest that management practices that manipulate plant-AMF-soil interactions can 

effectively alter resilient microbiomes. Further research is needed to better understand the role 

that plant-AMF-soil interactions might play in achieving sustainability goals and influencing 

surface and deep soil microbiomes within agroecosystems. 

 

Building a link between the microbiome and N-cycling dynamics 

          The previous analyses involving this experiment revealed that the gene abundances 

observed for nirK were between four and six magnitudes larger than those observed for nirS. 

In an investigation of unrooted phylogeny of partial nirK sequences, it was found that the 

majority nirK sequences were attributed to organisms in the Proteobacterium and Firmicutes 

phyla (Jones et al., 2008). Our study revealed that Proteobacteria represented the highest relative 

abundance among all taxa across all treatments and sub-treatments. Thus, the higher abundance 

of nirK gene copies may be due to a larger proportion of organisms carrying the gene. A growing 

body of recent studies challenge the traditional belief that nirS-type denitrifiers are more 

commonly found in the environment. It has been shown that environmental assays have 

underestimated the prevalence of nirK-type denitrifiers, which are found to cover a more diverse 

range of taxa as compared to nirS-type denitrifiers (Lee and Francis, 2017; Helen et al., 2016; 

Wei et al., 2015; Heylen et al., 2012). In this study, it is likely that the resiliency of nirK-type 

denitrifiers may be linked to the ability of microbiome to resist management-induced changes. 

In summation, our research showed that soil microbiological and chemical differences can exist 

in agroecosystems, even without statistically significant variation in their biodiversity and 
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evenness (Figure 4.2). It is clear that the effects of management, soil and biological factors on 

the microbiome can vary because of the resistance of the microbial community to perturbations 

in both conventionally-managed and organically-managed farming systems. For instance, the 

presence of roots and AMF did not have a significant effect on the microbiome of treatment 

groups and compartment types (Figure 4.4), while biochar had a clear effect on the microbiome 

across farming systems (Figure 4.3). Treatment effects in this study were subject to major 

sources of variation based due to cross-effects, which could have influenced the hierarchy of 

effects. Our results suggest that increasing the number of replicates or extending the 

experimental duration would likely enhance treatment effect sizes. Moreover, the connection 

between abundance and activity is unclear due to confounding soil chemical and microbiological 

factors. Recent studies have shown that there are significant correlations between the abundance 

of N-cycling genes and enzyme activity (Ouyang et al., 2018).  For example, Tatti et al. (2012) 

used enzyme activity to determine that denitrification rates from their mesocosms were higher 

than N2O emission rates, suggesting that most emissions must have occurred as N2. Given the 

anaerobic conditions and relative abundances of Proteobacteria in conventional and organic 

farming systems, it is possible that enzymatic analysis would suggest a similar conclusion. The 

biochar  significant effects observed after one single application suggest that biochar can have 

more profound impact on the microbiome likely due to their high stability in soil. Further 

research is needed to connect soil enzymatic activity to microbial abundance under these 

experimental conditions. Additionally, future studies should aim to clarify why comparable 

microbiomes within alternative agroecosystems can differ in functions such as N2O emissions 

and pathogen suppressions despite similar management practices.  

 



   

148 

 

REFERENCES  

Ajala, O. A., Ajibade, F. O., Oluwadipe, O. R., Nwogwu, N. A., Adelodun, B., Guadie, A., 

Ajibade, T. F., Lasisi, K. H., & Adewumi, J. R. (2022). Chapter 9—Microbial impact on 

climate-smart agricultural practices. In A. Kumar, J. Singh, & L. F. R. Ferreira (Eds.), 

Microbiome Under Changing Climate (pp. 203–236). Woodhead Publishing. 

https://doi.org/10.1016/B978-0-323-90571-8.00009-2  

Apprill, A., McNally, S., Parsons, R., & Weber, L. (2015). Minor revision to V4 region SSU 

rRNA 806R gene primer greatly increases detection of SAR11 bacterioplankton. Aquatic 

Microbial Ecology, 75(2), 129–137. https://doi.org/10.3354/ame01753  

Brenzinger, K., Costa, O. Y. A., Ho, A., Koorneef, G., Robroek, B., Molenaar, D., Korthals, G., 

& Bodelier, P. L. E. (2021). Steering microbiomes by organic amendments towards climate-

smart agricultural soils. Biology and Fertility of Soils, 57(8), 1053–1074. 

https://doi.org/10.1007/s00374-021-01599-5  

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., & Holmes, S. P. 

(2016). DADA2: High-resolution sample inference from Illumina amplicon data. Nature 

Methods, 13(7), 581–583. https://doi.org/10.1038/nmeth.3869  

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Huntley, J., Fierer, N., Owens, 

S. M., Betley, J., Fraser, L., Bauer, M., Gormley, N., Gilbert, J. A., Smith, G., & Knight, R. 

(2012). Ultra-high-throughput microbial community analysis on the Illumina HiSeq and 

MiSeq platforms. The ISME Journal, 6(8), Article 8. https://doi.org/10.1038/ismej.2012.8  

Dias, T., Cruz, C., Varma, A., Melo, J., Correia, P., & Carvalho, L. (2017). Microbial 

Socialization Highlights the AMF Effect. In A. Varma, R. Prasad, & N. Tuteja (Eds.), 

https://doi.org/10.1016/B978-0-323-90571-8.00009-2
https://doi.org/10.3354/ame01753
https://doi.org/10.1007/s00374-021-01599-5
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/ismej.2012.8


   

149 

 

Mycorrhiza—Nutrient Uptake, Biocontrol, Ecorestoration (pp. 99–113). Springer 

International Publishing. https://doi.org/10.1007/978-3-319-68867-1_5  

Fernandez-Gnecco, G., Covacevich, F., Consolo, V. F., Behr, J. H., Sommermann, L., 

Moradtalab, N., Maccario, L., Sørensen, S. J., Deubel, A., Schellenberg, I., Geistlinger, J., 

Neumann, G., Grosch, R., Smalla, K., & Babin, D. (2022). Effect of Long-Term 

Agricultural Management on the Soil Microbiota Influenced by the Time of Soil Sampling. 

Frontiers in Soil Science, 2. https://www.frontiersin.org/articles/10.3389/fsoil.2022.837508  

Francioli, D., Schulz, E., Lentendu, G., Wubet, T., Buscot, F., & Reitz, T. (2016). Mineral vs. 

Organic Amendments: Microbial Community Structure, Activity and Abundance of 

Agriculturally Relevant Microbes Are Driven by Long-Term Fertilization Strategies. 

Frontiers in Microbiology, 7. 

https://www.frontiersin.org/articles/10.3389/fmicb.2016.01446  

Gou, X., Kong, W., Sadowsky, M. J., Chang, X., Qiu, L., Liu, W., Shao, M., & Wei, X. (2024). 

Global responses of soil bacteria and fungi to inoculation with arbuscular mycorrhizal fungi. 

