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ABSTRACT 
 

Excess nutrients from nonpoint sources are an ongoing problem that is expected to worsen as 
population and fertilizer usage rise. Conventional centralized treatment systems are not well suited 
to address nonpoint source pollution. More distributed best management practices (BMPs) like 
constructed wetlands are a promising alternative and have been widely implemented in the US 
since the 1970’s. Constructed wetlands are multi-functional systems that can effectively store and 
transform harmful contaminants using primarily natural processes. However, the removal of 
pollutants like nitrogen by wetlands is highly variable, likely due to a combination of factors such 
as plant species-specific assimilation behavior, the effects of plant communities on microbial 
diversity and function, and variable nitrogen inputs. In this study, the effect of plant species 
richness (i.e., number of plant species in a system) and seasonal nutrient loading (i.e., nitrogen 
fertilization) on the microbial community responsible for regulating nitrogen turnover in wetland 
mesocosm soils was investigated. The chip-based QuantStudio™ 3D digital PCR (QS3D dPCR) 
system was used to quantify ammonia-oxidizing bacteria (AOB), nitrite-oxidizing bacteria (NOB), 
comammox, anammox, and denitrifiers. Principal component analysis (PCA) was used to identify 
dominant patterns in the microbial community and nitrogen species. Resampling-based analysis 
of variance (ANOVA) was used to assess statistical significance of any observed differences 
caused by nitrogen fertilization or plant species richness. Results indicated that fertilization or 
season, which was convolved with fertilization, was the dominant factor influencing the microbial 
community in the study environment (27% variance explained), as indicated by the disparate 
clustering of fall (fertilized) and spring (unfertilized) samples about principal component 1 (fall: 
negative PC1, spring: positive PC1). Because unplanted unfertilized controls sampled in 
November clustered within the season in which they were collected rather than with other 
unfertilized samples collected in May, season may have influenced microbial community shifts 
more than fertilization for unplanted systems. This finding should be interpreted cautiously, 
however, given the small number of unplanted unfertilized controls (N = 2) and the absence of 
similar controls in the planted systems. The most abundant bacterial groups detected in May 
(November) were AOB, nirK, anammox, and Nitrospira spp. NOB (AOB, anammox, Nitrospira 
spp. NOB, and nosZ). The effects of plant species richness were more nuanced, with greater 
richness significantly impacting the abundance of only a subset of bacterial groups (i.e., the 
nitrifying bacteria AOB, Nitrospira spp. NOB, and comammox, but not the denitrifying bacteria). 
Different relationships between richness and microbial abundance were observed in different 
seasonal nutrient loadings (i.e., interaction effects between richness and fertilization were detected 
for some bacterial groups).  
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GENERAL AUDIENCE ABSTRACT 
 

As global population continues to rise, fertilizer application is becoming more commonplace in 
order to meet increasing agricultural demand. Fertilizers supply nutrients like nitrogen that, 
in excess, can negatively affect water quality. Since conventional treatment systems are largely 
impractical to control such diffuse, nonpoint sources of pollution, more distributed best 
management practices (BMPs) like constructed wetlands are a promising alternative. Several 
important nitrogen transformations occur within wetlands, of which soil microbial communities 
have a significant influence over. For instance, nitrifying bacteria can transform ammonia into 
nitrate and denitrifying bacteria can transform nitrate into atmospheric nitrogen. Constructed 
wetlands are designed to mimic these complex, dynamic processes, and can be manipulated for 
more effective nitrogen pollution control. However, the removal of pollutants like nitrogen by 
wetlands is highly variable, likely due to a combination of factors such as plant species-specific 
assimilation behavior, the effects of plant communities on microbial diversity and function, and 
variable nitrogen inputs. In this study, the effects of plant species richness (i.e., number of plant 
species in a system) and seasonal nutrient loading (i.e., nitrogen fertilization) on several types of 
nitrifying and denitrifying bacteria in wetland mesocosm soils were investigated. Digital 
polymerase chain reaction (dPCR) was used to quantify bacterial abundance. Principal component 
analysis (PCA) was used to identify dominant patterns within the data and resampling-based 
analysis of variance (ANOVA) was used to assess statistical significance of any observed 
differences caused by fertilization, season, and/or plant species richness. Results indicated that 
fertilization or season, which was convolved with fertilization, was the dominant factor influencing 
the microbial community in the study environment. The effects of plant species richness were more 
nuanced, with greater richness significantly impacting the abundance of only a subset of bacterial 
groups (i.e., the nitrifying bacteria AOB, Nitrospira spp. NOB, and comammox, but not the 
denitrifying bacteria). 
  



   
 

   
 

iv 

DEDICATION 
 
 
 
 
 
 

This thesis is dedicated to my parents, Nita and Raj Shah,  
and to my grandfathers, Rasik and Jayanthilal Shah 

 
Thank you. 

  



   
 

   
 

v 

ACKNOWLEDGEMENTS 
 
I would like to express my sincere gratitude to the following people for their time, guidance, and 
efforts throughout this research project. 
 
