
 

 

ABSTRACT 

 

RAMOTOWSKI, DAVID JOSEPH. The Effects of Nitrification Inhibitors on Nitrification and 

Associated Microbial Functional Guilds, Diversity, and Function. (Under the direction of Dr. 

Wei Shi).  

 

Nitrate is a major source of N nutrition for plant production, yet it is prone to losses from 

the soil via leaching and denitrification.  Chemicals that inhibit biological NO3 production, 

known as nitrification inhibitors (NIs) or N stabilizers, can be used to minimize soil NO3 

accumulation; however, their efficacy and non-target effects vary. This experiment aimed to 

gauge the effectiveness of two NIs (VLS, an experimental NI from Verdesian Life Sciences and 

Instinct II, a commercially available NI from Corteva Agriscience) in inhibiting soil nitrification 

as well as influences on target and non-target microbial diversity and composition.  Two 

Hastings Silt loams of different acidities from southern Seward County, NE were evaluated in a 

microcosm incubation experiment over 63 days.  There were eight treatments:  Low and 

optimum pH control soils; soils plus (NH4)2SO4 at 60 µg N g-1; soils with one of the two NIs at 4 

µg nitrapyrin g-1; and soils with (NH4)2SO4 at 60 µg N g-1 plus one of the two NIs.  Soil samples 

were taken at days 0, 7, 14, 28, 42, and 63 to determine soil NH4 and NO3 concentrations.  

Potential rates of nitrification were also measured at each interval. At the end of incubation, soil 

DNA was extracted, and population sizes of microbial guilds involved in nitrification and 

denitrification were measured by quantitative PCR.  Marker-gene high-throughput sequencing 

was also conducted to probe bacterial and fungal community composition.
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INTRODUCTION 

The nitrogen cycle is one of the most important biogeochemical cycles as nitrogen is 

most often the primary limiting nutrient in agronomic systems.  Nitrate (NO3
-), one of the main 

plant available forms of nitrogen is highly prone to leaching from soil due to its negative charge 

resulting in reduced nutrient use efficiency and negative environmental impacts from 

eutrophication of excess nutrients in aquatic systems.  Nitrification, as shown by equation 1.3, 

links the most reduced and most oxidized components of the nitrogen cycle through sequential 

oxidation of ammonium (NH4
+) to NO2

- (equation 1.1) followed by further oxidation to NO3
- 

(equation 1.2) (Ward et al., 2011; Halling-Sorenson and Jorgensen, 1993).   

(1.1) 𝑁𝐻4
+ + 1.5 𝑂2 → 2 𝐻+ + 𝐻2𝑂 + 𝑁𝑂2

−  

(1.2) 𝑁𝑂2
− + 0.5 𝑂2 → 𝑁𝑂3

−  

(1.3) 𝑁𝐻4
+ + 𝑂2 → 𝑁𝑂3

− + 2 𝐻+ + 𝐻2𝑂 

Nitrification is performed by species of ammonia-oxidizing bacteria (AOB) and nitrite-

oxidizing bacteria (NOB) discovered over a century ago by Sergei Winogradsky (1890) through 

his studies on environmental microorganisms.  The two most studied bacterial genera in 

biological nitrification are Nitrosomonas and Nitrobacter, two autotrophic organisms deriving 

energy from oxidation of inorganic nitrogen compounds as shown in equations 1.1 and 1.2 

representing the actions of Nitrosomonas and Nitrobacter respectively (Halling-Sorenson and 

Jorgensen, 1993).  Ammonia-oxidizing archaea (AOA) has also been found to be prevalent in 

soils since its discovery in marine environments (Venter et al., 2004; Konneke et al., 2005; Stahl 

et al., 2005; Treusch et al., 2005; Ward et al., 2011).  AOA and AOB are considered to be jointly 

involved in the nitrification process with greater contributions from AOA in acidic soils (Zhang 

et al., 2012).  However, the role of AOA in the oxidation of NH4
+ to NO2

- and its properties are 
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unclear (Zhang et al., 2012).  In particular, questions on the production of nitrous oxide (N2O), 

whether AOA are autotrophic, and the extent that AOA contributes to nitrification in natural and 

agricultural ecosystems remain to be answered (Ward et al., 2011).   

Nitrogen loss in the form of NO3
- is a persistent issue in agronomic systems worldwide, 

most of which use large amounts of nitrogen fertilizer for increasing yields to feed a growing 

global population.  Microbial assimilation of NO3
- is an important biological process to help 

retain N in soil, but process rates tend to be low in C-limited and yet N-sufficient agronomic 

systems (Shi and Norton, 2000).  As such, soil NO3
- that is surplus to plant uptake requirements 

may eventually be lost through leaching, surface runoff, and emissions of nitrogen gases 

generated from denitrification.   

Plant uptake of NO3
- uses four times as much energy compared to NH4

+ uptake (20 mol 

ATP mol-1 NO3
- vs. 5 mol ATP mol-1 NO3

-) meaning that NH4
+ is more favorable in terms of 

energy efficiency (Chaillou, 1986).  However, exclusive use of NH4
+ as a nitrogen source is not 

preferred because of associated issues of soil acidification, accumulation of toxic metals, and 

competitive inhibition of plant uptake of potassium (ten Hoopen et al., 2010).  Nitrate is an 

indispensable source of nitrogen because it can also serve as an electron scavenger to alleviate 

light stress caused by an overflow of reducing power during photosynthesis (Marschner, 2011).  

Nevertheless, soil NO3
- supply needs to be synchronous with the crop uptake to mitigate the 

potential of loss via leaching, runoff, and denitrification.  However, this is an extreme challenge 

given the abundant presence of ammonia oxidizing bacteria and archaea in agricultural soils and 

thus the rapid oxidation rate from ammonium to nitrate.  A nitrogen stabilizer, also referred to as 

a nitrification inhibitor, has long been used to temporarily inhibit soil nitrification when plant 

nitrogen uptake is insignificant.  However, the efficacy of a nitrogen stabilizer and its impacts on 
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soil biological processes need to be evaluated comprehensively prior to widespread use in 

agricultural lands. 

Historical Background of Nitrogen Stabilizers 

 On October 13, 1908, a German chemist named Fritz Haber changed world agriculture 

forever through submission of a patent for the synthesis of ammonia through the reaction of 

dinitrogen (N2) with hydrogen in the presence of iron under high pressure and temperature 

(Haber, 1920; Sutton et al., 2008).  This process, known as the Haber-Bosch process following 

development on an industrial scale by Carl Bosch has allowed for significant global population 

growth with the number of humans supported per hectare of agricultural land estimated to risen 

from 1.9 to 4.3 persons ha-1 between 1908 and 2008 (Sutton et al., 2008).  Fritz Haber stated in 

his lecture following receipt of the Nobel Prize in Chemistry that his primary motivation for 

developing the Haber-Bosch Process was the growing demand for food and replacing nitrogen 

lost from fields with nitrogen supplies needing to increase from a few hundred thousand tons per 

year to millions of tons per year (Haber, 1920; Sutton et al., 2008).  This prediction turned out to 

be correct; industrial nitrogen fertilizer production was estimated at 150 mT in 2017 (+1.5% yr-1) 

with a corresponding doubling of reactive N inputs in soil over the past 50-100 years (Qiao et al., 

2015; Wendeborn, 2020).  As a result, in the century since the first anthropogenic synthesis of 

ammonia, losses of nitrogen from soil through volatilization, leaching, and denitrification have 

become a major environmental issue as rates of N fertilizer application routinely exceed crop 

withdrawal rates with an estimated 20-25% of fertilizer entering ground and surface waters 

following nitrification of the ammonia-based fertilizers to highly mobile NO3
- (Smil, 1999). 

To combat losses of nitrogen from soil through leaching as NO3
- following nitrification, 

chemicals known as nitrogen stabilizers or nitrification inhibitors have been developed with the 
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purpose of limiting the first step of nitrification, the conversion of NH4
+ to NO2

- (Woodward et 

al., 2019).  Nitrification inhibitors first emerged as a major group of agrichemicals in 1962 with 

the development of N-Serve (active ingredient: nitrapyrin) although nitrification inhibition 

through various other herbicides, insecticides, nematicides, and fungicides were known decades 

in advance (Prasad and Power, 1995).  Laboratory studies of nitrification inhibitors commenced 

in the 1960s followed by field trials conducted in the late 1960s and early 1970s (Prasad and 

Power, 1995).  On December 6, 1978, the American Society of Agronomy, the Crop Science 

Society of America, and the Soil Science Society of America jointly sponsored a symposium in 

Chicago, Ill titled Nitrification Inhibitors-Potentials and Limitations with the results published 

by Meisinger et al. in 1980.  One of the authors presenting at the symposium, Roland D. Hauck, 

argued that an ideal nitrification inhibitor should be mobile, persistent, and above all economical 

in use while also being nontoxic to other soil organisms and humans while moving with the 

fertilizer and nutrient solution (Hauck, 1972).  This factor has prevented most nitrogen stabilizers 

from reaching the field over the years with the origins of two of the most common nitrogen 

stabilizers, nitrapyrin and dicyandiamide (DCD) examined below (Prasad and Power, 1995). 

One of the most well-known active ingredients in nitrogen stabilizer formulations is 2-

chloro-6-(trichloromethyl)pyridine (C6H3Cl4N), known as nitrapyrin (Espin and Garcia-

Fernandez, 2014).  In 1962, the effectiveness of nitrapyrin was first demonstrated by C.A.I. 

Goring from the Agricultural Products Department of the Dow Chemical Company in Midland, 

MI with the US patent being granted in 1969 (Espin and Garcia-Fernandez, 2014).  Following 

the first registration of nitrapyrin as a nitrification inhibitor in 1974, several trademarks usually 

containing between 17 and 22.2% nitrapyrin as the active ingredient have been developed; these 

products are known commercially as N-Serve 24 and Instinct (Dow AgroSciences) and N-lock 
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nitrogen stabilizer (Makhteshim Agan of North America) (US EPA, 2005; Espin and Garcia-

Fernandez, 2014; Corteva Agriscience, 2015).  The product label for N-Serve indicates that 

nitrapyrin is non-water soluble, meaning that it must be applied with fertilizers such as 

anhydrous ammonia and dry ammonium fertilizers or it must be injected to a depth of 5-10 cm 

during fertilizer application (Espin and Garcia-Fernandez, 2014; Corteva Agriscience, 2015).  

Instinct II is a water-soluble microencapsulated formulation of nitrapyrin, which may be applied 

with liquid fertilizers, insecticides, herbicides, and water (Espin and Garcia-Fernandez, 2014; 

Corteva Agriscience, 2015).   

Applications of nitrapyrin and other nitrogen stabilizers with N fertilizer have the 

potential to increase profitability through increased nutrient use efficiency.  An experiment 

conducted by Randall and Vetsch (2005) measured the economic return of nitrogen fertilizer 

applied on corn in the fall with N-serve being measured at $42 ha-1 yr-1 greater than N fertilizer 

applied without N-serve.  Another study conducted by Qiao et al. in 2015 estimated the potential 

increased revenue for application of nitrogen stabilizers on a maize farm at $164 ha-1yr-1, 

representing an eight percent annual increase, although these benefits may not be universal and 

potential negative effects including increased NH3 emissions and risk of environmental 

contamination should be taken into account.  Nitrapyrin has achieved popularity exclusively in 

the United States due to its use as an additive to anhydrous NH3 in pre-winter application, which 

is a common practice in large areas of the United States (Zerulla et al., 2001). 