CATENA, 237, 107817. https://doi.org/10.1016/j.catena.2024.107817  

Gu, Y., Wang, Y., Lu, S., Xiang, Q., Yu, X., Zhao, K., Zou, L., Chen, Q., Tu, S., & Zhang, X. 

(2017). Long-term Fertilization Structures Bacterial and Archaeal Communities along Soil 

Depth Gradient in a Paddy Soil. Frontiers in Microbiology, 8, 1516. 

https://doi.org/10.3389/fmicb.2017.01516  

Helen, D., Kim, H., Tytgat, B., & Anne, W. (2016). Highly diverse nirK genes comprise two 

major clades that harbour ammonium-producing denitrifiers. BMC Genomics, 17(1), 155. 

https://doi.org/10.1186/s12864-016-2465-0  

https://doi.org/10.1007/978-3-319-68867-1_5
https://www.frontiersin.org/articles/10.3389/fsoil.2022.837508
https://www.frontiersin.org/articles/10.3389/fmicb.2016.01446
https://doi.org/10.1016/j.catena.2024.107817
https://doi.org/10.3389/fmicb.2017.01516
https://doi.org/10.1186/s12864-016-2465-0


   

150 

 

Heylen, K., Gevers, D., Vanparys, B., Wittebolle, L., Geets, J., Boon, N., & De Vos, P. (2006). 

The incidence of nirS and nirK and their genetic heterogeneity in cultivated denitrifiers. 

Environmental Microbiology, 8(11), 2012–2021. https://doi.org/10.1111/j.1462-

2920.2006.01081.x  

Jones, C.M. and Hallin, S. (2010). Ecological and evolutionary factors underlying global and 

local assembly of denitrifier communities. The ISME Journal, 4(5), pp.633-641. 

King, W. L., Yates, C. F., Cao, L., O'Rourke‐Ibach, S., Fleishman, S. M., Richards, S. C., 

Centinari, M., Hafner, B.D., Goebel, M., Bauerle, T., Kim, Y.M., and Bell, T. H. (2023). 

Functionally discrete fine roots differ in microbial assembly, microbial functional potential, 

and produced metabolites. Plant, Cell & Environment, 46(12), 3919-3932. 

https://doi.org/10.1111/pce.14705  

Kou, Y., Liu, Y., Li, J., Li, C., Tu, B., Yao, M. and Li, X. (2021). Patterns and drivers of nirK-

type and nirS-type denitrifier community assembly along an elevation 

gradient. Msystems, 6(6), pp.e00667-21. 

Li, C., Hu, H.-W., Chen, Q.-L., Chen, D., & He, J.-Z. (2019). Comammox Nitrospira play an 

active role in nitrification of agricultural soils amended with nitrogen fertilizers. Soil 

Biology and Biochemistry, 138, 107609. https://doi.org/10.1016/j.soilbio.2019.107609  

Li, F., Chen, L., Zhang, J., Yin, J., & Huang, S. (2017). Bacterial Community Structure after 

Long-term Organic and Inorganic Fertilization Reveals Important Associations between Soil 

Nutrients and Specific Taxa Involved in Nutrient Transformations. Frontiers in 

Microbiology, 8. https://www.frontiersin.org/articles/10.3389/fmicb.2017.00187  

Ling, N., Zhu, C., Xue, C., Chen, H., Duan, Y., Peng, C., Guo, S., & Shen, Q. (2016). Insight 

into how organic amendments can shape the soil microbiome in long-term field experiments 

https://doi.org/10.1111/j.1462-2920.2006.01081.x
https://doi.org/10.1111/j.1462-2920.2006.01081.x
https://doi.org/10.1111/pce.14705
https://doi.org/10.1016/j.soilbio.2019.107609
https://www.frontiersin.org/articles/10.3389/fmicb.2017.00187


   

151 

 

as revealed by network analysis. Soil Biology and Biochemistry, 99, 137–149. 

https://doi.org/10.1016/j.soilbio.2016.05.005  

Lourenço, K. S., Cassman, N. A., Pijl, A. S., van Veen, J. A., Cantarella, H., & Kuramae, E. E. 

(2018). Nitrosospira sp. Govern Nitrous Oxide Emissions in a Tropical Soil Amended With 

Residues of Bioenergy Crop. Frontiers in Microbiology, 9. 

https://www.frontiersin.org/articles/10.3389/fmicb.2018.00674  

McMurdie, P. J., & Holmes, S. (2013). phyloseq: An R Package for Reproducible Interactive 

Analysis and Graphics of Microbiome Census Data. PLOS ONE, 8(4), e61217. 

https://doi.org/10.1371/journal.pone.0061217  

Mishra, A., & Singh, D. (2020). Role of Soil Fauna: En Route to Ecosystem Services and Its 

Effect on Soil Health (pp. 105–126). https://doi.org/10.1007/978-981-15-3151-4_5  

Nuccio, E.E., Hodge, A., Pett‐Ridge, J., Herman, D.J., Weber, P.K. and Firestone, M.K. (2013). 

An arbuscular mycorrhizal fungus significantly modifies the soil bacterial community and 

nitrogen cycling during litter decomposition. Environmental Microbiology, 15(6), pp.1870-

1881. 

Oksanen, J., Kindt, R., Legendre, P., Hara, B., Simpson, G., Solymos, P., Henry, M., Stevens, 

H., Maintainer, H., & Oksanen@oulu,  jari. (2009). The vegan Package. 

Ouyang, Y., Reeve, J. R., & Norton, J. M. (2018). Soil enzyme activities and abundance of 

microbial functional genes involved in nitrogen transformations in an organic farming 

system. Biology and Fertility of Soils, 54(4), 437–450. https://doi.org/10.1007/s00374-018-

1272-y  

Parada, A. E., Needham, D. M., & Fuhrman, J. A. (2016). Every base matters: Assessing small 

subunit rRNA primers for marine microbiomes with mock communities, time series and 

https://doi.org/10.1016/j.soilbio.2016.05.005
https://www.frontiersin.org/articles/10.3389/fmicb.2018.00674
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1007/978-981-15-3151-4_5
https://doi.org/10.1007/s00374-018-1272-y
https://doi.org/10.1007/s00374-018-1272-y


   

152 

 

global field samples. Environmental Microbiology, 18(5), 1403–1414. 

https://doi.org/10.1111/1462-2920.13023  

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., & Glöckner, F. 

O. (2013). The SILVA ribosomal RNA gene database project: Improved data processing 

and web-based tools. Nucleic Acids Research, 41(Database issue), D590-596. 

https://doi.org/10.1093/nar/gks1219  

Raglin, S.S., Soman, C., Ma, Y. and Kent, A.D. (2022). Long term influence of fertility and 

rotation on soil nitrification potential and nitrifier communities. Frontiers in Soil Science, 2, 

p.838497. 

R Core Team, A., & Team, R. C. (2022). R: A language and environment for statistical 

computing. R Foundation for Statistical Computing, Vienna, Austria. 2012. 