My advisory committee: 
Dr. Zhiwu Wang, committee chair and advisor, for the research opportunity and for teaching me 
how to ‘think like an engineer’ 
Dr. Megan Rippy, for the Matlab® assistance and statistical expertise 
Dr. Adil Godrej, for the research advice and support 
Dr. Brian Badgley, for the qPCR training and soils expertise 
 
The Ahn Mesocosm Compound at George Mason University: 
Dr. Changwoo Ahn, for providing the study design, soil samples, and ecological expertise 
 
Hampton Road Sanitation District (HRSD): 
Dr. Raul Gonzalez, for assistance with methods of standardization for digital PCR  
 
The Occoquan Watershed Monitoring Laboratory (OWML): 
in particular, 
Alexander Clare, Alexa Cubas, Adnan Lodhi, Ayden Baran, Barbara Angelotti, Marilyn Stull, 
Alicia Tingen, Joan Wirt, and Curt Eskridge 
 
  



   
 

   
 

vi 

TABLE OF CONTENTS 
 
CHAPTER ONE: INTRODUCTION ....................................................................................................... 1	

1.1	 Nitrogen utilization in a wetland mesocosm ................................................................................ 1	
1.1.1	 Nonpoint source pollution ....................................................................................................... 1	
1.1.2	 Control of nonpoint source pollution ...................................................................................... 1	
1.1.3	 Characteristics of constructed wetlands ................................................................................. 2	
1.1.4	 Soil bacteria of the nitrogen cycle ........................................................................................... 3	

1.2	 Contemporary method of digital PCR ......................................................................................... 6	
1.2.1	 The purpose of PCR ................................................................................................................ 6	
1.2.2	 General steps of PCR .............................................................................................................. 6	
1.2.3	 Optional methods of PCR ........................................................................................................ 7	
1.2.4	 General components of a PCR mixture ................................................................................... 8	
1.2.5	 Digital PCR ............................................................................................................................. 9	

1.3	 Research goal ............................................................................................................................... 9	
1.4	 Research objective ..................................................................................................................... 10	

CHAPTER TWO: METHODOLOGY ................................................................................................... 11	
2.1	 Mesocosm compound and timeline ........................................................................................... 11	
2.2	 Sample collection ....................................................................................................................... 11	
2.3	 Sample preparation .................................................................................................................... 12	
2.4	 Nitrogen species analysis ........................................................................................................... 12	
2.5	 Soil moisture content ................................................................................................................. 13	
2.6	 Extraction of DNA ..................................................................................................................... 13	
2.7	 dPCR primes and thermal profiles ............................................................................................. 14	
2.8	 dPCR PCR mixtures .................................................................................................................. 18	
2.9	 QuantStudio™ 3D dPCR workflow .......................................................................................... 18	
2.10	 QuantStudio™ 3D AnalysisSuite™ Software ........................................................................... 20	
2.11	 Statistical methods ..................................................................................................................... 23	

2.11.1	 Statistical overview ........................................................................................................... 23	
2.11.2	 The assumption of normality ............................................................................................. 23	
2.11.3	 Principal component analysis with nonparametric bootstrapped confidence bounds ..... 23	
2.11.4	 Resampling-based analysis of variance ............................................................................ 24	

CHAPTER THREE: RESULTS AND DISCUSSION ........................................................................... 26	
3.1	 Results ........................................................................................................................................ 26	

3.1.1	 Comparison of nitrogen turnover bacterial abundance ........................................................ 26	



   
 

   
 

vii 

3.1.2	 Comparison of nitrogen species concentrations ................................................................... 27	
3.1.3	 Contour maps of bacterial and nitrogen species distribution in May and November .......... 28	
3.1.4	 Resampling-based stopping rule ........................................................................................... 30	
3.1.5	 PCA biplot ............................................................................................................................. 31	

3.2	 Discussion .................................................................................................................................. 31	
3.2.1	 Defining PC Mode 1 .............................................................................................................. 31	
3.2.2	 Resampling-based ANOVA significance tests ....................................................................... 32	
3.2.3	 Interpreting PC Mode 1 ........................................................................................................ 36	
3.2.4	 Defining PC Mode 2 .............................................................................................................. 41	

CHAPTER FOUR: CONCLUSIONS ..................................................................................................... 43	
4.1	 Concluding Remarks .................................................................................................................. 43	
4.2	 Engineering Significance and Implications ............................................................................... 43	
4.3	 Study Limitations and Recommendations ................................................................................. 44	
4.4	 dPCR Limitations and Recommendations ................................................................................. 44	

REFERENCES .......................................................................................................................................... 46	
APPENDIX ................................................................................................................................................ 55	
  



   
 

   
 

viii 

LIST OF FIGURES 
 
Figure 1. The nitrogen cycle ......................................................................................................................... 3	
Figure 2. Bacterial abundance across sampling months and plant species richness ................................... 26	
Figure 3. Nitrogen species concentrations across sampling months and plant species richness ................ 27	
Figure 4. May data contour map ................................................................................................................. 29	
Figure 5. November data contour map ........................................................................................................ 29	
Figure 6. Resampling-based stopping rule .................................................................................................. 30	
Figure 7. PCA biplot ................................................................................................................................... 31	
Figure 8. AOB abundance in May and November ...................................................................................... 38	
Figure 9. Ammonia-nitrogen concentrations in May and November ......................................................... 38	
Figure 10. NIR abundance in May and November ..................................................................................... 39	
Figure 11. Nitrate-nitrogen concentrations in May and November ............................................................ 40	
Figure 12. nosZ abundance in May and November .................................................................................... 41	

 
  



   
 