 The other major agrichemical used in nitrogen stabilizers worldwide is dicyandiamide 

(C2H4N4), known as DCD; first shown to affect plant growth by A.F. McGuinn in 1924.  During 

the 1980s considerable effort from ecologists, environmentalists, and agriculturalists was 

invested into reducing fertilizer N use due to increasing NO3
- concentrations in groundwater and 
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in response to increasing amounts of nonrenewable natural gas being used in its manufacture 

(Prasad and Power, 1995).  A technical workshop on DCD jointly sponsored by the National 

Fertilizer Development Center, the Tennessee Valley Authority at Muscle Shoals, Alabama; the 

International Fertilizer Development Center, Muscle Shoals, Alabama; and SKW Trostberg AG, 

West Germany was held on December 4-5, 1981 in Muscle Shoals Alabama with proceedings 

published by Hauck and Behnke (1981).  A second DCD workshop was held on December 4-5, 

1987 in Atlanta, Georgia with proceedings published as a special issue in Communications in 

Soil Science and Plant Analysis by Hauck et al. in 1989.  These conferences were attended by 

leading soil scientists, agronomists, and representatives from industry interested in DCD 

commercialization and served to summarize DCD research in different cropping systems (Hauck 

et al., 1989).  As a result of these research advancements made throughout the decade, DCD 

became more widely known as an alternative to nitrapyrin-containing nitrogen stabilizers with 

both agrichemicals being widely used up to the present day.   

The main advantages of DCD include reasonable cost, lower volatility, and the fact that it 

is water soluble, allowing application of DCD with urea-based and other liquid fertilizers 

(Zaman et al., 2009).  These fertilizers, particularly urea, are more commonly used in developing 

countries due to their lower cost and as a result, DCD may be a more convenient nitrogen 

stabilizer for use in these areas.  However, DCD is too expensive for use in large-scale 

agriculture and horticulture due to its low efficiency requiring applications of 15-30 kg ha-1 

regardless of the amount of nitrogen in the form of animal slurry applied (Solansky, 1982; 

Zerulla et al., 2001).  DCD also does not appear to adversely affect non-targeted 

microorganisms, which is an important consideration when maintaining soil quality and 

microbial diversity and function is a major concern along with minimizing adverse 
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environmental impacts associated with ongoing land use intensification (O’Callaghan et al., 

2010).  The popularity of DCD is highest in Europe in contrast to nitrapyrin being dominant in 

the United States (Zerulla et al., 2001). 

 In more recent times, a new nitrification inhibitor, 3,4-dimethylpyrazole phosphate 

(DMPP) has been developed by BASF with the potential to significantly reduce NO3
- leaching, 

without being vulnerable to leaching itself, which is a major drawback of nitrapyrin and DCD 

along with no excess plant uptake resulting in toxicity symptoms as with DCD (Zerulla et al., 

2001; Woodward et al., 2018).  DMPP is effective at low concentrations of 0.5-1.5 kg ha-1 and 

has the potential to increase yields and anti-oxidant compounds in crops such as strawberries as 

demonstrated in a study by Martinez et al. in 2017 (Zerulla et al., 2001).  The effectiveness of 

DMPP is affected by adsorption rates of soil organic carbon and clay particles in soil with a 

study by Zhu et al. (2019) analyzing two agricultural soils from China and the U.K. showing a 

21.6% reduction in autotrophic nitrification in Chinese soils, and a 9.4% reduction in U.K. soils.  

Soil organic C and clay content in the U.K. soils were 3.0 and 5.7 times greater respectively than 

in the Chinese soils, which shows that DMPP is overall less effective in soils with high organic C 

concentrations and clay contents (Zhu et al., 2019).  At the present time, further research is 

needed to determine optimal DMPP application rates through greater understanding of the 

microbial mechanisms behind the effect of DMPP on N transformation rates (Zhu et al., 2019).           

Impacts of Nitrogen Stabilizers on Nitrifying Organisms and the Soil Microbial 

Community  

 Over the past decade and a half, advances in the fields of molecular biology and 

genomics have proved invaluable in terms of gaining insight into the diverse array of soil 

microorganisms responsible for nitrification such as ammonia-oxidizing archaea (AOA), which 
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were unknown until relatively recently (Venter et al., 2004).  In the present day, DNA extracted 

from soil samples can be amplified via a polymerase chain reaction (PCR), first discovered by 

Mullis et al. in 1985.  PCR is further refined into real-time PCR (Higuchi et al., 1993) through 

measuring amplification of target DNA following each phase of the PCR reaction using a 

fluorescent readout (Bustin et al., 2009; Quan et al., 2018) and is further refined into quantitative 

PCR (qPCR) (Fockler et al., 1993) when calibrated using data from the exponential phase of 

amplification (Quan et al., 2018).  So far, qPCR has been extensively used for quantification of 

microbial populations as a high-throughput, automated process with significantly reduced 

turnaround times compared to previous methods (Arya et al., 2005), specifically pertaining to the 

effects of nitrogen stabilizers on nitrifier populations. 

Molecular biology techniques have conclusively established the role of AOA as a major 

contributor to overall nitrification in soil and thus a major concern for developing nitrogen 

stabilizers that are effective at inhibiting nitrification by AOA (Treusch et al., 2005; Nicol et al., 

2008; Gu et al., 2019).  These techniques have also led to the discovery of Nitrospira spp. 

capable of both nitrite oxidation and ammonia oxidation, thus referred to as comammox 

(complete ammonia oxidizer) (Daims et al., 2015; Holger et al., 2015; van Kessel et al., 2015).   

Next-generation sequencing development over the past decade and a half represents a 

fundamental shift in research investigating the effects of nitrogen stabilizers on the soil microbial 

community.  The earliest publications dating back to the 1960s were unable to quantify the 

changes in microbial populations in response to applications of a nitrogen stabilizer; merely 

measuring the effectiveness in terms of relative concentrations of ammonium and nitrate 

following laboratory and field trials (Meisinger et al., 1980).  At the present time, researchers are 

able to use molecular biology and metagenomic techniques to conduct in-depth analyses on 
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populations of nitrifying microorganisms in response to applications of nitrification inhibitors, 

thereby greatly increasing understanding of the underlying microbial processes while also posing 

new research questions. 

A meta-analysis by Sha et al. (2020) compiled data from 72 peer-reviewed studies 

published from 1979 to 2017 on the fate of fertilizer nitrogen in soils following the application of 

nitrogen stabilizers.  The nitrification inhibitor compounds used in this analysis were nitrapyrin, 

DCD, and DMPP, which are the three most commonly used inhibitors in recent decades (Zerulla 

et al., 2001; Sha et al., 2020).  On average, fertilizers amended with the three nitrification 

inhibitors increased fertilizer-N retention in soil by 15.0% and improved fertilizer-N retention 

through crop uptake by 10% with unaccounted fertilizer-N reduced by 14.5% (Sha et al., 2020).  

In terms of fertilizer-N retention in soils, the researchers found that the type of inhibitor used 

(nitrapyrin, DCD, DMPP) accounted for the largest proportion (38%) of the total variation when 

compared with the other explanatory variables consisting of: soil pH, soil organic matter, soil 

texture, soil CEC, soil clay content, N application rate, fertilizer type, application times, and field 

condition (Sha et al., 2020).  This viewpoint is further supported through a study by Mukhtar and 

Lin (2019), showing the inhibitory effect of nitrogen stabilizers was less likely influenced by soil 

temperature and variations in nitrification potential across different soil types.  This suggests that 

the three main nitrification inhibitors may have significantly varied impacts on the nitrifying 

microorganisms in soil as soil physical and chemical factors slightly interfere with the 

effectiveness of the nitrification inhibitors.       

In terms of investigating the impacts of nitrogen stabilizers on the soil nitrifying 

population, most studies involve addition of soil with fertilizer amended with a nitrogen 

stabilizer followed by incubation or field trials for a short period (e.g., a few months); during and 
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after incubation, qPCR is used to determine the populations of AOB, AOA, and NOB, and the 

results are interpreted against soil physiochemical properties (Shi et al., 2016; Gu et al., 2019).   

A field study by Gu et al. (2019) showed that the abundance of AOA and AOB significantly 

increased in response to N fertilizer application and were both reduced by addition of nitrapyrin.  

While compositions of the AOA and AOB communities did not significantly change with N 

fertilization and use of nitrapyrin, AOA was far more abundant than AOB in samples treated 

with nitrapyrin with the ratio of AOA/AOB ranging from 74:1 to 116:1.  Shen et al. (2013) also 

showed nitrapyrin and DCD weakly inhibited AOA nitrification at concentrations that are able to 

inhibit AOB nitrification, suggesting stronger effects of a nitrogen stabilizer on AOB than on 

AOA. However, these “apparently” selective effects are likely a result of the relative abundance 

of AOB and AOA at a given environment. For example, DCD was found to primarily inhibit 

AOA in acidic soils due to the AOA dominant in that environment (Zhang et al., 2012). In 

contrast, Shi et al. (2016) reported that DMPP had little effect on AOA but mainly decreased 

AOB population abundance and activity in an alkaline soil where AOB was abundant.  

Generally, AOA abundance increases with decreasing pH, but the opposite trend holds true for 

AOB (Nicol et al., 2008).  Observations that the effect of a nitrogen stabilizer on nitrification 

hinges on relative abundance of AOB versus AOA seems to suggest underlying mechanisms by 

which a nitrogen stabilizer inhibits AOA and AOB are similar.  However, it is known that AOA 

possess a higher number of copper-containing enzymes although both AOA and AOB require 

copper as a cofactor for the oxidation of ammonia (Walker et al., 2010).  Accordingly, AOA and 

AOB in the environment likely respond differently to copper availability (Shen et al., 2013; 

Gwak et al., 2019).  AOA and AOB were also found to have different responses to other 

chemicals, e.g., NO-scavenger carboxy-PTIO, with AOA being negatively responded, and AOB 
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being little response (Shen et al., 2013).  Nevertheless, large variations in abundance and activity 

between AOA and AOB in soil environment require further research to understand if and how a 

nitrogen stabilizer affects AOA and AOB selectively. 

Comammox Nitrospira have been found to be widespread and numerically abundant over 

a wide range of habitats since its discovery (Daims et al., 2015; Holger et al., 2015; van Kessel et 

al., 2015), however, their population dynamics, niche specializations, diversity and phylogenic 

structure, and interactions with other nitrifying microorganisms are still unclear (Hu and He, 

2017).  Similarly to AOA and AOB, however, the growth and activity of comammox Nitrospira 

can be inhibited by nitrogen stabilizers (e.g., nitrapyrine, DCD, and DMPP, although inhibition 

efficacy depends on soil properties and management) (Li et al., 2019).  The possibility that 

comammox Nitrospira may also use compounds other than ammonia for nitrification may also 

contribute to variations in efficacy of a nitrogen stabilizer across different soils and (Hu and He, 

2017; Koch et al., 2019; Li et al., 2019).  Given the co-presence of taxonomically and 

physiolocically diverse ammonia oxidizing microorganisms in soil, particularly in acidic soil 

where AOA and comammox Nitrospira are relatively more abundant any future research into the 

effects of nitrogen stabilizers on nitrifying microorganism must include AOA and comammox 

Nitrospira. 