Schmidt, J. E., Kent, A. D., Brisson, V. L., & Gaudin, A. C. M. (2019). Agricultural 

management and plant selection interactively affect rhizosphere microbial community 

structure and nitrogen cycling. Microbiome, 7(1), 146. https://doi.org/10.1186/s40168-019-

0756-9  

Suman, J., Rakshit, A., Ogireddy, S. D., Singh, S., Gupta, C., & Chandrakala, J. (2022). 

Microbiome as a Key Player in Sustainable Agriculture and Human Health. Frontiers in Soil 

Science, 2. https://www.frontiersin.org/articles/10.3389/fsoil.2022.821589  

Tatti, E., Goyer, C., Zebarth, B. J., Burton, D. L., Giovannetti, L., & Viti, C. (2013). Short-Term 

Effects of Mineral and Organic Fertilizer on Denitrifiers, Nitrous Oxide Emissions and 

Denitrification in Long-Term Amended Vineyard Soils. Soil Science Society of America 

Journal, 77(1), 113–122. https://doi.org/10.2136/sssaj2012.0096  

https://doi.org/10.1111/1462-2920.13023
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1186/s40168-019-0756-9
https://doi.org/10.1186/s40168-019-0756-9
https://www.frontiersin.org/articles/10.3389/fsoil.2022.821589
https://doi.org/10.2136/sssaj2012.0096


   

153 

 

Toju, H., Peay, K. G., Yamamichi, M., Narisawa, K., Hiruma, K., Naito, K., Fukuda, S., Ushio, 

M., Nakaoka, S., Onoda, Y., Yoshida, K., Schlaeppi, K., Bai, Y., Sugiura, R., Ichihashi, Y., 

Minamisawa, K., & Kiers, E. T. (2018). Core microbiomes for sustainable agroecosystems. 

Nature Plants, 4(5), Article 5. https://doi.org/10.1038/s41477-018-0139-4  

van Voorn, G. A. K., Boer, M. P., Truong, S. H., Friedenberg, N. A., Gugushvili, S., 

McCormick, R., Bustos Korts, D., Messina, C. D., & van Eeuwijk, F. A. (2023). A 

conceptual framework for the dynamic modeling of time-resolved phenotypes for sets of 

genotype-environment-management combinations: A model library. Frontiers in Plant 

Science, 14. https://www.frontiersin.org/articles/10.3389/fpls.2023.1172359  

Wei, W., Isobe, K., Nishizawa, T., Zhu, L., Shiratori, Y., Ohte, N., Koba, K., Otsuka, S., & 

Senoo, K. (2015). Higher diversity and abundance of denitrifying microorganisms in 

environments than considered previously. The ISME Journal, 9(9), Article 9. 

https://doi.org/10.1038/ismej.2015.9  

Xin, Y., Shi, Y., & He, W.-M. (2022). A shift from inorganic to organic nitrogen-dominance 

shapes soil microbiome composition and co-occurrence networks. Frontiers in   

Microbiology, 13. https://www.frontiersin.org/articles/10.3389/fmicb.2022.1074064  

Xiong, C., & Lu, Y. (2022). Microbiomes in agroecosystem: Diversity, function and assembly 

mechanisms. Environmental Microbiology Reports, 14(6), 833–849. 

https://doi.org/10.1111/1758-2229.13126 

Zhang, X., Qiu, Y., Gilliam, F. S., Gillespie, C. J., Tu, C., Reberg-Horton, S. C., & Hu, S. 

(2022). Arbuscular Mycorrhizae Shift Community Composition of N-Cycling Microbes and 

Suppress Soil N2O Emission. Environmental Science & Technology, 56(18), 13461–13472. 

https://doi.org/10.1021/acs.est.2c03816  

https://doi.org/10.1038/s41477-018-0139-4
https://www.frontiersin.org/articles/10.3389/fpls.2023.1172359
https://doi.org/10.1038/ismej.2015.9
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1074064
https://doi.org/10.1111/1758-2229.13126
https://doi.org/10.1021/acs.est.2c03816


   

154 

 

 

           
 

 

 

 

 

 

 

 

 

Figure 4.1. Graphical Taxonomic Composition for Sub-treatment (CK, AMF, and RAMF) and 

Treatments (CON, ORG, CONBC, and ORGBC) by Compartment Type ( HOST and 

RECIPIENT). Phylum (Chart A) and Family (Chart B). 
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Figure 4.2. Alpha Diversity . Shannon Index for treatment (p = 0.6866) and sub-treatment (p = 

0.3516). 
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Figure 4.3 Beta Diversity. Farming systems [organically-managed soils (BLUE) and 

conventionally-managed soils (RED)] significantly differed from one another (p = 0.001). Bray-

Curtis Distances for organically-managed soils (BLUE), Adonis Test for treatment (biochar) (p = 

0.022) and sub-treatments (mycorrhizae) (p = 0.569); Bray-Curtis Distances for conventionally-

managed soils (RED), Adonis Test for treatment (biochar) (p = 0.025) and sub-treatments 

(mycorrhizae) (p = 0.577).  
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Figure 4.4  Beta Diversity. Bray-Curtis Distances for treatments (p = 0.025) by compartment 

type (HOST and RECIPIENT) (p = 0.001) by sub-treatment (p > 0.293). 
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Figure 4.5. Beta Diversity. Bray-Curtis Distances for block effect by compartment type: (A) HOST and (B) RECIPIENT. 
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CHAPTER 5 

Biochar and Compost Effects on Soil N and N-Cycling Microbes Under No-Till Farming 

Practices in the USA Upper Coastal Plains 

ABSTRACT 

          In this study, we ask the question: Is there a linkage between N-transforming microbes and 

N transformations within management practice? Our research takes advantage of a long-term 

(20-yr) farming systems study at the Center for Environmental Farming Systems (CEFS) in 

Goldsboro, NC. Over the course of 1 year, soil samples were collected from the long-term, no-

till field trial under different organic carbon (C) and N inputs, including biochar (BC), compost 

(COMP), and synthetic N fertilizer (FERT)-amended treatments, as well as a no treatment 

control (CK). We found that the use of chemical or organic N, in combination with different C 

sources, had effects on N-cycling genes within treatment. Despite significant differences gene 

abundances between sampling periods, we found no significant differences in the gene 

abundances of biochar-, compost-, and N fertilizer-amended treatments. However, our post-hoc 

analysis revealed notable temporal variations in the microbial composition of treatments across 

the experimental period. Our results show that although there were no significant differences in 

gene abundances, soil N2O emissions were significantly higher in the FERT treatment compared 

to the BC treatment. Although net-N-mineralization was lower in COMP soils, our result found 

that soil pH and total soil C were higher in COMP and BC soils compared to FERT and CK 

soils, which may contribute to the lower N2O emissions in COMP and BC soils. 
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INTRODUCTION 

Conventional agriculture practices often deplete soil nutrients, requiring high applications 

of nitrogen (N) fertilizers to maintain crop productivity. Conventionally-managed farmland often 

possesses relatively low levels of soil carbon (C) and organic matter. Consequently, conventional 

management practices have prevented the accumulation of soil C and have reduced C stocks 

within arable farmland over the long term. As the climate crisis escalates, there has been 

increasing interest in agricultural practices that focus on conservation and nature-based solutions. 