   
 

ix 

LIST OF TABLES 
 
Table 1. Selected primers and thermal profiles ........................................................................................... 14	
Table 2. Sample mixture components ......................................................................................................... 18	
Table 3. NTC mixture components ............................................................................................................. 18	
Table 4. Resampling-based significance tests for bacteria by fertilization (overall) .................................. 33	
Table 5. Resampling-based significance tests for bacteria by season (overall) .......................................... 33	
Table 6. Resampling-based significance tests for bacteria by fertilization (pairwise) ................................ 34	
Table 7. Resampling-based significance tests for bacteria by season (pairwise) ........................................ 34	
Table 8. Resampling-based significance tests for nitrogen species for fertilization (overall) .................... 35	
Table 9. Resampling-based significance tests for nitrogen species for season (overall) ............................ 35	
Table 10. Resampling-based significance tests for nitrogen species by fertilization (pairwise) ................ 36	
Table 11. Resampling-based significance tests for nitrogen species by season (pairwise) ........................ 36	
Table 12. Nitrogen species analysis kits ..................................................................................................... 55	
Table 13. PCR mixture reagent preparation and storage ............................................................................ 55	
 
  



   
 

   
 

x 

TABLE OF PICTURES 
 
Picture 1. Import data screen ....................................................................................................................... 20	
Picture 2. Define chip screen ....................................................................................................................... 20	
Picture 3. Review data screen ..................................................................................................................... 21	
Picture 4. NTC chip example screen ........................................................................................................... 21	
Picture 5. Target chip example screen ........................................................................................................ 22	
 
  



 

   
 

1 

CHAPTER ONE: INTRODUCTION 
 
1.1 Nitrogen utilization in a wetland mesocosm 

 
1.1.1 Nonpoint source pollution 
 
Nonpoint source (NPS) pollution poses a unique problem that makes its containment difficult to 
achieve. Unlike point sources, nonpoint sources are highly dynamic, where flow and quality often 
change at random, intermittent intervals (Novotny and Chesters 1981). Monitoring is challenging 
because the exact point(s) of origin is/are difficult, if not impossible, to trace. NPS pollution was 
not recognized as an issue until the late 1960s (Zellmer 2009). The United States was undergoing 
significant industrial growth and the resulting pollution was accepted as a symbol of progress 
rather than harm. The effects of accelerated eutrophication, loss of aquaculture, impairment of 
recreational activities, and poor local water quality, however, initiated several federal programs 
and regulations in the 1970s that now serve as the groundwork of water management today. 
Notably, the Federal Water Pollution Control Act, originally enacted in 1948 and then amended in 
1972, launched efforts to locate and manage sources of nonpoint pollution. Following these major 
amendments, the act became known as the Clean Water Act (CWA). Section 10(a) of the CWA 
states the objective as “to restore and maintain the chemical, physical, and biological integrity of 
the Nation’s waters” and section 319(h) (amended in 1987) mandated the development and 
implementation of programs that would control NPS pollution (USEPA 2016). 
 
Common sources of nonpoint pollution include urban stormwater, surface runoff, fertilization, and 
atmospheric deposition (USEPA 2005). NPS discharge diffuses into surface waters, substantially 
affecting water quality parameters such as nitrogen concentrations. Nonpoint sources are 
responsible for 80% of the total nitrogen load into receiving waters (Novotny and Chesters 1981), 
which, subsequently, affects the level of nitrogen accumulation in soils. Sources of nitrogen 
include fertilizer application (46%), nitrogen fixation from the atmosphere (20%), plant residues 
(17%), precipitation (10%), and manure application (7%) (Novotny and Chesters 1981). A recent 
2015 study conducted by the Food and Agriculture Organization of the United Nations predicted 
global fertilizer usage to rise above 200.5 million tonnes in 2018, 25% higher than 2008. As global 
population and agricultural demand continue to rise, mitigation of nonpoint source pollution 
becomes critical to protect water resources, particularly in regions where water is scarce. 
 
1.1.2 Control of nonpoint source pollution 
 
The CWA introduced an NPS management program characterized by best management practices 
(BMPs). A BMP is an effective, practical method of preventing or reducing nonpoint source 
pollution to a level compatible with water quality goals (USEPA 2016). A BMP is determined by 
a state or designated agency after adequate assessment of the problem, evaluation of alternative 
solutions, and appropriate public participation (USEPA 2016). The most preferred (i.e., 
economical) measure of control is designed to prevent or reduce potential pollutants from leaving 
the source area.  
 
While wetlands have long been used as wastewater discharge sites, their potential as pollution 
control systems was recognized in the 1950’s and only gained popularity in the 1970’s (Vymazal 
2011). In North America, the first constructed wetland was created in 1973 at the Brookhaven 
National Laboratory in New York (Knight et al. 2000). Today, wetlands are not only used for the 
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tertiary treatment of municipal wastewater, but also for the treatment of urban stormwater and dry-
weather runoff (Huang et al. 2018). Wetlands are accepted as an effective BMP for controlling 
NPS pollution as they can perform physical, chemical, and biological treatment processes to 
remove excess sediment and nutrients from runoff. Vegetation slows inflow, decreasing water 
velocity and improving sedimentation; roots assimilate minerals from the soil; gas exchange 
occurs across the water surface, increasing dissolved oxygen (DO) concentrations for the 
decomposition of organic compounds and the oxidation of metal ions (Olson 1992). Lastly, 
wetlands foster the development of diverse microenvironments within their soils, both aerobic and 
anaerobic, which support nitrification followed by denitrification (i.e., the transformation of 
ammonia to atmospheric nitrogen) (McClain et al. 2003).  
 