Overall Goal and Specific Research Objectives 

The overall goal of this thesis research was to gauge inhibitory effectiveness of nitrogen 

stabilizers against AOB as well as the recently discovered AOA and comammox Nitrospira. In 

chapter one, a new, experimental nitrapyin-based nitrogen stabilizer was evaluated for efficacy 

of nitrification inhibition against a widely used nitrogen stabilizer, Instinct II.  A laboratory 

microcosm experiment was conducted to determine differences in available nitrogen speciation 
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and the potential of nitrification following soil addition of synthetic nitrogen and nitrogen 

stabilizers.  At the end of incubation, qPCR was used to determine the impacts of nitrogen 

stabilizers on ammonia oxidizers as well as denitrifiers, bacteria and fungi. The target genes for 

PCR analysis included 16S rDNA, ITS region of rDNA, nirS, nirK, amoA for AOA and AOB, 

fungal nirK, and p450nor (Yuan et al., 2017).  In chapter two, impacts of nitrogen stabilizers on 

bacterial and fungal community compositions were examined by using marker gene amplicon 

sequencing.  
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CHAPTER 1:  Effects of a Nitrification Inhibitor on Nitrification and Associated Microbial 

Functional Guilds 

 

1.  Introduction 

 Of the three soil macronutrients, Nitrogen (N), Potassium (P), and Phosphorous (K), that 

are essential for plant growth, N is often the most limiting in agronomic systems.  There are two 

plant available forms of N present in soil, nitrate (NO3
-), and ammonium (NH4

+).  NO3
- is 

produced via the microbially-mediated process of nitrification, which links the most reduced and 

the most oxidized stages of the nitrogen cycle through a two-step oxidation of NH4
+ to NO2

- 

followed by further oxidation to NO3
- (Ward et al., 2011; Halling-Sorenson and Jorgensen, 

1993).   NO3
- is prone to leaching from soils due to its negative charge, which does not allow it 

to be held by negatively charged soil particles in contrast to NH4
+, which is held in soil due to its 

positive charge.  Additionally, assimilation of NO3
- by plants consumes four times as much 

energy in comparison to assimilation of NH4
+ (Wendeborn, 2020).  It is for these reasons that 

chemical compounds known as nitrogen stabilizers, or nitrification inhibitors (NIs), have been 

developed to slow the conversion of NH4
+ to NO3

- by targeting the first oxidation of NH4
+ to 

NO2
- (Woodward et al., 2019).  Use of effective NIs has the potential to increase nutrient use 

efficiency and prevent adverse environmental effects stemming from NO3
- leaching and runoff 

leading to eutrophication in bodies of water. 

 Over the past fifteen years, advances in molecular biology and genomics have resulted in 

the discovery of additional nitrifiers not known previously, such as ammonia-oxidizing archaea 

(AOA), first identified in marine environments and subsequently found to be present in soil 

(Venter et al., 2004; Konneke et al., 2005; Stahl et al., 2005; Treusch et al., 2005; Ward et al., 
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2011).  As the most used NI in the United States, nitrapyrin (C6H3Cl4N), was developed in the 

1960s prior to the discovery of nitrifiers other than ammonia-oxidizing bacteria (AOB) and 

nitrite-oxidizing bacteria (NOB), its effects on the newly discovered nitrifiers are uncertain 

(Zerulla et al., 2001; Espin and Garcia-Fernandez, 2014). 

 Of particular interest are the potential non-target effects of NIs such as nitrapyrin on non-

nitrifying microorganisms and on soil microbial diversity.  Nitrapyrin is believed to inhibit the 

nitrification process by blocking the ammonia monooxygenase pathway, which catalyzes the first 

step of nitrification, oxidation of NH4
+ to NO3

- (Gu et al., 2018).  This pathway is encoded by the 

amoA gene, which is of great importance as archaeal amoA gene copies have been found to be up 

to 3000 times more abundant in soils than the more well-studied bacterial amoA gene copies 

(Leininger et al., 2006).  AOA has been proven to contribute to ammonia oxidation, particularly 

in highly acidic soils (pH < 4.5), however, the population dynamics and relative contributions of 

AOA and AOB to ammonia oxidation are still under debate (Zhang et al., 2012).  Some studies 

report that nitrapyrin application affects the AOA and AOB community population rather than 

the community structure and others report that ammonia oxidation is inhibited without a change 

in AOA and AOB abundance (Gu et al., 2018; Wendeborn, 2020). 

 This study was developed to compare and quantify the effects of two nitrapyrin-based 

NIs on nitrification rates in soil and on soil nitrifier community dynamics under low and 

optimum pH and with or without the addition of (NH4)2SO4.  VLS (28.0% nitrapyrin), an 

experimental NI developed by Verdesian Life Sciences (Cary, NC) was used along with Instinct 

II (16.95% nitrapyrin), a commercially available NI developed by Corteva Agriscience in a 

laboratory microcosm incubation experiment over a period of 63 days.  Addition of nitrapyrin-

based NIs was hypothesized to lead to significant declines in nitrification rates while populations 
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of nitrifying organisms were examined to determine whether addition of NIs resulted in 

significant changes in AOA and AOB population.  The soil bacterial and fungal communities 

were also examined to determine if NI addition led to significant changes in community 

structure.    

2. Methods and Materials 

 During the laboratory microcosm experiment, samples were taken periodically at days 0, 

7, 14, 28, 42, and 63 to quantify the potential rate of nitrification using a shaken slurry procedure 

over a period of 24 hours (Hart et al., 1994).  Soil inorganic NH4
+ and NO3

- was measured using 

KCl extraction at each sampling time to determine the effects of (NH4)2SO4 addition and 

presence of either NI with successful inhibition expected to retain most of the total inorganic N 

as NH4+. 

 Following the incubation, samples were incubated for an additional 6 days after which 

the day 69 samples were frozen in preparation for DNA extraction and population analysis via 

quantitative PCR and subsequently next-generation Illumina MiSeq sequencing.  Quantitative 

PCR (qPCR) was used to determine the copy numbers of representative nitrifier populations in 

each sample in addition to total bacterial and fungal population.   

2.1:  Soil Sample Preparation 

 Soils of low pH (5.6, LpH) and higher optimum pH (6.8, OpH) used in this experiment 

were provided by Verdesian Life Sciences (Cary, NC) and were obtained from southern Seward 

County Nebraska, USA (field GPS coordinates: 40.776170, -97.321907).  Both soils were 

classified as a Hastings Silt Loam and were previously maintained under similar management 

conditions except for the low pH soil being rainfed and the optimum pH soil being irrigated.  The 

typical pedon was a Hastings silt loam, with a slope of less than 1 percent, in a cultivated field at 
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an elevation of 498 meters (1632 feet).  Following incubation, the pH of the control soils was 4.8 

for LpH and 5.6 for OpH.   

 Soils were sieved (< 4 mm) and divided into three replicates each.  Each replicate was 

analyzed at the Environmental and Agricultural Testing Service Laboratory (EATS) at North 

Carolina State University to determine the soil organic carbon and nitrogen weight percentages.  

Values for organic C weight % were 1.31 for LpH and 1.25 for OpH values for organic N weight 

% were 0.13 for LpH and 0.12 for OpH.  The average soil moisture contents were 0.20 and 0.19 

for the LpH and OpH soils, respectively.  

2.2:  Laboratory Microcosm Experiment  

 For the 63-day microcosm incubation, a total of six treatments were prepared for both the 

LpH soil and the OpH soil, including, a control (S), soil with (NH4)2SO4 applied at 60 µg g-1 

(SN), soil with (NH4)2SO4 at 60 µg g-1
 and one of the two NIs at 4 µg nitrapyrin g-1 soil (SNV 

and SNI), and soil alone with one of the two NIs at 60 µg nitrapyrin g-1 soil (SV and SI).  For 

each treatment, 50 g dry weight equivalent of soil was packed into a specimen jar at a bulk 

density of 1.1 g cm-3, and soil moisture was adjusted to 40% water filled pore space.  There were 

a total of 216 specimen jars, representing 2 soils, 6 treatments, 3 replicates, and 6 sampling times 

(day 0, 7, 14, 28, 42, and 63).   

The jars were then incubated at room temperature (~25ºC) over a period of 63 days while 

maintaining a constant soil moisture content.  At each sampling time, 36 jars representing the 

twelve treatments with three replicates were randomly selected and analyzed to determine the 

maximum potential rate of nitrification and the levels of inorganic N present as NH4
+ and NO3

-, 

which served as indicators for the action of the two NIs.  Following the incubation period on day 
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69, 36 soil samples were taken from all three replicates of the six treatment groups for microbial 

community analysis using quantitative PCR and for later next-generation sequencing analysis. 

2.3:  Nitrification Potential 

 At each sampling interval (day 0, 7, 14, 28, 42, and 63), nitrification potential was 

determined using the shaken slurry procedure (Hart et al., 1994).  Briefly, this procedure 

involved combining 1.5 mL 0.2 M KH2PO4, 3.5 mL 0.2 M K2HPO4, and 15 mL 50 mM 

(NH4)2SO4 stock solutions in a 1 L volumetric flask and bringing up to volume with pH adjusted 

to 7.2 (Hart et al., 1994).  Each sample required 100 mL of the combined solution, and total of 4 

L was prepared for each sampling time. 

 At each sampling time, 15 g of soil was placed into a 250 mL Erlenmeyer flask and 100 

mL of the combined solution was added with one flask prepared per sample for a total of 36.  A 

cap consisting of aluminum foil with a small hole in the top for gas exchange was placed on top 

of each flask, which were then placed on a shaker table at approximately 180 rpm for 24 hours.  

Each flask was sampled four times over the 24-hour period (approximately at 2, 4, 22, and 24 h) 

by removing 10 mL from each flask using a pipette tip with a larger opening followed by 

centrifugation at 4700 x g for 10 minutes at 4 ºC.  Following centrifugation, each of the four 

sample intervals for the 36 samples were refrigerated at 4 ºC in preparation for inorganic N 

analysis used to calculate nitrification potential. 

 Inorganic N present as NH4
+ was quantified for each of the four sampling intervals of 

each soil sample using an FIA QuickChem 8000 auto-analyzer (Lachat Instruments) in the 

Environmental and Agricultural Testing Service Laboratory (EATS), Department of Crop and 

Soil Sciences, at North Carolina State University.  The rate of NO3
- production was calculated by 

converting peak NO3
- concentration values in mg N L-1 obtained from each set of four sampling 
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intervals to mg N L-1 h-1 through linear regression of solution concentration versus time for each 

individual sample.  The values were converted into mg N kg-1 d-1 to obtain the rate of NO3
- 

production per unit of dry soil by using the following equation (Hart et al., 1994): 

𝑅𝑎𝑡𝑒 (𝑚𝑔 𝑁 𝑘𝑔−1𝑑−1) = 𝑅𝑎𝑡𝑒 (𝑚𝑔 𝑁 𝐿−1ℎ−1) ∗
0.1 𝐿+𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛 𝑓𝑖𝑒𝑙𝑑−𝑚𝑜𝑖𝑠𝑡 𝑠𝑜𝑖𝑙 𝑠𝑎𝑚𝑝𝑙𝑒

𝑘𝑔 𝑜𝑣𝑒𝑛−𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘
∗

24 ℎ

𝑑
                   

2.4:  Inorganic N Analysis 

 Soil inorganic N was analyzed at each sampling time using an FIA QuickChem 8000 

auto-analyzer (Lachat Instruments) following extraction with 1M KCl at a 1:5 ratio.  NH4
+ and 

NO3
- concentrations obtained over the 63-day sampling period were used to compare the effects 

of N fertilization and the effects of the two NIs in terms of limiting conversion of NH4
+ to NO3

-. 

2.5:  Quantitative Polymerase Chain Reaction (qPCR) 

 At the end of the 63-day incubation period, soil from the final 36 samples representing all 

six treatments, two soils, and three replicates per sample were frozen in preparation for 

population analysis using qPCR.  This procedure was used to determine the population sizes of 

autotrophic nitrifiers and heterotrophic denitrifiers, and to further compare the effects of the two 

NIs at the microbial level.  Soil DNA was extracted using a FastDNA SPIN kit (MP Bio, Solon, 

OH, USA), and quality and size were checked via gel electrophoresis on a 1% agarose gel and by 

using a NanoDrop 2000 Spectrophotometer (Thermo Scientific, Wilmington USA). 

Following DNA extraction, a total of eight standards for determining the gene copy 

numbers were prepared for each of the total of eight primer pairs including 16S rDNA, ITS 

(internal transcribed spacer) region of rDNA, bacterial nitrite reductase genes (nirS and nirK), 

ammonia monooxygenase (amoA) genes in ammonia oxidizing archaea (AOA) and bacteria 

(AOB), and fungal nitrite reductase gene nirK and nitric oxide reductase p450nor genes (Yuan et 

al., 2017).  The primer pairs and PCR conditions used were from the method of Yuan et al., 2017 
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, and each 20 µL reaction consisted of 5 µL extracted DNA template from one of the samples, 10 

µL 1X SsoAdvanced TM SYBR Green Supermix (Bio-Rad, Hercules, CA, USA), 3 µL forward 

primer (4 µM), and 3 µL reverse primer (µM).  Following the PCR reaction, the products were 

run on a 1% agarose gel and extracted using a gel extraction kit (Qiagen, Valencia, CA, USA).  