One such prevalent practice in the Upper Coastal Plains of North Carolina is no-till and cover 

cropping. These practices help in developing resilient agricultural ecosystems that protect 

farmland from adverse weather events and reduce C and N losses, along with other climate 

change related degradations (Hovis et al., 2021). Due to N-intensive management practices, 

agriculture is the leading source of anthropogenic N2O emissions (Hassan et al., 2022; Xia et al., 

2020; Signor et al., 2013). However, agricultural management practices can either worsen or 

mitigate the effects of climate change. Research indicates that greenhouse gas (GHG) emission 

mitigation can be achieved through the adoption of regenerative and sustainable agroecosystem 

practices (Mahmud et al., 2021; Abbas et al., 2020; Ranganathan et al., 2020; Bai et al., 2019). 

For example, biochar and compost have been shown to mitigate the emission of greenhouse 

gases (GHGs) and increase C sequestration in agricultural soils (Wang et al., 2022; Lee et al., 

2022; Hassan et al., 2022; Abagandura et al., 2019). 

 

Agricultural management practices can affect GHGs emissions through modifying the 

environmental conditions for microbes responsible for GHGs production and/or consumption. 

Nitrogen transforming microbes possess functional genes that enable nitrification (i.e., AOA 
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amoA and AOB, amoA) and/or denitrification (nirS, nirK, and nosZ) through the production of 

enzymes (ammonia monooxygenase, amoA; nitrite reductase, nir; nitrous oxide reductase, nos). 

It is widely-accepted that biochar and compost reduce N2O emission through alteration of soil 

physicochemical properties and the regulation of N-cycling functional genes (Dai et al., 2019). 

However, studies have shown that various factors such as environmental conditions, soil type, 

feedstock, pyrolysis temperature, and duration all contribute to overall impact of these 

amendments on N cycling genes and N2O emissions (Lyu et al., 2022; Hassan et al., 2022; 

Abagandura et al., 2019; Xiao et al., 2019). Interestingly, the interaction between biochar and 

compost, and soil microbiological and chemical properties may have variable implications on the 

community composition of N-cycling genes and microbes (Xiao et al., 2019; Ouyang et al., 

2018). Moreover, while research suggests that microbial abundances are closely linked to 

enzymatic activity (Chen and Sinsabaugh, 2020; Ouyang et al., 2018), the response of N-cycling 

genes and N2O emission to biochar and compost has varied between farming and cropping 

systems (Xie et al., 2021; Liu et al., 2019; Sorrenti et al., 2017). Moreover, it is evident from the 

existing literature that a comprehensive approach is necessary to integrate conservation and 

nature-based solutions with agroecosystem-specific management strategies. The development of 

holistic approaches to managing N cycling in agricultural soils could minimize negative 

environmental stressors, and potentially mitigate human health consequences. We hypothesize 

thar N2O emissions will be higher from soil amended with chemical N fertilizers  compared to 

other soil treatments. 

 

The effects of management practices on soil N-cycling and N-cycling microbes are not fully 

understood. In particular, the linkages between management practices, such as biochar and 
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compost, and their impact on N cycling in no-till farming systems remain unclear in the 

Southeastern U.S. Upper Coastal Plains. Hence, the objectives of this study were to 1) identify 

the influence of amendment on soil N dynamics within no-till farming, 2) determine the impact 

of amendments on the abundances of N-cycling functional genes, and 3) determine whether the 

abundances of N-cycling microbes are related to soil N2O emission. Our study highlights the 

need for further research to better understand the linkages between N-transforming microbes and 

N transformations in agricultural soils, in order to develop effective sustainability strategies. 

 

MATERIALS AND METHODS 

 

Study Site and Soil Collection 

          Soils were collected over a one-year period during the 2021-2022 growing season from a 

long-term field experiment under no-till management (NT) at the Center for Environmental 

Farming Systems (CEFS) (35°22'55.2"N 78°02'14.8"W) in Goldsboro, North Carolina, USA. 

The experiment was under a no-till with cover crop rotation: Corn (spring/summer 2020), 

sorghum (spring/summer 2021), rye-radish (fall/winter 2022), and corn (spring/summer 2022). 

The soil was classified as Wickham series (fine-loamy, mixed, semiactive, thermic Typic 

Hapludults). Soil samples were collected at 4 time periods: November 2021, April 2022, August 

2022, and December 2022, respectively, at a depth of 15 cm.  

 

Experimental Design 

         The long-term field experiment was a randomized complete block design with 4 

replications to study the effect of management practice (biochar or compost) on nitrogen (N) 
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transforming microbes under no-till farming systems in the USA Upper Coastal Plains. The 

factors studied included CK (no nitrogen-N), FERT (120 kg N ha-1), BC (120 kg N ha-1 + 30 t ha-

1 of biochar), and COMP (120 kg N ha-1 + 75 t ha-1 of compost). Biochar amendments were 

wood-based (pine tree) and possessed 71% carbon content (CharGrow, Asheville, NC). Compost 

amendments were derived from municipal leaf litter and possessed 28% carbon content (Brookes 

Compost, Chatham County, NC). Biochar and compost were applied at different rates (w/w) but 

were equal in carbon (C) equivalents. Biochar and compost were applied during a one-time 

application in April 2021. Inherent topsoil NO3-N, plant available P, and K values were obtained 

through pre-planting soil test. Nitrogen was applied annually as ammonium nitrate (34-0-0) (30 

kg ha-1 at planting, and 90 kg ha-1 as sidedress).  

 

Soil Processing and Analyses 

          For each treatment, soil samples (ca. 10 cores of 2.5 cm diameter) were collected from 

each plot and mixed to form a composited sample. Following soil collection, each soil sample 

was sieved through a 2 mm to remove all visible residues and plant roots. Subsamples (~50 g) 

were then taken immediately and stored at -20℃ for soil DNA analyses. The bulk of soil 

samples were stored at 4℃  and subjected to chemical and microbial analyses, which were 

conducted within two weeks. Soil pH was measured in a soil-water slurry (1:1, soil/water ratio) 

using a pH meter 430 (Corning, Corning, New York). Soil extractable organic C (SEOC) and 

inorganic N (NH4
+-N and NO3

−-N) were estimated using the methods described in Zhang et al. 