Though conventional treatment plants tend to be very reliable, they often require high supervision 
and energy-intensive procedures to mimic the optimal conditions for microbial growth. Properly 
designed wetland systems thus hold potential to be a more sustainable treatment alternative. A 
2013 study concluded that, globally, wetlands perform ecosystem services that would otherwise 
cost roughly $13 trillion annually (Weil and Brady 2017). However, wetland treatment systems 
usually do not provide consistent pollutant load reductions; peak performance is dependent upon 
many environmental factors. For this reason, design criteria for constructed wetland systems are 
more generalized than conventional treatment systems, as these dynamic environments are still not 
quite fully understood. 
 
1.1.3 Characteristics of constructed wetlands 
 
Section 404 of the CWA defines wetlands as "those areas that are inundated or saturated by surface 
or groundwater at a frequency and duration sufficient to support, and that under normal 
circumstances do support, a prevalence of vegetation typically adapted for life in saturated soil 
conditions" (USEPA 2016). Regulatory authorities have since associated wetlands with three main 
characteristics: 
 

(1) anaerobic conditions 
(2) a hydric soil environment, principally undrained and inundated 
(3) a predominance of hydrophytic plants 

  
Due to frequent inundation, wetlands typically only have oxygen in the upper 1 to 2-cm of soil 
(Weil and Brady 2017). In deeper levels, however, the presence of oxygen is virtually exhausted. 
The USDA Natural Resources Conservation Service defines hydric soil as "one that is formed 
under the conditions of saturation, flooding, or ponding long enough during the growing season to 
develop anaerobic conditions in the upper part” (USDA 1994). The inhibition of oxygen diffusion 
into the soil slows down the microbial rate of decay and fosters conditions where other substances, 
such as NO3-, Mn4+, Fe3+, SO42-, or CO2, act as the terminal electron acceptors (Weil and Brady 
2017). Hydric soils therefore exhibit both saturated and reduced zones.  
 
Hydrophytes are aquatic plant species that have adapted to saturated, anaerobic soils. Features of 
such vegetation include aerenchyma tissue and adventitious roots. Oxygen can fill the hollow 
aerenchyma and diffuse to the submerged roots in anoxic environments, prolonging aerobic 
respiration (Weil and Brady 2017). Adventitious roots form on stems above anoxic zones and 
function to transport oxygen and uptake minerals (Weil and Brady 2017). Hydrophytes create 
microscale habitats where aerobic and anaerobic conditions are located in close proximity. The 
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three main microsites include (1) the thin oxidative layer atop the flooded anaerobic area, (2) soil 
aggregates where the inner, anaerobic cluster is surrounded by an outer aerobic layer, and (3) the 
root zone where an aerobic zone surrounds the submerged aquatic root (Reddy et al. 1984). These 
microsites allow important nitrogen transformations, such as ammonia oxidation and nitrate 
reduction, to occur. 
 
The hydrophytes included in the present study environment were Eleocharis obtusa, Mimulus 
ringens, Juncus effusus, and Carex vulpinoidea, which are all considered perennial plants (Pierce 
et al. 2017). Eleocharis obtusa, commonly referred to as spikerush, belongs to the family 
Cyperaceae and is a ruderal sedge that grows in emergent wetlands along the eastern United States 
and Canada. Carex vulpinoidea, or fox sedge, is an interstitial sedge that also belongs to the 
Cyperaceae family. Mimulus ringens, or monkeyflower, is a facultative ruderal dicot that belongs 
to the Scrophulariaceae family. And Juncus effusus, or softrush, is an interstitial rush of the 
Juncaceae family.  
 
1.1.4 Soil bacteria of the nitrogen cycle 
 
Nitrogen is a component of nucleic acids, the building blocks of DNA. Nitrogen is also a 
component of amino acids, the building blocks of proteins, which include enzymes responsible for 
important biological processes. For instance, nitrogen is found in chlorophyll, which is required to 
carry out photosynthesis. A deficiency in nitrogen could result in poor protein content, whereas 
excess nitrogen may increase susceptibility to disease, degradation of crop quality, and/or 
increased nitrate leaching into groundwater (Weil and Brady 2017). Clearly, a dynamic balance of 
nitrogen is key. To better understand nitrogen transformation in soil, the nitrogen cycle is briefly 
introduced (Figure 1). 
 

 
 

Figure 1. The nitrogen cycle 
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The majority of the earth’s atmosphere, roughly 78%, is comprised of nitrogen gas (N2). However, 
dinitrogen consists of a very stable triple bond, making it an inert gas not directly usable by plants 
or animals. Microbes and/or lightning can break this triple bond, a process termed nitrogen 
fixation, to form reactive nitrogen which can then become readily usable by all forms of life (Fisher 
and Newton 2002). Bacteria responsible for biological nitrogen fixation possess an enzyme “nif” 
and are generally species of Rhizobium, Actinomycetes, or Cyanobacteria (Cooper and Scherer 
2012). Reactive nitrogen is commonly bonded to either hydrogen (i.e., ammonium, NH4+), oxygen 
(i.e., nitrate, NO3-), or carbon (i.e., amino acids, R-C-NH2). Microbial decomposition breaks down 
insoluble, nitrogen-containing organics into simpler amino compounds or amine groups. These 
groups can then be hydrolyzed, where the nitrogen is released as ammonium ions. The term 
mineralization describes this process of converting an organic nitrogen source into an inorganic 
nitrogen ion and the term immobilization describes the reverse process (Weil and Brady 2017). 
Mineralization and immobilization occur simultaneously in the soil environment. The remaining 
nitrogen cycle can be best described as a series of oxidation-reduction reactions that are primarily 
controlled by microorganisms. 
 