The number of gene copies per µL of the PCR product was then calculated using the following 

equation (Yuan et al., 2017): (A × B)/(C × D), where A represents the concentration of the PCR 

product (ng µL-1), B represents Avogadro’s number (6.023 × 1023 molecules mol-1), C represents 

the average molecular weight of a DNA base pair (6.6 × 1011 ng mol-1), and D is the PCR 

amplicon size in bp.   

Once the standard curves were constructed, qPCR was performed eight times, once for 

each primer pair.  Each run consisted of each of the 36 day 69 samples using the same setup and 

reaction conditions as were used for the standard curve preparation.  Standards for each primer 

pair were diluted five times by a factor of 10 to construct the standard curve, which was used as 

the reference to calculate the copy numbers for each population in the 36 samples.  The gene 

copy numbers per µL for each population were obtained through substituting the resulting Cq 

values in the equation for the slope of the standard curve produced after each run.  The relative 

abundance ratio of treatment:control was then calculated for data analysis.     

2.6:  Soil pH 

 At the end of the laboratory microcosm experiment, the soil pH was measured for the day 

63 samples to determine the effects of (NH4)2SO4 and NI addition on soil pH.  Samples were 

prepared using a 1:2 soil:water ratio prior to examination using a pH probe.  pH values were 

recorded for each day 63 sample (Table 1). 
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2.7: Data Analysis 

 For this study, two-factor analysis of variance (ANOVA) was used to determine whether 

treatment with NIs had a significant effect on nitrification potential and on concentration of NH4
+ 

and NO3
- obtained through KCl extraction.  ANOVA was also used to determine if treatment 

with NIs had a significant impact on the eight representative populations that were examined 

using qPCR.  To evaluate significance between the two NIs and to determine effects of 

(NH4)2SO4 addition on soil pH, a two-tailed t test assuming unequal variances was used.  The 

low pH samples were separated from the optimum pH samples in all cases during analysis.  

Significance in this study was tested at a p-value < 0.05. 

3:  Results 

3.1:  Nitrification Potential Assay 

  Addition of NIs significantly reduced the potential rates of soil nitrification over the 

course of the 63-day incubation irrespective of N input (Figure 1).  Treatment with VLS reduced 

nitrification potential by 59.8% in the LpH soil without (NH4)2SO4 (Figure 1a) and by 42.0% 

with (NH4)2SO4 (Figure 1b), while in the OpH soil, nitrification potential was reduced by 65.7% 

with (NH4)2SO4 and by 51.6% without (NH4)2SO4.  Treatment with Instinct II reduced 

nitrification potential in the LpH soil by 32.0% without (NH4)2SO4 and by 46.1% with 

(NH4)2SO4, and in the OpH soil, nitrification potential was reduced by 51.0% without (NH4)2SO4 

and by 44.3% with (NH4)2SO4.  There were no significant differences in nitrification potential 

observed between the two NIs in all four soil conditions: low pH, optimum pH, low pH with 

(NH4)2SO4, and optimum pH with (NH4)2SO4.     
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3.2:  Inorganic N Changes 

 Over the course of the 63-day microcosm incubation, addition of NIs clearly and 

significantly increased the proportion of soil inorganic N that was retained as NH4
+ while 

preventing a significant buildup of NO3
- in comparison to the control samples (Figure 2).  In the 

soils with no application of (NH4)2SO4 (Figure 2a), addition of NIs resulted in a significant 

accumulation of NH4
+ over time from 0 µg g-1 up to ~30 µg g-1 while NO3

- increased slightly up 

to day 14 and then remained at ~15 µg g-1.  In soils with (NH4)2SO4 (Figure 2b), treatment with 

NIs resulted in a slight accumulation of NH4
+ from ~60 µg g-1 to ~80 µg g-1 while NO3

- increased 

over the first 14 days and then remained at ~20 µg g-1 over the remaining 49 days.   

In terms of the overall inorganic N balance (NH4
+ + NO3

-, Figure 3) there were 

significant increases in inorganic N over the course of the incubation in the soils with (NH4)2SO4 

compared to the soils without (NH4)2SO4.  Inorganic N increased from ~64 µg g-1 to ~102 µg g-1 

in samples treated with (NH4)2SO4 and in samples without (NH4)2SO4, inorganic N increased 

from ~4 µg g-1 to ~41 µg g-1.   

In terms of inorganic N retained as NH4
+ (Figure 2), VLS retained 84.13% N as NH4

+ in 

LpH soil with (NH4)2SO4 added, 73.66% N as NH4
+ in LpH soil without (NH4)2SO4, 79.74% N 

as NH4
+ in OpH soil with (NH4)2SO4, and 66.12% N as NH4

+ in OpH soil without (NH4)2SO4.  

Instinct II retained an average of 81.57% N as NH4
+ in LpH soil with (NH4)2SO4 added, 83.50% 

N as NH4
+ in LpH soil without (NH4)2SO4, 77.86% N as NH4

+ in OpH soil with (NH4)2SO4, and 

68.09% N as NH4
+ in OpH soil without (NH4)2SO4.  For comparison, the proportions of 

inorganic N retained as NH4
+ on day 63 in the low and optimum pH soils with (NH4)2SO4 

applied were 4.43% and 0.44% respectively.  These percentages were 1.29% and 1.08% for the 

low and optimum pH soils respectively without (NH4)2SO4.  
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There were no significant variations between the two NIs in the amounts of NH4
+, NO3

-, 

and inorganic N measured over the 63-day incubation in all cases except for NO3
- measured in 

the low pH soil without (NH4)2SO4.  In this case, 2-fold greater NO3
- was measured in samples 

treated with VLS compared to Instinct II on average.  In the low pH samples without (NH4)2SO4, 

NO3
- concentrations at the end of incubation were 14.891 µg g-1 for samples treated with VLS 

and 9.240 µg g-1 for samples treated with Instinct II.  

3.3:  Quantitative PCR 

 Abundance of microbial functional groups was quantified using qPCR at the end of the 

incubation.  In general, addition of NIs resulted in significant decreases in gene copy number and 

relative abundance for all populations (Figures 4-11), except for 16S in low pH soil treated with 

Instinct II and (NH4)2SO4 (Figure 4a), which increased by a factor of 2.5, and p450nor in 

optimum pH soil treated with Instinct II and (NH4)2SO4 (Figure 11b), which did not 

significantly increase or decrease relative to the control.  Variations in relative abundance for all 

populations between the two NIs were not significant in low pH soil with (NH4)2SO4, optimum 

pH soil with (NH4)2SO4, and optimum pH soil without (NH4)2SO4, However, variations between 

the NIs were significant in the low pH soil without (NH4)2SO4.  In this soil, the relative 

abundance ratio of VLS to Instinct II was 5.77 for 16S, 8.27 for ITS, 1.40 for AOA, 20.22 for 

AOB, 5.12 for FnirK, 158.13 for nirS, 1.35 for nirK, and 0.79 for p450nor.    

Addition of (NH4)2SO4 stimulated bacterial 16S rDNA in the low and optimum pH soils 

by factors of 6.75 and 1.41, respectively.  Fungal ITS abundance was stimulated by (NH4)2SO4 

addition in the low and optimum pH soils by factors of 2.41 and 1.12, respectively.  AOA was 

inhibited by (NH4)2SO4 addition by a factor of 0.26 in the LpH soil and by a factor of 0.84 in the 

OpH soil.  AOB was stimulated by (NH4)2SO4 addition by factors of 1.91 and 1.29 in the low 
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and optimum pH soils, respectively.  Bacterial denitrifiers (nirS and nirK) were inhibited by 

(NH4)2SO4 addition by an average factor of 0.22 in the LpH soil, and nirS was inhibited by a 

factor of 0.45 in the OpH soil while nirK was stimulated by a factor of 2.68.  Fungal denitrifiers 

(FnirK and p450nor) were reduced by (NH4)2SO4 by an average factor of 0.78 in the LpH soil, 

and in the OpH soil, p450nor was inhibited by a factor of 0.23 while FnirK was stimulated by a 

factor of 1.55. 

   

3.4:  Soil pH 

 Addition of NIs significantly increased soil pH relative to the control soils by ~0.48 in 

LpH soil without (NH4)2SO4, ~0.77 in LpH soil with (NH4)2SO4, and ~0.51 in OpH soil with 

(NH4)2SO4 (Table 1).  The pH increase relative to the control was ~0.18 in OpH soil without 

(NH4)2SO4, which was insignificant.  Samples treated with Instinct II had significantly greater 

pH values relative to the controls in all soil types by an average of ~0.77 in LpH and ~0.45 in 

OpH soil without (NH4)2SO4 and ~0.91 in LpH and ~0.61 in OpH soil with (NH4)2SO4.  VLS 

addition did not significantly change soil pH in samples without (NH4)2SO4 relative to the 

control soil.  However, samples treated with VLS had significantly greater pH values with 

(NH4)2SO4 by ~0.63 in LpH and ~0.40 in OpH soil compared to the soil with (NH4)2SO4 control.  

Addition of (NH4)2SO4 led to a slight but insignificant drop in pH of ~0.36 in LpH soil and ~0.21 

in OpH soil. 

4:  Discussion 

4.1:  Effects of NIs on Nitrification Potential and Inorganic N 

 In terms of effects on the nitrification process from the viewpoint of the initial and end 

products, both VLS and Instinct II performed similarly and as expected, with application of both 
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NIs leading to significant increases in the proportion of inorganic N retained as NH4
+ and 

significant decreases in the proportion of inorganic N retained as NO3
-.  At the end of the 

microcosm incubation on day 63, roughly 40 mg N kg-1 was mineralized from organic N, which 

accounts for the overall increase in total inorganic N observed over the course of the experiment. 

While variations in inorganic N concentration between the two NIs during the incubation 

were not statistically significant, samples treated with VLS retained ~6 µg more N per g soil in 

samples treated with (NH4)2SO4 and retained ~10 6 µg more N per g soil in samples without 

(NH4)2SO4.  This slight disparity is likely due to VLS either stimulating mineralization of 

inorganic N from organic N or preventing losses due to NH3 volatilization or denitrification. 

Since the amounts of the active ingredient, nitrapyrin, were kept constant for samples treated 

with either NI at 4 µg g-1, any differences in effectiveness are likely due to other ingredients or 

bulking agents in the NIs, which are not publicly disclosed. 

Nitrification potential serves as an assessment of the maximum possible rate of 

nitrification in a soil system, which is an indicator of the size of NH4
+ oxidizers in each sample 

(Hart et al., 1994).  Due to the significant decreases in nitrification potential over the course of 

the experiment, it can be inferred that the population size of NH4
+ oxidizers was clearly reduced 

over time by addition of NIs, which was later confirmed using quantitative PCR. 

Another significant effect of NI addition was the lesser reduction in soil pH observed for 

samples treated with NIs.  The nitrification process produces H+ ions as a by-product, which 

lowers the pH over time in soils in which significant nitrification is taking place and is the most 

likely reason for the ~0.57 drop in pH during the incubation observed in soil samples treated 

with (NH4)2SO4 only.  Addition of NIs mitigated this drop in pH, which was ~0.10 in VLS 

samples and ~0.41 in Instinct II samples.  Additionally, in samples without (NH4)2SO4, addition 
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of Instinct II increased pH by ~0.77 in low pH soil and ~0.44 in optimum pH soil compared to 

VLS addition, which resulted in an increase of ~0.19 in low pH soil and a decrease of ~0.09 in 

optimum pH soil.  These results help to further confirm inhibition of the nitrification process by 

both NIs with the differences in pH between VLS and Instinct II samples likely due to unknown 

bulking agents rather than a significant difference in overall effectiveness. 