2022. Microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) were 

determined using a fumigation−extraction method described in Qiu et al., 2019. Microbial 

respiration and net N-mineralization were determined using a modified incubation-extraction 
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method (Alef and Nannipieri, 1995). The acetylene inhibition technique was used to quantify 

microbial denitrification potential from soil samples (Dalsgaard and Bak, 1992). Approximately 

22 ml of acetylene was added to incubation jars that each contained 20 g of soil. The added 

acetylene inhibits the reduction of N2O to N2 so that the denitrification detected was the 

denitrification potential. The jars were flushed in N2, then five gas samples were taken over a 6-

hour incubation period. Total carbon (%) was determined by the Environmental and Agricultural 

Testing Service Laboratory at North Carolina State University. 

 

Abundance of N-cycling Functional Genes in RECIPIENT Compartment Soil. 

To investigate how agroecosystem and AMF or plant roots affect N-transforming 

microbes and N-transformations, copy numbers of key genes involved in NO3
- production (AOA 

amoA and AOB amoA), N2O production (nirK and nirS), and N2O consumption (nosZ) were 

quantified.  The utility of nirK/nirS or nirS/nirK, and (nirK + nirS)/nosZ gene in approximating 

the relative composition of the denitrifying community and estimating soil N2O production 

capacity has been well-demonstrated (Zhang et al. 2022; Yang et al., 2018; Hu et al., 2015; Jones 

et al., 2014; Bender et al., 2014). DNA extraction was performed on 0.25 g of soil using Qiagen 

PowerSoil DNA Isolation Kit (cat. no. 47016; Qiagen, CA, USA). The copy numbers of AOA 

amoA and AOB amoA, nirK, nirS, and nosZ were determined using a QuantStudio™ 6 Flex 

Real-Time PCR System (Applied Biosystems, Foster, California). Final qPCR volume was 20 

μL with 1 μL  of template DNA, 10 μL  of 2 × SsoAdvanced Universal Inhibitor-Tolerant SYBR 

Green Supermix (Bio-Rad, Hercules, CA, USA), 7 μL  of nuclease-free water, and 1 μL  of each 

primer (10 μM each). All qPCR assays were performed in triplicate and included negative 

controls without template DNA. Standard curves were generated using an, at minimum, 5-point 
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dilution series ranging between 109 – 101
 copies of ZIKA Spike gBlocks™ Gene Fragment. The 

qPCR efficiencies (%) and robusticities (R2) for N-cycling genes ranged from 116% to 139% and 

0.901 to 0.999, respectively. DNA standards consisted of a synthetic DNA fragment with primer-

specific amplicons for each N-cycling gene (IDT gBlocks™ Gene Fragments). Primer pairs were 

systematically optimized for qPCR performance using the aforementioned synthetic DNA 

fragments.  (See Chapter 2: N-cycling Gene Blocks: A New Method for Quantifying N-

transforming Soil Microbes in Agricultural Ecosystems for details). 

 

Statistical Analysis. 

All datasets were analyzed using JMP Pro 17 (SAS Institute, 2023). The Levene’s test 

was performed for treatments to assess homoscedasticity of variance. Mixed model procedures 

were performed with random effects: rep, rep × treatment; fixed effects: treatment. The treatment 

levels were CK (no nitrogen-N), FERT (120 kg N ha-1), BC (120 kg N ha-1 + 30 t ha-1 of 

biochar), and COMP (120 kg N ha-1 + 75 t ha-1 of compost). Treatment effects were compared  

by pairwise comparisons of least square means using Tukey-Kramer HSD. Multivariate analysis 

and pairwise correlations were used to ascertain relationships between N-transforming genes and 

treatments. Repeated measure analysis using a mixed methods approach was performed on gene 

abundances to test the effects of treatment, sampling time, and their interaction (sampling time × 

treatment) over time. 
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RESULTS 

 

Impact of Sampling Period on soil microbiological and Chemical Properties 

         The repeated measures analysis revealed that MBC significantly decreased following 

sampling period (SP) 1 (SP 1 > SP 2-4), and that MBN was higher in SP 1 compared to SP 4 (p = 

0.0570). The ratio of MBC:MBN significantly decreased following SP 2 (SP 1 & 2 > SP 3 & 4). 

Moreover, respiration and net-N mineralization significantly decreased following SP 3 (SP 1-3 > 

SP 4). However, average soil pH significantly decreased after every SP (soil pH in SP 1 = 6.12; 

SP 2 = 5.73; SP 3 = 5.58; SP 4 = 5.45). 

          Our analysis revealed that the highest average net N-mineralization was exhibited by 

COMP and FERT soils during SP 2 (4.48 and 4.45 mg N kg-1, respectively), and the lowest by 

BC soils during SP 1 (1.12 mg N kg-1). Our analysis revealed that the highest average soil pH 

was exhibited by COMP soils during SP 2 (soil pH = 6.43), and the lowest by FERT soils during 

SP 3 (soil pH = 5.24).  

       In terms of N-cycling genes, AOA amoA significantly increased following SP 2 (SP 1 & 2 < 

SP 3 & 4). However, AOB amoA significantly increased following SP 1 (SP 1 < SP 2-4). 

While nirK remained unchanged across all SPs (SP 1 = SP 2 = SP 3 = SP 4), nirS increased 

across SPs (SP 1 ≤ SP 2 ≤ SP 3 = SP 4), and nosZ decreased after SP 2 (SP 1 ≥ SP 2  ≥ SP 3 = SP 

4).  

Likewise, while nirK + nirS/nosZ remained unchanged across all SPs (SP 1 = SP 2 = SP 3 = SP 

4), nirK/nirS decreased after SP 2 ( SP 1 & 2 > SP 3 & 4). Researchers have used changes in the 

relative composition of nirK, nirS and nosZ as an indicator of community shift and as a tool to 

predict N2O emissions (Wang and Zou, 2022). 
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Effects of Treatment (CK, FERT, BC, COMP) on Net N-Mineralization, Respiration, 

Microbial Biomass C and N, Soil pH, and Total Carbon (%) 

          The overall average effects of treatment on soil microbiological and chemical properties 

were assessed across all four sampling periods (one-year). Net N-mineralization was 

significantly lower in COMP soils, compared to the no fertilizer control (CK) soils (Table 5.1 

and Table 5.2). Additionally, respiration did not significantly differ among treatments. While 

MBN did not differ significantly among treatments, MBC was significantly lower in BC soils 

compared to CK soils. Despite differences in MBC among treatments, MBC:MBN did not differ 

significantly among experiments (Table 5.1 and Table 5.2). Our results reveal that COMP soils 

had significantly higher soil pH values compared to all other treatment soils. Although soil pH in 

the BC soils was significantly lower than the COMP soils, soil pH values for the FERT and CK 

soils were significantly lower than BC soils (Table 5.1 and Table 5.2). Compared to the CK and 

FERT soils, COMP soils possessed significantly higher total carbon (%) content (data not 

shown). Total carbon (%) was highest in COMP and BC soils (1.76% and 1.67%, respectively), 

and lowest in CK and FERT soils (1.50% and 1.49%, respectively).  