Ammonia oxidizing bacteria 
Nitrification, where ammonium ions are oxidized into nitrate, is carried out by autotrophic 
prokaryotes in a two-step process: nitritation and nitratation. As shown in Figure 1, during 
nitritation ammonia (NH3) is oxidized to hydroxylamine (NH2OH) by the enzyme ammonia 
monooxygenase (AMO) and then hydroxylamine is oxidized to nitrite (NO2-) by hydroxylamine 
oxidoreductase (HAO). The oxidation of ammonium may be accomplished by bacteria (AOB) or 
archaea (AOA), the extents of which have shown varying results dependent upon the soil 
environment. Xia et al. (2011) found that AOB contributed more to nitrification whereas Offre et 
al. (2009) and Zhang et al. (2010) found AOA to be more dominant. There has been some 
consensus that while archaeal amoA is more abundant than bacterial amoA, the rate of ammonia 
oxidation may not be directly correlated to AOA or AOB populations. For instance, Yang Ouyang 
(2016) found that while AOA was more abundant across agricultural soils, the activity and 
community of AOB were far more stimulated by ammonia fertilization, indicating that AOB may 
be more responsible for the nitrifying activity. 
 
AOB constitute two monophyletic assemblages: the first belongs to the gamma subclass of 
Proteobacteria and the second belongs to the beta subclass of Proteobacteria. The gamma subclass 
consists of the genus Nitrosococcus spp., which is found mainly in marine AOB species. The more 
common beta subclass of Proteobacteria is divided into two genera: Nitrosomonas spp. and 
Nitrosospira spp. Current understanding indicates genus Nitrosomonas spp. is divided into five 
lineages: N. europaea, N. communis, N. oligotropha, N. marina, and N. cryotolerans and genus 
Nitrosospira spp. is divided into three lineages: N. tenuis, N. briensis, and N. multifomis (Koops 
and Pommerening-Röser 2001).  
 
Nitrite oxidizing bacteria 
The second step, the oxidation of nitrite to nitrate (nitratation), is catalyzed by the enzyme nitrite 
oxidoreductase (NXR) of nitrite-oxidizing bacteria (NOB) (Figure 1). The two steps of nitrification 
involving AOB and NOB generally occur in rapid succession, with nitratation occurring faster 
than nitritation (Novotny and Chesters 1981). Phylogenetically, NOB are more diverse than AOB. 
NOB are found within two phyla: Proteobacteria and Nitrospirae. NOB presence has been found 
in genus Nitrobacter within alpha-Proteobacteria, genus Nitrospina within beta-Proteobacteria, 
genus Nitrococcus within delta-Proteobacteria, and genus Nitrospira within Nitrospirae (Teske et 
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al. 1994, Ehrich et al. 1995, Daims et al. 2000). Historically, Nitrobacter spp. was considered the 
more prominent genus of NOB involved in nitrite oxidation (Bock 1992). Recent studies, however, 
have observed Nitrospira spp. to be more dominant in activated sludge systems (Juretschko et al. 
1998, Burrell et al. 1999, Dionisi et al. 2002, Harms et al. 2003), freshwater aquaria (Siripong and 
Rittmann 2007), and subsurface flow constructed wetlands (Zhong et al. 2015).  
 
Complete ammonia oxidizing bacteria 
Costa et al. (2016) theorized the possibility of a complete nitrifier that could oxidize ammonia to 
nitrate in one step, as opposed to the historically recognized two-step process of nitrification 
accomplished by the two phylogenetically distinct AOB and NOB. A complete nitrifier would be 
competitively advantageous over two separate nitrifiers, which must share the energy derived from 
nitrification. Multiple studies later confirmed the presence of these bacteria, coined complete 
ammonia oxidizers, or “comammox”, within the genus Nitrospira (Daims et al. 2015, van Kessel 
et al. 2015, Palomo et al. 2016, Pinto et al. 2016), shown in yellow in Figure 1. Nitrospira spp. are 
very diverse, existing across at least six sublineages. Comammox organisms are said to be found 
within sublineage II, alongside canonical NOB (bacteria which lack AMO), though presence in 
other sublineages is still unconfirmed. Identification of comammox is thus difficult to differentiate 
between NOB based on 16S rRNA Nitrospira spp. or nxrB gene phylogenetic analysis. 
Interestingly, it was discovered that the AMO and HAO enzymes involved in the complete 
oxidation of ammonia are phylogenetically distinct from the AMO and HAO enzymes found in 
AOB and AOA. Later studies thus identified amoA genes unique to comammox Nitrospira, 
divided into two monophyletic sister clades (Daims et al. 2015, van Kessel et al. 2015), which 
have been targeted for comammox detection (Pjevac et al. 2017). 
 
Comammox have shown an advantage over AOA and AOB under substrate-limiting conditions 
where the ammonia concentration is low (van Kessel et al. 2015, Gao et al. 2016, Nunes-Alves 
2016). The presence of comammox may also shed light on previous observations of low nitrite 
environments, since comammox do not release NO2- as an intermediate, or environments with 
higher abundances of Nitrospira bacteria than amoA AOB, since some of the detected Nitrospira 
might actually belong to comammox (Hu and He 2017).  
 
Denitrifiers 
Denitrification is a process where reactive nitrogen is transferred back to the atmosphere as 
nitrogen gas (N2). Denitrification is accomplished by a more widespread range of organisms, 
mainly facultative heterotrophic bacteria but also some halophilic and hyperthermophilic archaea 
and certain fungi (Throback et al. 2004). There is also emerging evidence of aerobic denitrifiers in 
constructed wetland and sediment environments (Gao et al. 2010, Fu et al. 2018). Heterotrophic 
bacteria obtain energy and carbon as products from the oxidation of organic compounds. The 
ability to denitrify is found in over 50 genera of bacteria, amounting to nearly 130 different species 
(Hallin and Lindgren 1999). The most common genera of denitrifying bacteria include 
Pseudomonas, Bacillus, Micrococcus, and Achromobacter (Hallin and Lindgren 1999).  
 