4.2:  Changes in Microbial Functional Guilds in Response to NIs 

 Addition of (NH4)2SO4 led to significant increases in bacterial 16S and fungal ITS gene 

abundance, which was unexpected as the entire bacterial and fungal populations were not 

expected to significantly change in response to (NH4)2SO4 addition and may indicate limitations 

of qPCR for analyzing large and non-specific populations.  This increase may also have been due 

to increased abundance of AOB since the population of AOA decreased by 74% in the low pH 

soil and by 16% in the optimum pH soil in response to (NH4)2SO4 addition.  In contrast, the 

AOB population increased by 91% in the low pH soil and 29% in the optimum pH soil in 

response to (NH4)2SO4.  Since AOA abundance and competitiveness for N increases with 

decreasing pH (Nicol et al., 2008), these results were consistent with expectations as the 

population of AOA was initially greater in the low pH soil compared to the population in the 

optimum pH soil with the opposite being true for the AOB populations.     

 The significant decreases in relative abundance for AOA and AOB in response to 

addition of NIs was consistent with expectations based on previous studies involving nitrapyrin-

based NIs (Espin and Garcia-Fernandez, 2014; Gu et al., 2019).  Despite the presumption that the 

two NIs may not be as effective against AOA since nitrapyrin was developed prior to soil 

identification of AOA, the qPCR assay indicated tha the two NIs were both effective against 

AOA.  However, the overall population of AOA was much greater than AOB under all treatment 
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conditions.  The ratio of AOA to AOB decreased in response to (NH4)2SO4 addition, from 

1835:1 to 249:1 in low pH soil and from 50:1 to 32:1 in optimum pH soil.  This confirms that 

AOA is more numerous than AOB in our soils.  However, since the substrate affinity of AOB for 

N is likely much greater, AOB outcompetes AOA under conditions of high N availability as with 

(NH4)2SO4 addition.  The population of AOA was much greater than AOB following treatment 

with NIs while differences in relative abundance were minimal except for in the optimum pH 

soil treated with (NH4)2SO4 and VLS, where AOA was ~3 times more abundant relative to the 

control.  This suggests that in most cases, addition of NIs did not appreciably change the 

dynamic between AOA and AOB, which supports the conclusion by Gu et al., 2019 and supports 

inhibition of AOA by nitrapyrin-based NIs as the relative abundance would be expected to 

increase relative to AOB if there was no inhibition of AOA.     

 The results of the qPCR assay for the denitrifying microbial groups (FnirK, p450nor, 

nirS, nirK) were as expected with clear and significant decreases in response to application of 

NIs.  Abundance of denitrifiers serves as an indicator of changes in the amount of NO3
- produced 

from the nitrification process, which is valid in this case as it is unlikely for leaching to occur in 

a laboratory microcosm.  In general, both NIs performed as expected with few significant 

differences between them and more information on their chemical composition or their effects on 

specific microbial taxa via next-generation amplicon sequencing is needed.     

4.3:  Conclusions 

 While nitrapyrin was developed prior to the discovery of nitrifying microorganisms other 

than AOB and NOB, it appears to have significant effects on newly identified populations 

including AOA, which share the AmoA gene with AOB.  Both NIs performed as expected with 

the few significant differences between them likely due to unknown bulking agents or additives.  
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Further exploration of the microbial community diversity and composition in response to 

application of NIs is needed, which can be accomplished through advances in high-throughput 

DNA sequencing allowing for the effects of NIs to be visualized in much greater detail.  Chapter 

2 of this thesis details further examination of samples using Illumina next-generation amplicon 

sequencing, which aimed to compare the treatments in terms of their impact on the soil microbial 

community, specifically with regards to any potential non-target effects on the bacterial and 

fungal communities.  
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CHAPTER 2:  Microbial Community Diversity and Composition in Response to the 

Application of a Nitrification Inhibitor 

 

1.  Introduction 

 To build upon the results obtained from the first experiment described in chapter 1, next-

generation amplicon sequencing was used to determine the microbial community diversity and 

composition in response to application of two nitrapyrin-based nitrification inhibitors (NIs) in 

two soils of differing pH values and with or without fertilization in the form of (NH4)2SO4.  

Following the 63-day incubation described in chapter 1, significant inhibition was observed in 

populations of ammonia-oxidizing bacteria (AOB), ammonia-oxidizing archaea (AOA), and 

fungal and bacterial denitrifiers, which supports the theory that nitrapyrin reduces the abundance 

of nitrifying bacteria and archaea without affecting the community structure (Gu et al., 2019; 

Wendeborn, 2020), however, the exact mechanism of nitrification inhibition remained elusive. 

DNA sequencing in this case allowed for investigation of the effects of the two NIs on the 

microbial population in much greater detail than what can be achieved using traditional 

molecular biology tools such as quantitative PCR, which require primers derived from known 

and pre-selected sequences (Goodwin et al., 2016).  

 Prior studies and experiments involving amplicon sequencing of the soil microbiome 

commonly employ a synthesis-based approach using the Illumina CRT suite of instruments, 

which dominates the short-read (up to 300 bp) industry due to its maturity, cross-platform 

capability, and wide number of platforms (Goodwin et al., 2016).  A common Illumina platform 

used is the Illumina MiSeq v3 platform with a 300 bp read length and a 13.2-15 Gb throughput 

(Goodwin et al., 2016; Xia et al., 2019; Hayden et al., 2021).  Most studies quantifying the 
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effects of nitrogen stabilizers using DNA sequencing use the 16S gene to quantify effects on key 

archaeal and bacterial groups, and the internal transcribed spacer (ITS) region for fungal groups 

(Xia et al., 2019; Hayden et al., 2021). 

 At the present time, there have not been many studies involving next-generation DNA 

sequencing of soils treated with nitrapyrin as the technology is still relatively new.  A study by 

Hayden et al. (2021) used functional gene assays and Illumina MiSeq v3 (300 bp) sequencing 

following a 35-day microcosm incubation of four soils and four treatments including a control, 

urea ammonium nitrate fertilizer (UAN), nitrapyrin, and UAN + nitrapyrin to monitor expression 

of bacterial and archaeal amoA gene expression and populations of major nitrifier genera.  This 

analysis revealed significant reductions of AOB amoA in response to the UAN + nitrapyrin 

treatment and interestingly noted an increased abundance of AOA amoA in response to the same 

treatment, hypothesized to be due to reduced competition from AOB (Hayden et al., 2021).  The 

bacterial nitrifier genera identified by 16S rRNA sequencing in all four treatments included AOB 

Nitrosospira and NOB (nitrite-oxidizing bacteria) Nitrospira, with significant decreases in 

relative abundance for both observed in samples treated with UAN + nitrapyrin, mostly due to 

Nitrosospira (Hayden et al., 2021).  The dominant archaeal nitrifier genus was Nitrososphaera 

(~99% of all OTUs) and in contrast to the bacterial genera, significant differences in relative 

abundance of Nitrososphaera were only observed in response to soil type rather than treatment 

(Hayden et al., 2021).  It should be noted that the authors of this study used the eNtrench® 

Nitrogen Stabilizer, also sold as N-Serve® Nitrogen Stabilizer (Corteva Agriscience) as the 

source of nitrapyrin, which likely contains differing ingredients or bulking agents in comparison 

to the NIs used in this study. 
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 Since the discovery of AOA in marine environments (Venter et al., 2004; Schleper et al., 

2005; Stahl et al., 2005) and subsequently in soil (Schleper et al., 2005; Treusch et al., 2005; 

Stahl et al., 2012), nitrification inhibition research has focused on the effects and efficacy of 

compounds including nitrapyrin on AOA.  As AOA has since been shown to be the dominant 

contributor to nitrification, particularly in more acidic soils (Zhang et al., 2012; Li et al., 2018), 

any study examining the effects and efficacy of NIs should focus on the key genera of both AOA 

and AOB.  Currently, there appears to be no consensus on the efficacy of nitrapyrin on inhibition 

of AOA and AOB due to significant influences of soil type, pH, climate, and location on AOA 

and AOB abundance (Prosser and Nicol, 2012; Li et al., 2018; Clark et al., 2020).  Particular 

attention should be paid to relative abundance of key AOA genera in response to treatment with 

nitrapyrin due to conflicting reports in the literature reporting significant decreases in AOA 

abundance (Gu et al., 2019) or no significant effects on AOA (Fisk et al., 2015).  In contrast, the 

study by Hayden et al. (2021) reported an increase in AOA abundance in response to treatment 

with nitrapyrin for the first time. 

 The main objective of chapter 2 of this thesis is to examine for the first-time effects of 

two NIs on non-target micoorganisms using next-generation amplicon sequencing following the 

microcosm experiment described in chapter 1.  While the chemical composition of NIs apart 

from their percent nitrapyrin are trade secrets and unknown to the public, examining the 

performance of two NIs may provide more insight on whether nitrapyrin exerts a significant 

inhibitory effect on soil nitrifiers and on non-target organisms.  Based on the results obtained 

from the quantitative PCR assay performed in chapter 1, it was hypothesized that both NIs would 

not significantly change the soil microbial community structure, with effects on key bacterial and 

fungal taxa determined through 16S and ITS amplicon sequencing.  As in chapter 1, both NIs 
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were compared to determine if any differences were due to differences in the NIs themselves 

with other factors such as the soil physiochemical characteristics also considered. 

2.  Materials and Methods 

2.1:  Laboratory Microcosm Experiment 

 The soil samples used in this study were provided by Verdesian Life Sciences (Cary, NC) 

and were the same as in chapter 1.  They were both classified as Hastings Silt Loams and were 

obtained from southern Seward County Nebraska, USA (field GPS coordinates: 40.776170, -

97.321907), and consisted of a low pH soil from an area of pH 5.6 and an optimum pH soil from 

an area of pH 6.8.  The two soils were maintained under similar conditions apart from the low 

pH soil being rainfed and the optimum pH soil being irrigated.  The typical pedon was a Hastings 

silt loam, with a slope of less than 1 percent, in a cultivated field at an elevation of 498 meters 

(1632 feet).   

 Two NIs were used in this study: Instinct II (Corteva Agriscience, 16.95% nitrapyrin) and 

VLS (Verdesian Life Sciences, 28.0% nitrapyrin).  There were eight treatments with four 

treatments per soil and three replicates per sample.  These treatments consisted of a soil control, 

soil with (NH4)2SO4 applied at 4 µg N g-1 to simulate fertilization, soil with (NH4)2SO4 at 60 µg 

g-1
 and one of the two NIs at 4 µg nitrapyrin g-1 soil, and soil alone with one of the two NIs at 60 

µg nitrapyrin g-1 soil.  The microcosm incubation was conducted for a total of 63 days with 

nitrification potential and inorganic N (NH4
+ and NO3

-) measured at several intervals, and with 

quantitative PCR performed for each of the samples at day 69, as described in detail as part of 

chapter 1. 
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2.2:  16S and ITS Amplicon Sequencing 

 Following the laboratory microcosm experiment, DNA extraction was performed for 

each of the 36 samples, which had been frozen 69 days after the beginning of the microcosm 

incubation.  DNA was extracted using a FastDNA SPIN kit (MP Bio, Solon, OH, USA), and soil 

DNA quality and size was checked through gel electrophoresis on a 1% agarose gel and by using 

a NanoDrop 2000 Spectrophotometer (Thermo Scientific, Wilmington USA).  Each DNA 

sample was then diluted to a concentration of 5 ng µL for amplicon sequencing library 

preparation.  It should be noted that the extracted DNA was the same as the DNA templates that 

were used for qPCR in chapter 1, the DNA extraction was not repeated for chapter 2. 