 

Abundances of Nitrification and Denitrification Functional Genes 

          There were no significant differences in gene abundances (AOA amoA and AOB amoA, 

nirK, nirS, and nosZ) between sampling periods (0.2307 ≤  p ≤ 0.8345, nor across sampling 

periods (0.3185 ≤  p ≤ 0.8438). Overall, with the exception of AOA amoA, all gene abundances 

were higher in BC soils and COMP soils, compared to the CK soil. While the same was observed 

for FERT soils, the gene abundance was often lower compared to BC and COMP soils. Across 



   

170 

 

all treatments and sampling periods, the gene abundances observed for nirK were between two 

and three order of magnitudes larger than those observed for nirS. Moreover, the abundance of 

nosZ (Clade I) genes were on average 4 magnitudes smaller than nirK (Table 5.3). The 

abundance of nirK genes remained relatively stable across all sampling times for all treatments. 

However, our results show that nirS gene abundance increased over time for all treatments 

(Table 5.3). Overall, BC soils (n=4, p < 0.10) were more positively correlated with N-cycling 

gene abundances than COMP soils (n=2, p < 0.10) (Table 5.4 and Figure 5.1). However, COMP 

soils had stronger positive correlations with AOB amoA (p < .0001) and nirS (p < 0.0005) genes. 

Despite their differences, all genes shared a significant correlation with AOB amoA (p ≤ 0.0248) 

and nirS (p ≤ 0.06) genes (Table 5.4). Moreover, BC soils were the only treatment soil that 

exhibited a weak, yet arguably significant, positive correlation with nosZ ( p = 0.0688) (Table 

5.4).  

 

Effect of Treatments on Community Composition of Microbial Communities 

          When averaged across all sample periods, the ratio of nirK/nirS in COMP soils were lower 

than observed in BC soils. Compared to the control, biochar and compost decreased the ratio of 

nirK/nirS by 6% and 18%, respectively (Table 5.3).  However, compared to the control, biochar 

and compost decreased the ratio of  nirK+nirS/nosZ by 9.4% and 10.8%, respectively (Table 

5.3). Conversely, fertilizer in the FERT soils increased the ratio of  nirK+nirS/nosZ by 6.8%, and 

decreased the ratio of nirK/nirS by 58.6%, compared to the control.  
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Denitrification Potential and N2O Emissions 

          Denitrification potential was quantified for treatment from sampling period 1. We 

observed significant differences in acetylene-induced denitrification (N2O in ug ml-1) among 

treatments (p = 0.0089). We found that the N2O emissions from treatments decreased with N 

supply, where FERT = COMP > BC > CK (Figure 5.2) 

 

 

DISCUSSION 

          Our results showed that treatment factors (FERT, BC, and COMP) did not significantly 

impact the abundance of N-cycling genes (Table 5.2). Thus, contrary to our hypothesis, BC soils 

did not possess higher gene abundances than COMP soils, and the ratio of nirK/nirS was not 

larger for COMP soils when compared to BC soils. However, as predicted, we found that BC 

soils (n=4, p < 0.10) were more positively correlated with N-cycling gene abundances than 

COMP soils (n=2, p < 0.10) (Table 5.4 and Figure 5.1). Interestingly, we found that average nirK 

remained unchanged across all SPs, while average nirS increased across SPs. Similarly, while 

average (nirK + nirS)/nosZ remained unchanged across all SPs, average nirK/nirS decreased over 

time.  

Thus, the resilience of nirK gene abundances to treatment-induced stressors, and net zero effect 

of (nirK + nirS)/nosZ when averaged across all treatments and SPs, suggests the impact of long-

term farming systems on soil N-cycling microbes may be stronger than one-time carbon 

amendment application. Similarly, the differences in the ratios of nirK/nirS and (nirK + 

nirS)/nosZ over time among treatments suggests that management practice had short-term 

impacts on microbial community composition. Overall, our findings illustrate the importance of 
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long-term accumulation in organic C and the associated changes in soil physiochemical 

properties on N-cycling microbe communities. 

 

While there were no significant differences in gene abundance among treatments, the trends 

within treatments and across SPs might suggest a short-term effect of management practice on 

the no-till farming system. As briefly mentioned in the introduction of this chapter, cropping 

system has been shown to significantly affect the response of denitrification (nirK, nirS and 

nosZ) and nitrification (AOA amoA and AOB amoA) gene abundances to N fertilization. 

Additionally, no-till cropping systems have been shown to significantly decrease gene 

abundances of nirS and nirK, but increase abundances of nosZ genes (Wang et al., 2021). 

Conversely, other studies suggests that no-till farming produces a higher ratio of 

(nirK + nirS)/nosZ, which is indicative of a greater abundance of the N2O-producing microbial 

communities, and likely, higher N2O gas emissions (Wang and Zou, 2022). While the ratios of 

(nirK + nirS)/nosZ were large for each treatment, they also varied greatly between SPs (Table 

5.3). This may further explain the lack of significant differences between treatments. Biochar has 

been shown to decrease N2O emissions by enhancing the biological processes that promote N2O 

reduction (nosZ gene) (Wang et al., 2022; Zhou et al., 2021). Our results revealed that basal 

denitrification was significantly lower in BC soils compared to FERT soils. This suggests that it 

is not possible to accurately predict N2O emissions based solely on the total abundance of N-

cycling microbes. Furthermore, with the exception of nirK, the BC soils were positively 

correlated with each N-cycling gene (p ≤ 0.688) (Table 5.4 and Figure 5.1). Despite strong 

positive correlation with biochar-amended soils and gene abundance, the effect of farming 

system was likely to robust to be altered in the short-term by management practice. It is more 
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likely that duration of treatment is a driver of microbial community composition in long-term, 

no-till farming systems. Thus, our finding suggests that biochar and compost amendments might 

reduce N2O emission in the short-term, but only have incremental influences on gene abundance 

over time. 

 

Previous reported effects of no-till management practices on N-cycling genes have been 

inconsistent (Hu et al., 2021, Wang et al., 2021; Segal et al., 2017; Tatti et al., 2015). However, 

studies have shown that nirK genes were higher under cover crops, specifically cereal rye, and 

positively correlated with soil moisture (Bowen et al., 2018). Interestingly, Bowen et al. (2018) 

reported that nirS gene abundance was largely unaffected by either cover crop or soil moisture, 

but was positively correlated with soil pH. In this study, soil samples were collected after rainfall 

events. Additionally, research field records revealed that cereal rye had been used as a cover crop 

for over a decade. It is plausible to conclude that the large nirK values observed across 

treatments were result of a farming system effect developed by long-term management practices. 

Moreover, the nirK primer set (nirK876/1040R) has been shown to be less effective at detecting 

a significant treatment effect under N fertilization (Ouyang et al., 2018). Taken together, it is 

likely that the short-term effects presented by the experimental treatments were insufficient to 

alter the community of nirK-type denitrifiers or too small to be detected using the primer set 

(nirK876/1040R).  