As shown in Figure 1, the four-step pathway of denitrification involves (1) the reduction of nitrate 
to nitrite by nitrate reductase (NR); (2) the reduction of nitrite to nitric oxide by nitrite 
oxidoreductase (NIR); (3) the reduction of nitric oxide to nitrous oxide by nitric oxide reductase 
(NOR); and (4) the reduction of nitrous oxide to nitrogen gas by nitrous oxide reductase (NOS). 
There are two functionally equivalent but phylogenetically distinct NIR: a copper containing 
enzyme encoded “nirK” and a cytochrome cd1 enzyme encoded “nirS”. nirK and nirS are mutually 
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exclusive in any given strain, though both types of NIR can be found within the same species 
(Coyne et al. 1989). Hallin and Lindgren (1999) found nirS to be the predominant reductase in 
denitrifying bacteria extracted from wastewater treatment plants and activated sludge, though nirK 
showed greater variation in molecular weight and was present in more taxonomically unrelated 
strains. In studies to date, environmental samples have shown a predominance of nirK (Prieme et 
al. 2002, Chen et al. 2010, Philippot et al. 2011) and nirS (Ligi et al. 2014), as well as no detection 
of either nirK (Nogales et al. 2002) or nirS (Bernhard et al. 2012), suggesting differences in niche 
preference among the reductases.  
 
Denitrification is a contributor of N2O emissions, which has been a focus of much attention as it 
has a global warming potential 320 times greater than CO2 on a 100-year timescale (IPCC 1995).  
Thus, increasing interest has been put on the last step of the denitrification pathway, the reduction 
of N2O by NOS. Not all denitrifying bacteria possess the NOS gene (Throback et al. 2004). While 
the NOS gene has been discovered in alpha, beta, and gamma-Proteobacteria, it has not yet been 
found in gram-positive or Archaebacteria (Philippot 2002). Of the studied genomes encoding NIR, 
approximately ⅓ is known to lack nosZ, possibly because the N2O reduction contributes little to 
the organism’s bioenergetic needs (Jones et al. 2008). Thus, NIR is found more abundant than 
NOS. 
 
Anammox 
A unique bacterium that incorporates denitrification is “anammox”, the anaerobic oxidation of 
ammonium. As shown in pink in Figure 1, anammox couple the energy from the oxidation of 
ammonium and the reduction of nitrite into dinitrogen, in the absence of oxygen. The enzymes 
involved include hydrazine synthase (HZS), which produces hydrazine from the nitric oxide and 
ammonia, and hydrazine oxidoreductase (HZO), which oxidizes hydrazine to produce dinitrogen 
(Harhangi et al. 2012). Anammox bacteria belong to the order Brocadiales and have been 
discovered in five genera: Brocadia, Anammoxoglobus, Kuenenia, Scalindua, and Jettenia (Han 
et al. 2017). These bacteria can thrive when organic carbon is low because they use CO2 as their 
sole carbon source for growth (Kartal et al. 2013).  
 
1.2 Contemporary method of digital PCR 
 
1.2.1 The purpose of PCR  
 
Polymerase chain reaction (PCR) is a molecular technique that can synthesize exponential copies 
of a desired region of DNA with high sensitivity and robustness (Arya et al. 2005). The ability to 
accumulate large quantities of a DNA target has led to numerous advances in identifying genetic 
mutations and measuring gene expression (Lodish et al. 2000). A common application is using 
PCR to generate a mixed pool of targeted genes reflective of the composition of a sample 
environment (Cooper and Rao 2006). Polymorphisms (genetic variations) can then be detected by 
subsequent fingerprinting and/or sequencing methods to better understand community diversity 
and evolutionary changes. In this study, PCR was used to detect and quantify DNA targets 
corresponding to bacteria involved in soil nitrogen transformations. 
 
1.2.2 General steps of PCR 
 
DNA amplification can be summarized in three steps: (1) denaturation of the template double-
stranded DNA (dsDNA) to single-stranded DNA (ssDNA); (2) annealing of sequence-specific 
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primers to the ssDNA; and (3) extension of the target sequence by DNA polymerase (Cooper and 
Rao 2006). This process is repeated until sufficient target is replicated. Denaturation occurs at high 
temperatures (generally 94°C - 98°C) to separate the dsDNA and inactivate nucleases in the sample 
(Au - Lorenz 2012). The optimal denaturation temperature and time are dependent upon the salt 
concentrations of the buffer and template DNA (Schildkraut and Lifson 1965). For instance, 
greater size and/or GC content typically requires higher temperatures and longer time to separate 
dsDNA. The DNA polymerase must thus be thermally stable to withstand the high temperatures 
of denaturation. The DNA polymerase I from the species Thermus aquaticus, commonly referred 
to as Taq polymerase, is widely used for this reason, as this thermostable enzyme does not have to 
be replenished as often (Ishino and Ishino 2014). 
 