 The extracted DNA from each sample was then used to prepare a library consisting of 36 

samples each for 16S rRNA amplicon sequencing of bacterial and archeal DNA, and internal 

transcribed spacer (ITS) amplicon sequencing of fungal DNA, for a total of 72 samples.  The 

library was prepared for Illumina MiSeq v3 (300 bp) amplicon sequencing following the 

procedure from Illumina using primer pairs specific to the V3 and V4 regions for 16S rRNA 

amplicon sequencing and primer pairs specific to the ITS region for ITS amplicon sequencing:   

16S Forward Primer 5’ 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG,  

16S Reverse Primer 5’ 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC  

ITS Forward Primer 5’ 

CGCTGCGTTCTTCATCG 

ITS Reverse Primer 5’ 

TCCGTAGGTGAACCTGCGG 
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Amplicon PCR was first performed in a 25 µL reaction consisting of 2.5 µL sample DNA 

template (2.5 µL), 5 µL each of the amplicon PCR forward and reverse primers (1 µM), and 12.5 

µL of 2x KAPA HiFi HotStart ReadyMix.  The amplicon PCR conditions were 95ºC for 3 

minutes, 25 cycles of: 95ºC for 30 seconds, 55ºC for 30 seconds, 72ºC for 30 seconds; and a final 

step of 72ºC for 5 minutes.  Samples were purified using 52.5 µL of 10 mM Tris pH 8.5, 20 µL 

of AMPure XP beads, and 400 µL of 80% EtOH, and dual indices and Illumina sequencing 

adapters were attached using the Nextera XT Index Kit.  The index PCR reaction was 50 µL total 

consisting of 5 µL each of Nextera XT Index Primer 1 and 2, 25 µL of 2x KAPA HiFi HotStart 

ReadyMix, and 10 µL of PCR grade water.  The Index PCR conditions were 95ºC for 3 minutes, 

8 cycles of: 95ºC for 30 seconds, 55ºC for 30 seconds, 72ºC for 30 seconds; and a final step of 

72ºC for 5 minutes.  Samples were then cleaned up using 56 µL of AMPure XP beads, 400 µL of 

80% EtOH, and 27.5 µL of 10 mM Tris pH 8.5 per sample.  

The library was pooled in a 1.7 mL microcentrifuge tube and quantified using a 

NanoDrop 2000 Spectrophotometer (Thermo Scientific, Wilmington USA) with the 

concentration in nM calculated using the following equation: 

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑛𝑔 µL−1)

(660 𝑔 𝑚𝑜𝑙−1 × 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑖𝑏𝑟𝑎𝑟𝑦 𝑠𝑖𝑧𝑒)
× 106 = 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑛𝑀) 

The library was delivered to the Genomic Sciences Laboratory (GSL) at North Carolina State 

University (Raleigh, NC, USA), which performed the Illumina MiSeq v3 (300 bp) amplicon 

sequencing and provided the fastq files of the raw Illumina paired end reads. 

2.3:  Metagenomic Analysis of Sequencing Reads 

 Once the raw amplicon sequencing reads were obtained from the GSL, paired forward 

and reverse read files were generated and primer presence and orientation were verified for 16S 

and ITS using the Biostrings R package (Pagès et al., 2020).  Ambiguous bases (Ns) were 
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removed and the sequence quality was visually confirmed using the ShortRead R package 

(Morgan et al., 2009).  Primers were then removed from the reads using the cutadapt function 

(Martin, 2011).   

 Quality control was performed on the 16S and ITS reads using the DADA2 pipeline in R 

(Callahan et al., 2016).  Quality profiles were plotted and visually checked with sequences 

subsequently filtered, trimmed, and merged based on the expected sizes of the 16S (Klindworth 

et al., 2013) and ITS amplicon sequences.  Chimeras were removed, and a frequency table and 

unique sequences were exported in .txt and .fna format respectively for microbial diversity and 

taxonomy analysis. 

 QIIME2 (Bolyen et al., 2019) was used to perform the microbial diversity and taxonomy 

analysis for the 16S and ITS amplicon sequences.  Feature tables were generated for both 16S 

and ITS to filter non-bacterial, archaeal, or fungal sequences and generate amplicon sequence 

variants (ASVs).  Alpha and beta diversity analyses were performed using the filtered sequences, 

with PCoA plots prepared to allow for visual observation of differences in the 16S and ITS 

samples based on experimental factors including treatment and soil physiochemical properties.  

Taxonomic analysis was then conducted for both 16S and ITS samples using bacterial and fungal 

classifiers prepared using the Greengenes database version 13_8 (Second Genome, Inc.) for 16S 

and the UNITE software version 8, 99 OTUs, 04.02.2020 (Abarenkov et al., 2020) for ITS.  

2.4:  Statistical Analysis   

 Statistical analysis of the significance of the results of the metagenomic analysis was 

conducted primarily using the tests included within QIIME2 (Bolyen et al., 2019).  A result was 

deemed to be statistically significant if the p-value was less than 0.05.  Statistical analysis of 

alpha diversity results was conducted in QIIME2 using the Kruskal-Wallis H test based on the 
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differences in soil pH and treatment.  Analysis of beta diversity results was conducted in 

QIIME2 using a pairwise permutational analysis of variance (PERMANOVA) test based on 

treatment groups.  Differential abundance testing of taxonomy data between treatments and soil 

pH was carried out using the analysis of composition of microbiomes (ANCOM) method 

(Mandal et al., 2015) in QIIME2, with only significant differences in microbial genera reported 

in the results section. 

3. Results 

3.1:  16S rRNA Sequencing (Bacteria and Archaea) 

 Alpha diversity was quantified using Shannon’s diversity index (Figure 12) to visualize 

effects of treatment with NIs and changes in soil pH on the bacterial diversity within samples.  

The alpha diversity was significantly greater in the optimum pH soil samples, and treatment with 

(NH4)2SO4 did not significantly alter the Shannon diversity index in comparison to controls.  

However, treatment with both NIs significantly reduced the Shannon diversity index in the soils 

without (NH4)2SO4 by an average of 20.6% in samples treated with VLS, and 9.0% in samples 

treated with Instinct II.  Similarly, treatment with both NIs significantly reduced the Shannon 

diversity index in the soils with (NH4)2SO4 added by an average of 13.7% in samples treated 

with VLS, and 11.4%.  There were no significant differences observed in the Shannon diversity 

indexes between equivalent samples treated with either VLS or Instinct II. 

 Beta diversity was qualitatively analyzed using the Bray-Curtis dissimilarity distance 

matrix, as shown in the principal coordinate analyses (PCoA) (Figure 13) performed to 

determine the amount of dissimilarity that could be attributed to changes in soil pH and treatment 

with NIs and (NH4)2SO4.  Quantitative analysis was conducted using the Bray-Curtis distance 

metric (Figure 14), which was used to quantify bacterial community dissimilarity between 
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samples.  The Bray-Curtis distance did not significantly change relative to the control samples 

for any of the treatment groups with or without (NH4)2SO4 and with or without either NI.  The 

only statistically significant differences in the observed Bray-Curtis distances were between the 

samples treated with VLS without (NH4)2SO4 and Instinct II with (NH4)2SO4 with an average 

distance of 0.77, and between samples treated with Instinct II and VLS with (NH4)2SO4 with an 

average distance of 0.78.     

 Taxonomy analysis at the phylum level (Figure 15) revealed that the most common 

bacterial phyla (> 5%) present in all samples regardless of soils and treatments were 

Proteobacteria (32.4%-55.9%), Actinobacteria (14.3%-21.2%), Acidiobacteria (8.3%-15.9%), 

and Chloroflexi (6.0%-7.5%).  In the control samples without (NH4)2SO4, the most common 

bacterial phyla were Proteobacteria (34.4%), Actinobacteria (18.7%), Acidobacteria (15.9%), 

Chloroflexi (7.2%), and Firmicutes (6.3%).  In control samples with (NH4)2SO4, the most 

common bacterial phyla (>5%) were Proteobacteria (32.4%), Actinobacteria (21.7%), 

Acidobacteria (15.3%), Chloroflexi (7.4%), and Firmicutes (8.1%).  In samples treated with VLS 

without (NH4)2SO4, the most common bacterial phyla (>5%) were Proteobacteria (55.9%), 

Actinobacteria (14.3%), Acidobacteria (10.0%), and Chloroflexi (6.0%) while similarly, in 

samples treated with Instinct II without (NH4)2SO4, the dominant phyla were Proteobacteria 

(46.3%), Actinobacteria (16.2%), Acidobacteria (10.8%), and Chloroflexi (7.5%).  In samples 

treated with VLS and (NH4)2SO4, the most common bacterial phyla (> 5%) were Proteobacteria 

(45.3%), Actinobacteria (17.8%), Acidobacteria (8.6%), Chloroflexi (7.0%), and Firmicutes 

(13.1%), while in samples treated with Instinct II and (NH4)2SO4, the most common bacterial 

phyla were Proteobacteria (45.8%), Actinobacteria (20.2%), Acidobacteria (8.2%), Chloroflexi 
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(6.7%), and Gemmatimonadetes (5.0%).  No archaeal phyla were detected within any of the 16S 

samples.   

At the genus level (Figures 16 & 17), nitrifying bacteria from the genera NOB 

Nitrospira, NOB Nitrobacter, and AOB Nitrosomonas were detected, however, NOB Nitrospira 

was the only genus detected in all treatment types with relative abundances of 0.40% in the 

control soil without (NH4)2SO4, 0.58% in the control soil with (NH4)2SO4, 0.04% in samples 

with VLS and (NH4)2SO4 and 0.07% with only VLS, and 0.03% in samples with Instinct II and 

(NH4)2SO4 and 0.04 % with only Instinct II.  NOB Nitrobacter was detected only in the control 

samples with a relative abundance of 0.02% in samples with and without (NH4)2SO4 while AOB 

Nitrosomonas was only detected in one of the control samples without (NH4)2SO4 with a relative 

abundance of 0.01% in this case. 

Differential abundance testing of the 16S taxonomy results at the genus level revealed 

significant differences in abundance in four bacterial genera between treatments.  These genera 

were Salinispora, Afipia, Sphingomonas, and Burkholderia, none of which are nitrifying genera.  

When the ANCOM test was run based on soil pH, there were a total of 9 bacterial genera that 

exhibited significantly different levels of relative abundance along with 50 taxa with an 

unidentified genus.  Again, no significant differences in nitrifying bacteria genera abundance 

were observed based on soil pH.            

3.2:  ITS Sequencing (Fungi)   

 Alpha diversity was quantified using Shannon’s diversity index (Figure 18) to visualize 

effects of treatment with NIs and changes in soil pH on the fungal diversity within samples.  The 

Shannon diversity index did not significantly change between the low and optimum pH soils, and 

(NH4)2SO4 application did not significantly affect the Shannon diversity index relative to the 
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control as well as relative to samples treated with (NH4)2SO4 and either NI.  VLS significantly 

impacted the observed Shannon diversity indexes relative to the controls in soil without 

(NH4)2SO4, with VLS treatment leading to a significant decrease of 16% in samples without 

(NH4)2SO4, however, an insignificant decrease of 3.8% was observed in samples with 

(NH4)2SO4.  Instinct II addition did not significantly impact the Shannon diversity index relative 

to the controls in samples treated with or without (NH4)2SO4.  There were significant differences 

in the Shannon diversity index observed between the two NIs; in samples without (NH4)2SO4, 

VLS addition resulted in an average decrease of 16% versus an increase of 7.0% for Instinct II, 

and in samples with (NH4)2SO4 VLS addition resulted in an average decrease of 22.4% versus an 

increase of 3.7% for Instinct II. 