 

Although N fertilization has been shown to increase the abundance of AOA amoA, AOB amoA, 

nirK, nirS, and nosZ (Ouyang et al., 2018), other studies suggest that the effect of N additions on 

N-cycling gene abundance might be ecosystem dependent (Dong et al., 2022). For example, 



   

174 

 

Xiao et al. (2019) showed that AOB amoA abundance notably increased in fields that had a crop 

rotation, received both inorganic N and organic N, and had a higher soil pH (7 to 8), but crop 

rotation had a stronger effect on the abundances of nirK, nirS and nosZ. Additionally, both soil 

pH has been shown significantly affect the response of nirS and nosZ to N fertilization. For 

example, Ouyang et al, (2018) report that nirS and nosZ gene abundances were enhanced under 

conditions where soil pH > 8. It is possible that soil acidification decreased soil microbial 

activity and lowered N-cycling gene abundances. For example, Ouyang et al. (2019) found that 

soil pH was positively correlated with AOA amoA, AOB amoA, nirS, nosZ but not nirK. In our 

study, soil pH was negatively correlated with AOB amoA (p = 0.0351) in BC soils and AOB 

amoA (p = 0.0117) and nirS (p = 0.0424) in COMP soils. Since functional communities have 

unique optimum pH ranges, soil microbial biomass may be reduced (via various factors) as soil 

pH decreases to ~5 (Dong et al., 2022; Patra et al., 2021; Wang et al., 2018A; Aciego Pietri and 

Brookes, 2008). In their study, Xiao et al. (2019) showed that organic N and soil pH (> 6) 

significantly increased AOA amoA abundance.  It is possible that acidic soil conditions (pH level 

less than 6.5), and subsequent decreases in soil pH over time, dampened the differences in gene 

abundances among the treatments. Taken together, these results suggest that the “farming system 

effect” was indirectly enhanced and/or suppressed by biochar and compost treatments. However, 

the effect of N-fertilization on soil pH was likely confounded by the presence of SOC within the 

cropping system. Our results revealed that while MBC was slightly larger in BC soils compared 

to COMP soils, net N-mineralization and soil pH were significantly higher in COMP soils. For 

example, increases in soil pH have been shown to reduce emission product ratio of 

denitrification (N2O/(N2+N2O), which reduced N2O emissions, (Wang et al., 2018B; Firestone 

and Davidson, 1989) and change nosZ gene abundance (Wang et al., 2022; Yu et al., 2020). In 
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the presence of N supply, labile soil C has been shown to significantly increase the abundance of 

denitrifier genes. While crop residue biochar has been shown to possess high amounts of labile 

C, the wood-based biochar used in this study contains considerably lower amounts of labile C, 

and consequently lower SOC (Wang et al., 2022). Moreover, TC was higher for COMP soils 

compared to BC soils. Taken together, it is likely the slightly higher gene abundances observed 

in COMP soils compared to BC soils were attributed to the short-term effects of higher soil labile 

C, sufficient N-supply, and improved soil pH. 

 

In summation, the temporal dynamics presented within this study present valuable insights into 

the effects of biochar and compost on N-cycling microbes (as quantified by their functional 

genes) in no-till farming systems in the Southeastern Upper Coastal Plains. While there were no 

significant differences in gene abundances among treatments, we correctly predicted that 

biochar-amended treatments would be more positively correlated with gene abundances than 

compost-amended treatments. In a similar study, Yuan et al. (2017) found that the short-term 

effects of biochar and compost on soil samples may not necessarily reflect their long-term 

impacts. This was based on their 120-d laboratory incubation experiment using soil samples from 

the same research site. Interestingly, the researchers found that the compost mixture of chicken 

manure and biochar was more effective at regulating N cycling genes and reducing peak N2O 

emissions compared to chicken manure compost alone. However, the researchers cautioned that 

the freshness of amendments could alter physical and chemical properties, which could impact 

the long-term outcomes. Although applications of compost and biochar did not significantly alter 

the gene abundances of denitrifying microbes, we observed a decrease in the ratio of N2O-

producing to N2O-consuming microbes as reflected by (nirK+nirS)/nosZ. This decrease may 
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have contributed to the decreased N2O emissions in COMP and BC soils. Since compost and 

biochar additions also increased soil pH, it is likely that compost and biochar may affect soil 

N2O emissions directly by modifying the denitrifier community composition and indirectly by 

enhancing soil pH that influences the activities of N2O reductase. Further research should be 

conducted to better understand the impact of microbial community composition on soil N2O 

emissions from no-till farming systems in the USA Upper Coastal Plains.  
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Table 5.1. Comparison of Net N-Mineralization, Respiration, Microbial Biomass N, Microbial Biomass C,  Microbial Biomass C:N 

Ratio, and Soil pH among CK, FERT, BC, and COMP treatments.a 
        

  
Net N-Mineralization 

(mg N kg-1) 

Respiration 

(mg CO2 kg-1 d-1) 

MBC 

(mg C kg-1) 

MBN 

(mg N kg-1) 
MBC:MBN Soil pH 

 

CK 

soil 
2.33 ± 0.20b 24.28 ± 2.88a 221.26 ± 24.0a 30.01 ± 2.90a 8.85 ± 1.30a 5.54 ± 0.073bc 

 

FERT 

soil 
3.00 ± 0.18ab 24.82 ± 2.79a 199.47 ± 23.4ab 28.69 ± 2.84a 8.61a ± 1.25a 5.51 ± 0.076c 

 

BC 

soil 
2.38 ± 0.18b 24.22 ± 2.79a 167.95 ± 23.43a 26.67 ± 2.84a 6.48a ± 1.25a 5.70 ± 0.073b 

 
COMP 

soil 
3.27 ± 0.20a 26.32 ± 2.88a 176.63 ± 24.0ab 32.19 ± 2.90a 5.68a ± 1.30a 6.11 ± 0.079a 

 
 

aDifferent letters among the treatments indicated the significance at 0.05 level, Tukey-Kramer HSD test. 
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Table 5.2. Results (F-Values) of Mixed Model for the Effects of Agroecosystem (CK, FERT, 

BC, and COMP) on Soil and Microbial Parameters. 

sources treatment p-value 

d.f. 3  

MBC 4.73* 0.0301 

MBN 0.36 0.3596 

MBC:MBN 1.66 0.2423 

net N-mineralization 9.53** 0.0037 

respiration 0.45 0.7252 

pH 54.04*** <.0001 

total carbon (%) 5.60* 0.022 

amoA AOA 0.27 0.8438 

amoA AOB 0.32 0.3185 

nirK 1.02 0.4262 

nirS 0.96 0.4532 

nosZ 0.23 0.8735 

nirK/nirS 0.52 0.6805 

nirS/nirK 1.31 0.4362 

(nirK+nirS)/nosZ 0.83 0.5106 

ad.f., degrees of freedom. Significant effects: *0.01 < P ≤ 0.05; **0.001 < P ≤ 0.01; ***P ≤ 0.001. AMF, 

arbuscular mycorrhizae fungi; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; 

AOA, ammonium oxidizing archaea; AOB, ammonium oxidizing bacteria. 
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Table 5.3. Averages of Gene Abundances and Denitrifier Gene Ratios for the Effects of Treatment (CK, FERT, BC, and COMP) by 

Soil Sampling Period. 

aValues in natural log. Bolded numbers denote the highest abundance for that gene among all treatments within the sampling period. AOA, 

ammonium oxidizing archaea; AOB, ammonium oxidizing bacteria. 