Following denaturation, the temperature is lowered to allow the primers to bind (anneal) to the 
target DNA. The annealing temperature is based on the primer’s melting temperature (Tm), which 
is the temperature at which 50% of the primer forms a duplex with its complementary strand 
(Mackay et al. 2004). An estimate of the Tm can be calculated by: !" = 4 × (' + )) + 2 × (, +

!). Certain additives, such as dimethyl sulfoxide (DMSO), or modified nucleotides may decrease 
the Tm and should be taken into consideration (von Ahsen et al. 2001). While the Tm is a good 
starting reference for the primer annealing temperature, further optimization is required dependent 
upon the PCR instrumentation and quality of results. Generally, a higher annealing temperature 
increases specificity and reduces amplification products whereas a lower temperature decreases 
specificity and increases amplification products. It is best to think of the optimal annealing 
temperature as a balance between high amplification and target specificity (Cooper and Rao 2006).  
 
After the primers anneal, the DNA polymerase extends the 3’ → 5’ primer ends in the 
complementary 5’ → 3’ direction and synthesizes the new strands with free deoxyribonucleotide 
triphosphates (dNTPs). In this step, the temperature is increased to a level optimal for the DNA 
polymerase activity (generally 70°C - 75°C). Similar to the annealing step, longer DNA amplicons 
may require longer extension times for full replication. If the optimal annealing temperature is 
within 3°C of the optimal extension temperature, the three-step PCR can be merged into a two-
step PCR, where the annealing and extension occur concurrently (Cooper and Rao 2006). The last 
PCR cycle is followed by a final extension step (generally 72°C) for 5 - 15 minutes. This final step 
allows the DNA polymerase to fill in incomplete ends to ensure full-length polymerization and 
ample target DNA yield (Au - Lorenz 2012). 
 
1.2.3 Optional methods of PCR 
 
The general three-step thermal-cycling profile summarized above can be modified to increase the 
specificity of amplified products. Three main methods include hot-start PCR, touchdown-PCR, 
and nested PCR. 
 
In hot-start PCR, an initial step of high temperature (generally 90°C) is introduced to release a 
modifier (antibody), which consequently inhibits DNA polymerase activity at room temperature. 
This results in more specific amplification during PCR and lessens the possibility of primer 
dimerization or nonspecific binding during the reaction setup prior to PCR (Cooper and Rao 2006). 
 
In touchdown-PCR, the annealing temperature of the first few cycles is set a few degrees higher 
than the Tm. The annealing temperature is then decreased every subsequent cycle (generally by 
0.5°C - 1°C) until it reaches the optimal temperature. The remaining cycles are carried out at this 



 

   
 

8 

optimal temperature. The purpose of the higher annealing temperature in the initial cycles is to 
mitigate primer dimerization and non-specific binding complexes, since higher temperatures 
dissociate primers from their intended target (Cooper and Rao 2006). The temperature is then 
gradually lowered to promote binding and accumulate the yield of the intended PCR product. 
 
Nested PCR is a third option to increase specificity and yield. In this approach, two sets of primer 
pairs are required. The first (outer) pair amplifies the target fragment, similar to conventional PCR. 
The second (nested) pair then binds within the amplicon produced from the first round of PCR to 
allow amplification of a second, shorter, and more specific PCR product. The inclusion of a second 
primer set affirms amplification of the intended target since it is unlikely that both primer sets 
would recognize and anneal to nonspecific regions (Cooper and Rao 2006). The other advantage 
of two rounds of PCR is a higher yield of the desired PCR product. 
 
1.2.4 General components of a PCR mixture 

 
There are several important components to a PCR mixture that enables amplification of the desired 
amplicon: Master Mix, primers, a fluorescent dye or probe, nuclease-free water, and the DNA 
template. 
 
Master Mix is a solution composed of the DNA polymerase, dNTPs, MgCl2, and a buffer reagent. 
dNTPs are the building blocks of DNA and include dATP (adenosine), dTTP (thymine), dGTP 
(guanine), and dCTP (cytosine). The DNA polymerase is a thermostable enzyme that uses dNTPs 
to synthesize the new DNA strands. MgCl2 provides Mg2+, which the DNA polymerase requires 
as a co-factor to enable polymerization. Specifically, Mg2+ catalyzes the phosphodiester bond 
between the 3' end of the primer to the phosphate group of the DNA template (Steitz, 1998). Due 
to its positive charge, the magnesium ion allows the formation of the primer-DNA template 
complex by stabilizing the DNA template’s negative charge. Finally, a buffer is included, typically 
a pH of 8.0 - 9.5, to support the activity of the DNA polymerase (Singh et al. 2012).  
 
The forward and reverse primers are short DNA fragments (typically 15 - 30 basepairs) that 
designate the desired region to be amplified. The primers hybridize to specific terminal ends on 
the complementary strand of the target DNA. The forward primer anneals to the 3’ end of one 
strand and the reverse primer anneals to the 3’ end of the anti-parallel strand. Once the primers 
anneal, the DNA polymerase initiates synthetization. 
 
Nuclease-free water is added to the PCR mixture to make up the volume so desired concentrations 
of each constituent is easier to achieve. 
 
DNA template is added to serve as the target sequence for PCR amplification. 
 
Finally, a fluorescence signal is needed to detect the amplified PCR products. Two main options 
are SYBRgreen and a TaqMan probe. SYBRgreen is an intercalating fluorescent dye that emits 
fluorescence upon binding to the minor groove of dsDNA, which occurs as the primers anneal to 
the complementary DNA strand (Arya et al. 2005). Thus, the fluorescence intensity generated is 
proportional to the PCR product amplified. TaqMan is a sequence-specific oligonucleotide that 
includes a fluorescent reporter dye on the 5’ end and a quencher on the 3’ end. The reporter reports 
a signal as product is generated. The quencher fully quenches the signal from the reporter if in 
close proximity. Only when the reporter and quencher are permanently separated will the 
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instrument be able to detect the reporter’s fluorescent signal. This occurs after the Taq polymerase 
begins its extension phase, and consumes the probe in its process of creating new amplicons. As a 
result, the reporter and quencher become permanently separated and fluorescence is emitted for 
instrument detection. This mechanism is referred to as Forester Resonance Energy Transfer 
(Kutyavin et al. 2000).  
 