 Beta diversity was qualitatively analyzed using the Bray-Curtis dissimilarity distance 

matrix, as shown in the principal coordinate analyses (PCoA) (Figure 19) performed to 

determine the amount of dissimilarity that could be attributed to changes in soil pH and treatment 

with NIs and (NH4)2SO4.  Quantitative analysis was conducted using the Bray-Curtis distance 

metric (Figure 20), which was used to quantify fungal community dissimilarity between 

samples.  Addition of (NH4)2SO4 did not results in significant changes relative to the control 

soils.  Likewise, neither NI resulted in statistically significant changes in Bray-Curtis distance in 

soil without (NH4)2SO4.  In soil with (NH4)2SO4, addition of VLS did not produce significant 

changes in Bray-Curtis distance, however, addition of Instinct II resulted in a significant increase 

relative to the (NH4)2SO4 control with an average value of 0.67.  Significant differences in Bray-

Curtis distance were observed between the two NIs in soils treated with or without (NH4)2SO4, 

with an average distance of 0.74 between VLS and Instinct II samples without (NH4)2SO4, and 

an average distance of 0.71 between VLS and Instinct II samples with (NH4)2SO4. 
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Taxonomy analysis at the phylum level (Figure 21) revealed that the most abundant 

fungal phyla (> 5%) present in all samples regardless of soils and treatments were Basidiomycota 

(18.9%-57.9%) and Ascomycota (28.0%-61.2%).  In the control samples without (NH4)2SO4, the 

most abundant fungal phyla were Basidiomycota (41.3%), Ascomycota (32.2%), and 

Mortierellomycota (15.4%).  In control samples with (NH4)2SO4, the most abundant fungal phyla 

were the same as the control samples without (NH4)2SO4, but at relative abundances of 57.9%, 

28.0%, and 7.8% for Basidiomycota, Ascomycota, and Mortierellomycota, respectively.  In 

samples treated with VLS and (NH4)2SO4, the most abundant fungal phyla were Basidiomycota 

(59.1%) and Ascomycota (36.1%) with the most abundant fungal phyla remaining the same at 

abundances of 40.6% for Basidiomycota and 52.7% for Ascomycota in samples treated with 

VLS without (NH4)2SO4.  In samples treated with Instinct II and (NH4)2SO4, the most abundant 

fungal phyla were Basidiomycota (19.0%), Ascomycota (61.2%), and Mortierellomycota 

(14.0%), and in samples with Instinct II and without (NH4)2SO4, the most abundant fungal phyla 

were Basidiomycota (18.9%), Ascomycota (49.1%), Mortierellomycota (13.5%), and 

unidentified (8.3%). 

At the genus level (Figures 22 & 23), differential expression analysis of the fungal ITS 

samples based on treatment revealed significant differences in only 3 fungal genera: Fusarium, 

Nectria, and Xylogone, with Fusarium shown to reduce nitrite in growing cultures and release 

N2O under low oxygen conditions (Bollag et al., 1972; Hayatsu et al., 2008).  The relative 

abundance of Fusarium was 0.76% in the control samples without (NH4)2SO4 and 0.38% in the 

control samples with (NH4)2SO4.  The Fusarium abundance in the VLS samples was 0.04% with 

(NH4)2SO4 and 0.05% with (NH4)2SO4 while in the Instinct II samples, Fusarium abundance was 

6.7% with (NH4)2SO4 and 2.3% without.  When the soil pH was used as the main factor for the 
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differential expression analysis, significant differences were observed in 13 fungal genera, with 

11 of these from the phylum Ascomycota.  Of the 11 fungal genera from the phlum Ascomycota, 

one genus, Penicillum is known to be involved in soil nitrification (Hora et al., 1960).  The 

relative abundance of Penicillum was 0.95% on average in the low pH soil and 0.07% in the 

optimum pH soil.          

4. Discussion 

4.1:  Effects of NI Application on Microbial Community Diversity 

 Based on the results of 16S and ITS amplicon sequencing, the effects of the two NIs on 

non-nitrifying microorganisms were mostly insignificant.  Since nitrapyrin targets the amoA gene 

present in nitrifying bacteria and archaea and did not significantly change the community 

structure in this study, nitrapyrin is likely able to target nitrifying microorganisms and reduce 

their abundance without major nontarget effects, which supports the conclusions by Gu et al., 

2019 and Hayden et al., 2021, in which soil physiochemical properties were shown to have a 

much more significant effect.  The significant decreases in alpha diversity observed with NI 

application in both the 16S samples were as expected and likely a result of the significant 

inhibition of AOB and AOA that was observed following the qPCR assay in chapter 1 while the 

mostly insignificant variations between the two NIs also supports the results obtained from 

chapter 1. 

 The insignificant differences in beta diversity between equivalent 16S samples treated 

with either NI also supports the assertion that addition of NIs does not change the bacterial 

community composition of a soil (Gu et al., 2019).  For the 16S samples, the differences in beta 

diversity between VLS and Instinct II in soil treated with (NH4)2SO4 may be due to effects of 

unknown bulking agents present in one or both NIs, since the proportion of nitrapyrin used in the 
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microcosm incubation was the same at 4 µg g-1 soil.  The taxonomic analysis for 16S revealed 

that treatment with NIs did not appear to significantly affect non-target organisms, with only 3 

non-nitrifying bacterial genera significantly impacted based on treatments applied.     

In the fungal ITS samples, VLS and Instinct II appeared to have opposite effects on 

fungal community diversity, with VLS reducing the fungal community alpha diversity while 

Instinct II appeared to slightly increase the fungal alpha diversity, although this increase was not 

statistically significant.  The beta diversity analysis also revealed significant differences between 

the VLS and Instinct II samples, which suggests that certain ingredients in VLS may reduce 

fungal diversity while the opposite appears to be true for Instinct II.   The taxonomic analysis for 

fungi revealed that samples treated with VLS were almost completely dominated by 

Basidiomycota and Ascomycota, which contrasts with Instinct II, in which the relative 

abundance of fungal phyla was much more evenly distributed.  As with the 16S analysis, the 

treatments only significantly impacted three fungal genera with no known fungal nitrifiers 

directly impacted.  These results suggest that the NIs had a much more significant impact on the 

fungal community diversity, which shows evidence of non-target impacts of nitrapyrin-based 

NIs, as nitrapyrin was designed primarily to inhibit AOB.  

While amplicon sequencing allowed for visualization of effects of treatment with 

nitrapyrin-based NIs, only three nitrifying bacterial genera, one nitrifying fungal genera, and 

zero archaeal nitrifying genera were detected.  The relative abundances of the bacterial genera 

ranged from 0.40% to 0.58% for Nitrospira, which was the only nitrifying bacterial genus 

detected in all sample types while Penicillum was the only nitrifying fungal genera detected with 

relative abundance ranging from 0.07% in optimum pH soil and 0.95% in low pH soil.  Overall, 

these results illustrate the limitations of relying solely on amplicon sequencing for detecting 



 

 53 

changes in abundance of nitrifying populations as these populations comprised a very small 

portion of the total soil microbial population, with several genera including all AOA below 

detection limits.  These limitations were noted in previous studies such as the recent study by 

Hayden et al., 2021, which used qPCR to determine effects of NI treatment on specifically 

targeted nitrifying microorganisms by targeting the amoA gene as was done in chapter 1.  While 

amplicon sequencing is a powerful tool for identifying treatment effects on the microbial 

population, functional gene assay techniques that target specific microorganisms including qPCR 

are needed for more specific analysis of effects of NIs on targeted nitrifiers.    

4.2:  Influence of Soil pH on Microbial Community Diversity  

 While NIs mostly did not significantly affect the diversity of the bacterial and archaeal 

soil microbiome, significant impacts on diversity were observed between the low and optimum 

pH samples in alpha (bacteria) and beta diversity, and through taxonomic analysis.  The beta 

diversity principal coordinate analyses (PCoA) for 16S (Figure 14) and ITS (Figure 19) 

revealed that soil pH had a much greater impact on the Bray-Curtis distance between samples in 

comparison to treatment effects, which were much less noticeable.  The taxonomic analysis for 

16S and ITS amplicon sequencing revealed significantly greater changes in microbial 

community composition because of changes in pH with more genera significantly impacted for 

both bacteria and fungi in comparison to treatment impacts.  These results support prior 

conclusions (Prosser and Nicol, 2012; Fisk et al., 2015; Hayden et al., 2021) that local soil 

conditions have a much greater impact on overall microbial diversity than NI treatment, which 

mostly affects specifically targeted microorganisms, particularly soil nitrifying bacteria.   
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5. Conclusions and Future Research  

 This thesis aimed to explore the impacts of treatment with two nitrapyrin-based NIs on 

targeted soil nitrifiers and on non-target microorganisms across the entire soil microbial 

community.  Based on the results obtained from chapter 1 including the nitrification potential 

assay, inorganic N analysis with KCl extraction, and functional gene assays using qPCR, it is 

clear that the nitrapyrin-based NIs performed as intended in terms of limiting conversion of NH4
+ 

to NO3
-.  The NIs were both able to significantly inhibit AOA, which was unknown at the time 

that nitrapyrin was developed in the 1960s, likely due to the presence of the amoA gene, which is 

the target of nitrapyrin and is present in AOA.   

 Recent advances in DNA sequencing technologies have allowed for determination of 

effects of NIs on non-target organisms comprising the soil microbial community.  The results 

obtained using next-generation amplicon sequencing of the 16S rRNA gene in bacteria and 

archaea and the ITS region in fungi did not reveal major effects on non-target organisms in 

comparison to the effects observed based on soil pH.  Indeed, the regional soil environment 

appears to be the largest contributing factor to the population dynamics of the entire soil 

microbial community and must be considered for future studies involving NIs.  Additionally, 

effects on the archaeal community were undetermined since no archaeal taxa were detected using 

16S amplicon sequencing, which suggests that future studies will need to rely on functional gene 

assays to quantify effects on archaea or perhaps advancements in sequencing technology will 

allow for visualization of effects on the archaeal community, which have emerged as a 

significant subject in nitrification research in recent years.  Another area of interest that was not 

explored in this study is the newly identified comammox (complete ammonia oxidation) 

organism belonging to the genus Nitrospira.  The proliferation and contribution of comammox to 
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the nitrification process is currently uncertain, as is the efficacy of NIs on nitrification by 

comammox.  Although taxonomy analysis of the 16S amplicon sequencing results did reveal a 

noticeable impact on the genus Nitrospira, current sequencing techniques are unable to 

specifically detect comammox.  In closing, future studies on the effects of nitrapyrin-based NIs, 

or NIs with any other active ingredient should attempt to replicate all possible agricultural soil 

conditions in the regions in which the research is conducted and use a combination of functional 

gene assays for targeted nitrifiers and amplicon sequencing to reveal effects on overall microbial 

diversity.  This is especially important in the context of newly identified microorganisms, 

particularly AOA, which was inhibited in this study, however, in other published works, the 

efficacy of nitrapyrin against AOA is not universal, likely due to varying soil environmental 

conditions and population dynamics that future studies should attempt to examine as closely as 

possible with current technology. 
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Tables 

 

Table 1: Soil pH Values at the End of Incubation (1:2 Soil:Water Ratio) 

Low pH Soil Optimum pH Soil 

Sample ID pH Sample ID pH 

S 4.81 S 5.55 

SN 4.25 SN 4.98 

SNV 4.88 SNV 5.38 

SNI 5.16 SNI 5.60 

SV 5.00 SV 5.46 

SI 5.58 _SI 5.99 

Note: S = control, SN = soil with (NH4)2SO4, SNV = soil with (NH4)2SO4 + VLS, SNI = soil 

with (NH4)2SO4 + Instinct II, SV = soil + VLS, SI = soil + Instinct II 
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Figures 

Figure 1:  Nitrification Potential Under Different Soil pH Conditions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note:  Figure 1a: Samples without (NH4)2SO4, Figure 1b: Samples with (NH4)2SO4.  LpH = low pH, OpH 

= optimum pH, _V = treatment with VLS, _I = treatment with Instinct II.  Error bars = standard error. 
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Figure 2:  Inorganic N Balance Under Different Soil pH Conditions 

 

 

 

 

 

 

 

 

 

 

 

 

Note:  Figure 2a: samples without addition of (NH4)2SO4.  Figure 2b: samples with addition of 

(NH4)2SO4.  LpH = low pH, OpH = optimum pH, _V = treatment with VLS, _I = treatment with Instinct 

II.  Error bars = standard error. 
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Figure 3:  Inorganic N Concentration on Day 63 in Samples Treated with NIs 

 

Note:  Gene copy number = ng µL-1.  S = soil control, SN = soil + (NH4)2SO4 control, SNV = VLS + 