Sampling Period 1 (11/23/2021) Sampling Period 2 (4/29/2022) 

 CK FERT BC COMP    CK FERT BC COMP  
AOA amoAa 12.4 12.6 12.5 12.7  AOA amoAa 12.61 12.52 12.56 12.73  
AOB amoAa 9.3 9.9 10.4 9.9  AOB amoAa 10.22 10.41 10.82 10.41  
nirKa 18.0 20.4 20.5 20.3  nirKa 20.42 20.31 20.57 20.65  
nirSa 14.0 15.1 14.9 14.7  nirSa 14.71 15.22 15.00 15.11  
nosZa 11.5 10.6 11.4 11.1  nosZa 10.78 11.03 10.74 10.81  
nirK/nirS 307.9 211.7 299.5 368.9  nirK/nirS 452.6 169.5 294.2 282.6  
(nirK+nirS)/nosZ 9867.6 25,171.9 14,917.3 16,007.5  (nirK+nirS)/nosZa 22,236.9 16,350.5 21,287.5 32,458.2  
 

            

Sampling Period 3 (8/25/2022) Sampling Period 4 (12/7/2022) 

 CK FERT BC COMP    CK FERT BC COMP  
AOA amoAa 13.11 13.11 12.90 13.26  AOA amoAa 13.59 12.90 13.50 12.89  
AOB amoAa 10.82 10.77 11.13 11.02  AOB amoAa 10.67 10.95 11.09 10.96  
nirKa 20.40 20.38 20.50 20.28  nirKa 20.57 20.51 20.39 20.42  
nirSa 15.36 15.55 15.33 15.60  nirSa 15.55 15.71 15.50 15.64  
nosZa 10.73 9.83 10.63 10.63  nosZa 10.15 10.87 10.25 10.57  
nirK/nirS 160.1 128.1 204.3 112.0  nirK/nirS 159.7 122.4 145.9 132.9  
(nirK+nirS)/nosZa 23,425.2 48,234.9 24,764.4 19,549.8  (nirK+nirS)/nosZa 42,928.0 18,329.5 31,512.0 21,140.4  
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Table 5.4. Linear Equations, Coefficient of Correlations (r2), F-value, and p-value for the 

Relationship Between Treatments (CK, FERT, BC, and COMP) and N-Cycling Genes (AOA 

amoA and AOB amoA, nirK, nirS, and nosZ) across All Sampling Periods.a 

a Variable "x" denotes the sampling date (time);”y” denotes Log[N-cycling gene] (DNA copies g-1 soil). 

Significant effects: *0.01 < P ≤ 0.05; **0.001 < P ≤ 0.01; ***P ≤ 0.001

  
  Linear equation R2 F Value p-value 

  

CK 

AOA amoA** y = -70.98 + 2.248E-8x 0.36 6.76 0.0232 

AOB amoA y = -78.65 + 2.383E-8x 0.26 4.31 0.0600 

nirK y = 27.83 - 1.956E-9x 0.01 0.16 0.7000 

nirS* y = -84.98 + 2.678E-8x 0.32 5.61 0.0354 
 nosZ* y = 149.2 - 3.701E-8x 0.06 5.12 0.0431 
      

FERT 

AOA amoA y = -31.96 + 1.197E-8x 0.09 1.47 0.2457 

AOB amoA* y = -112.4 + 3.287E-8x 0.31 6.32 0.0248 

nirK y = 4 + 4.384E-9x 0.03 0.46 0.5096 

nirS* y = -62.51 + 2.084E-8x 0.37 8.39 0.0117 

 nosZ y = 23.19 - 3.374E-9x 0 0.04 0.8470 

 
     

BC 

AOA amoA* y = -93.55 + 2.85E-8x 0.32 6.61 0.0222 

AOB amoA** y = -70.17 + 2.168E-8x 0.46 11.82 0.0040 

nirK y = 26.91 - 1.722E-9x 0.01 0.08 0.7803 

nirS y = -57.05 + 1.932E-8x 0.23 4.23 0.0589 
 nosZ y = 135.2 - 3.329E-8x 0.22 3.89 0.0688 
      

COMP 

AOA amoA y = -27.97 + 1.093E-8x 0.12 1.79 0.2038 

AOB amoA*** y = -127 + 3.681E-8x 0.78 50.45 <.0001 

nirK y = 25.12 - 1.255E-9x 0 0.02 0.8803 

nirS**  y = -89.15 + 2.794E-8x 0.62 20.96 0.0005 

 nosZ y = 96.59 - 2.294E-8x 0.01 2.06 0.1744 
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Figure 5.1.  AOA amoA(a), AOB amoA (b), and nirS gene abundances (c) relationship with 

treatments (CK, FERT, BC, and COMP) across all sampling periods (n=4) (.0001 ≤  p ≤ 0.0333). 

CK, control, FERT, fertilizer, BC, biochar, COMP, compost.
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Figure 5.2 Denitrification rate (N2O in ug ml-1) among experimental treatments across a six-hour (laboratory) incubation. Bars with 

different letters are statistically different (p ≤ 0.05).  Fertilizer = FERT, Compost = COMP, Biochar = BC, Control = CK. The “Blank” 

denotes a negative control that contained N2 gas as the analyte.
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CHAPTER 6 

Agricultural Biotechnology In Our Evolving Food, Energy, and Water Systems 

 

INTRODUCTION 

In this chapter, we propose a policy platform that will enable the public-at-large to "share 

regulatory space” with members of the public whose opinions on biotechnology are unknown or 

systematically overlooked (non-traditional audiences). Biotechnology is constantly evolving, and 

its iterative nature presents notable implications for the U.S. bioeconomy. Biotechnology 

regulations have struggled to strike a balance between public transparency and commercial 

interest. In response, we established collaboration between the Federation of American Scientists 

(FAS), Issues in Science and Technology Journal (IST), and the Genetic Engineering an Society 

Center to create three deliverables: 1) A letter to the editor on a forum titled, “Regulations for the 

Bioeconomy”, 2) a policy memorandum on increasing public engagement in the regulation of 

bioeconomy products, and 3) an full journal publication on the importance of public engagement 

for the present, and future.  
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PART ONE: Letter to the Editor on “Racing to Be First to Be Second” 
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PART TWO: Public Engagement Policy Memorandum 
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PART THREE: What Do Bitter Greens Mean to the Public? 
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