(NH4)2SO4, SNI = Instinct II + (NH4)2SO4, SV = VLS, SI = Instinct II.  Soil pH: L = low pH, O = 

optimum pH 
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Figure 4:  16S Gene Abundance in Response to Treatment with NIs and (NH4)2SO4 

 

Note:  Gene copy number = ng µL-1.  S = soil control, SN = soil + (NH4)2SO4 control, SNV = VLS + 

(NH4)2SO4, SNI = Instinct II + (NH4)2SO4, SV = VLS, SI = Instinct II.  * = Observed decrease relative to 

control. 
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Figure 5:  ITS Gene Abundance in Response to Treatment with NIs and (NH4)2SO4 

 

Note:  Gene copy number = ng µL-1.  S = soil control, SN = soil + (NH4)2SO4 control, SNV = VLS + 

(NH4)2SO4, SNI = Instinct II + (NH4)2SO4, SV = VLS, SI = Instinct II.  * = Observed decrease relative to 

control. 
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Figure 6:  AOA Gene Abundance in Response to Treatment with NIs and (NH4)2SO4 

 

Note:  Gene copy number = ng µL-1.  S = soil control, SN = soil + (NH4)2SO4 control, SNV = VLS + 

(NH4)2SO4, SNI = Instinct II + (NH4)2SO4, SV = VLS, SI = Instinct II.  * = Observed decrease relative to 

control. 
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Figure 7:  AOB Gene Abundance in Response to Treatment with NIs and (NH4)2SO4 

 

Note:  Gene copy number = ng µL-1.  S = soil control, SN = soil + (NH4)2SO4 control, SNV = VLS + 

(NH4)2SO4, SNI = Instinct II + (NH4)2SO4, SV = VLS, SI = Instinct II.  * = Observed decrease relative to 

control. 
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Figure 8:  FnirK Gene Abundance in Response to Treatment with NIs and (NH4)2SO4

 

Note:  Gene copy number = ng µL-1.  S = soil control, SN = soil + (NH4)2SO4 control, SNV = VLS + 

(NH4)2SO4, SNI = Instinct II + (NH4)2SO4, SV = VLS, SI = Instinct II.  * = Observed decrease relative to 

control. 
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Figure 9:  nirS Gene Abundance in Response to Treatment with NIs and (NH4)2SO4 

 

Note:  Gene copy number = ng µL-1.  S = soil control, SN = soil + (NH4)2SO4 control, SNV = VLS + 

(NH4)2SO4, SNI = Instinct II + (NH4)2SO4, SV = VLS, SI = Instinct II.  * = Observed decrease relative to 

control. 
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Figure 10:  nirK Gene Abundance in Response to Treatment with NIs and (NH4)2SO4 

 

Note:  Gene copy number = ng µL-1.  S = soil control, SN = soil + (NH4)2SO4 control, SNV = VLS + 

(NH4)2SO4, SNI = Instinct II + (NH4)2SO4, SV = VLS, SI = Instinct II.  * = Observed decrease relative to 

control. 
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Figure 11:  p450nor Gene Abundance in Response to Treatment with NIs and (NH4)2SO4 

 

Note:  Gene copy number = ng µL-1.  S = soil control, SN = soil + (NH4)2SO4 control, SNV = VLS + 

(NH4)2SO4, SNI = Instinct II + (NH4)2SO4, SV = VLS, SI = Instinct II.  * = Observed decrease relative to 

control. 
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Figure 12: 16S Bacterial Alpha Diversity in Response to Soil pH, Addition of (NH4)2SO4, 

and Addition of NIs 

 

 

Note:  Nitrogen = (NH4)2SO4 control, Inhibitor-I = Instinct II, Inhibitor-V = VLS, N-I = (NH4)2SO4 + 

Instinct II, N-V = (NH4)2SO4 + VLS.  Soil pH: L = low pH, O = optimum pH.  Error bars = standard 

error. 
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Figure 13:  Principal Coordinate Analysis (Bray-Curtis Distance) of Bacterial 16S Samples 

Displaying Percent Dissimilarity Explained by Changes in Soil pH, Treatment with NIs and 

(NH4)2SO4, and Effects on Alpha Diversity (Shannon Diversity Index) 

 

Note:  Nitrogen = (NH4)2SO4 control, Inhibitor-I = Instinct II, Inhibitor-V = VLS, N-I = (NH4)2SO4 + 

Instinct II, N-V = (NH4)2SO4 + VLS.  Soil pH: L = low pH, O = optimum pH 
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Figure 14:  16S Bacterial Beta Diversity in Response to Treatment With (NH4)2SO4 and 

Addition of NIs 

 

Note:  Control = soil alone, Nitrogen =  (NH4)2SO4 control, Inhibitor-I = Instinct II, Inhibitor-V = VLS, 

N-I = (NH4)2SO4 + Instinct II, N-V = (NH4)2SO4 + VLS 
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Figure 15:  Effects of Treatment with NIs and (NH4)2SO4 on Bacterial Phyla Abundance 

(Relative Abundance > 5%) 

 

 

Note:  S = soil control, SN = soil + (NH4)2SO4 control, SNV = VLS + (NH4)2SO4, SNI = Instinct II + 

(NH4)2SO4, SV = VLS alone, SI = Instinct II alone 
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Figure 16:  Heatmap Displaying Changes in 16S Bacterial Genera Abundance in Response to 

Treatment with NIs and (NH4)2SO4 

 

Note:  Control = soil alone, Nitrogen =  (NH4)2SO4 control, Inhibitor-I = Instinct II, Inhibitor-V = VLS, 

N-I = (NH4)2SO4 + Instinct II, N-V = (NH4)2SO4 + VLS 

 

Figure 17:  Figure 16:  Heatmap Displaying Changes in 16S Bacterial Genera Abundance in 

Response to Different Soil pH 

   

Note:  L = low pH, O = optimum pH 
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Figure 18: ITS Fungal Alpha Diversity in Response to Soil pH, Addition of (NH4)2SO4, and 

Addition of NIs 

 

Note:  Alpha diversity was unable to be calculated for N-I samples at LpH.  Nitrogen = (NH4)2SO4 

control, Inhibitor-I = Instinct II, Inhibitor-V = VLS, N-I = (NH4)2SO4 + Instinct II, N-V = (NH4)2SO4 + 

VLS.  Soil pH: L = low pH, O = optimum pH.  Error bars = standard error. 
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Figure 19:  Principal Coordinate Analysis (Bray-Curtis Distance) of Fungal ITS Samples 

Displaying Percent Dissimilarity Explained by Changes in Soil pH, Treatment with NIs and 

(NH4)2SO4, and Effects on Alpha Diversity (Shannon Diversity Index) 

 

Note:  Nitrogen = (NH4)2SO4 control, Inhibitor-I = Instinct II, Inhibitor-V = VLS, N-I = (NH4)2SO4 + 

Instinct II, N-V = (NH4)2SO4 + VLS.  Soil pH: L = low pH, O = optimum pH 
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Figure 20:  ITS Fungal Beta Diversity in Response to Treatment With (NH4)2SO4 and 

Addition of NIs 

 

 

Note:  Control = soil alone, Nitrogen =  (NH4)2SO4 control, Inhibitor-I = Instinct II, Inhibitor-V = VLS, 

N-I = (NH4)2SO4 + Instinct II, N-V = (NH4)2SO4 + VLS 
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Figure 21:  Effects of Treatment with NIs and (NH4)2SO4 on Fungal Phyla Abundance 

(Relative Abundance > 5%) 

 

 

Note:  S = soil control, SN = soil + (NH4)2SO4 control, SNV = VLS + (NH4)2SO4, SNI = Instinct II + 

(NH4)2SO4, SV = VLS alone, SI = Instinct II alone 
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Figure 22:  Heatmap Displaying Changes in ITS Fungal Genera Abundance in Response to 

Treatment with NIs and (NH4)2SO4 

 

Note:  Control = soil alone, Nitrogen =  (NH4)2SO4 control, Inhibitor-I = Instinct II, Inhibitor-V = VLS, 

N-I = (NH4)2SO4 + Instinct II, N-V = (NH4)2SO4 + VLS 

 

Figure 23:  Heatmap Displaying Changes in ITS Fungal Genera Abundance in Response to 

Different Soil pH 

 

Note:  L = low pH, O = optimum pH 
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Fungi; Ascomycota; Sordariomycetes; Sordar iales; Chaetomiaceae; Humicola

Fungi; Ascomycota; Leotiomycetes; Thelebolales; Pseudeurotiaceae; Pseudogymnoascus

Fungi; Ascomycota; Leotiomycetes; Helotiales; Helotiaceae; Tetracladium

Fungi; Ascomycota; Leotiomycetes; Helotiales; Helotiaceae; Anguillospor a

Fungi; Basidiomycota; Tremellomycetes; Filobasidiales; Piskurozymaceae; Solicoccozyma

Fungi; Ascomycota; Sordariomycetes; Hypocreales; Hypocreaceae; T richoderma
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Fungi; Ascomycota; Dothideomycetes; Pleosporales; Melanommataceae; NA

Fungi; Chytridiomycota; unidentified; unidentified; unidentified; unidentified

Fungi; Ascomycota; Sordariomycetes; Glomerellales; Plectosphaerellaceae; Plectosphaerella

Fungi; Ascomycota; Sordariomycetes; Hypocreales; unidentified; unidentified

Fungi; Ascomycota; Eurotiomycetes; Eurotiales; Trichocomaceae; Sagenomella

Fungi; Ascomycota; NA; NA; NA; NA

Fungi; Ascomycota; Sordariomycetes; Sordar iales; Lasiosphaer iaceae; unidentified

Fungi; Ascomycota; Sordariomycetes; NA; NA; NA

Fungi; Ascomycota; Leotiomycetes; Helotiales; NA; NA

Fungi; Basidiomycota; Tremellomycetes; Cystofilobasidiales; Mr akiaceae; Mrakia

Fungi; Basidiomycota; NA; NA; NA; NA

Fungi; Ascomycota; Eurotiomycetes; Eurotiales; Trichocomaceae; Talaromyces

Fungi; Ascomycota; Eurotiomycetes; Eurotiales; Aspergillaceae; Aspergillus

Fungi; Ascomycota; Eurotiomycetes; Eurotiales; Aspergillaceae; P enicillium

Fungi; Ascomycota; Leotiomycetes; Helotiales; Myxotr ichaceae; Oidiodendron

Fungi; Ascomycota; Sordariomycetes; Chaetosphaer iales; Chaetosphaer iaceae; Chaetosphaer ia

Fungi; Ascomycota; Sordariomycetes; Hypocreales; Nectr iaceae; NA

Fungi; Ascomycota; Sordariomycetes; Hypocreales; Nectr iaceae; Fusarium

Fungi; Ascomycota; Eurotiomycetes; Chaetothyriales; Herpotrichiellaceae; Exophiala

Fungi; Basidiomycota; Tremellomycetes; Cystofilobasidiales; Mr akiaceae; Tausonia

Fungi; Ascomycota; Sordariomycetes; Hypocreales; Nectr iaceae; Fusicolla

Fungi; Mortierellomycota; Mortierellomycetes; Mortierellales; Mor tierellaceae; Mor tierella

Fungi; NA; NA; NA; NA; NA

Fungi; unidentified; unidentified; unidentified; unidentified; unidentified

Fungi; Ascomycota; Sordariomycetes; Sordar iales; Chaetomiaceae; Humicola

Fungi; Ascomycota; Leotiomycetes; Thelebolales; Pseudeurotiaceae; Pseudogymnoascus

Fungi; Ascomycota; Leotiomycetes; Helotiales; Helotiaceae; Tetracladium

Fungi; Ascomycota; Leotiomycetes; Helotiales; Helotiaceae; Anguillospor a

Fungi; Basidiomycota; Tremellomycetes; Filobasidiales; Piskurozymaceae; Solicoccozyma

Fungi; Ascomycota; Sordariomycetes; Hypocreales; Hypocreaceae; T richoderma
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