Several important points should be considered to determine the best suited fluorescence approach. 
If higher specificity is desired, the sequence-specific TaqMan probe is a better choice as it requires 
specific hybridization between the probe and target DNA in order to generate fluorescence. The 
implementation of the TaqMan probe would lessen post-PCR processing time, but requires lengthy 
design and optimization prior to PCR. Due to its sequence-specificity, a TaqMan probe must be 
designed for each desired target. This leads to higher assay set-up costs, particularly if the probe 
design is flawed. While the TaqMan approach is gaining in popularity, probe sequences targeting 
soil nitrogen turnover bacteria are still unestablished, largely due to their high phylogenetic 
diversity. As a result, a TaqMan approach may be limiting and unrepresentative because a specific 
region is often not conserved across all bacterial species. For example, the NXR enzyme is not 
conserved among all species of NOB; while the NXR subunit A (nxrA) in Nitrobacter spp. and 
Nitrococcus spp. can be detected using the same primers, the primers used to detect NXR subunit 
B (nxrB) are different for Nitrospira spp. and Nitrospina spp. (Feng et al. 2016). Since SYBRgreen 
binds to all double-stranded DNA, it is a more economical choice, especially if detecting several 
different bacteria and/or several different species within bacteria. However, since SYBRgreen is 
unable to distinguish between target and non-target products, it can generate false positive signals 
so post-processing is strongly recommended.   
 
1.2.5 Digital PCR 

 
Real-time qualitative PCR (qPCR) has been the most used approach for the quantification of DNA. 
qPCR requires the use of external standards to develop a standard curve, which is referenced 
against an unknown sample to determine a relative abundance (Arya et al. 2005). Since certified 
DNA references are uncommon for complex matrices such as soils, many turn to developing 
plasmid standards or extracting DNA from pure cultures in-house, and then use a UV 
spectrophotometer to quantify the standard DNA concentrations. To mitigate such bias, a new 
approach “digital PCR” (dPCR), has been introduced. dPCR isolates molecules into individually 
amplified reactions, either droplet-based or chip-based. The PCR mixture is partitioned at a 
limiting dilution into thousands of individual droplets or wells that can be viewed as individual 
amplification reactions (Basu 2017). Each reaction is identified as positive (containing at least one 
target DNA molecule) or negative (zero target DNA molecules) (Quan et al. 2018). The results 
follow a discrete Poisson distribution to quantify the average number of molecules per partition 
(copies), which is then divided by the partition volume (μL) to obtain a concentration value 
(copies/μL) (Basu 2017). As a result, an absolute, rather than relative, quantification of DNA can 
be achieved.  
 
1.3 Research goal 
 
Conventional centralized treatment systems are largely impractical to manage nonpoint sources so 
alternative management practices must be implemented. Constructed wetlands are a valuable 
method of control due to their ability to store and transform harmful pollutants, such as nitrogen. 
An important consideration for constructed wetland design is vegetation. The presence of 
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vegetation has been shown to be beneficial compared to an absence of vegetation since plants 
enhance nitrification and denitrification due to their root systems and decomposable litter, 
respectively (Yang et al. 2001). However, the effect of greater plant species diversity on the 
microbial community responsible for regulating these nitrogen transformations warrants further 
exploration. Specifically, it is unclear if a greater plant species richness within a treatment system 
would enhance nitrogen turnover or create a new source of competition. The goal of this study is 
thus to determine if greater plant species richness levels improve nitrogen turnover in wetland 
mesocosms and the extent to which season or nitrogen fertilization act to moderate this 
relationship. 
 
1.4 Research objective 
 
The objective of this study is to evaluate the relationship between environmental factors (season, 
fertilization, and plant species richness level) and nitrogen turnover bacterial abundance in wetland 
mesocosm soils.  
 
Namely, the work presented in this study tests the following hypotheses: 
 
First, it is hypothesized there would be a greater abundance of nitrifying bacteria in the warmer 
sampling season, May, than the cooler sampling season, November, since studies have found 
nitrifying bacteria perform optimally in temperatures 20°C - 30°C (Malhi and McGill 1982).  
 
Second, it is hypothesized that the fertilization would have a positive effect on the nitrifying 
bacteria since the urea-based fertilizer is a source of ammonia, which AOB require as a substrate 
for nitritation. 
 
Third, and of most interest, it is hypothesized that a greater plant species richness level would 
result in a greater abundance of both nitrifying and denitrifying bacteria. Since plants are able to 
transport oxygen from the atmosphere into the soil layer through their roots, it is hypothesized that 
aerobic nitrifying bacterial abundance would be more abundant in the planted mesocosms than the 
unplanted mesocosms. Additionally, since plants offer a source of organic carbon, which 
heterotrophic denitrifying bacteria rely on to function, it is hypothesized that there would also be 
a greater abundance of the denitrifier reductases, nirS, nirK, and nosZ, in the planted mesocosms 
compared to the unplanted mesocosms. Lastly, it is hypothesized that there would be less 
accumulation of nitrogen, i.e., lower concentrations of NH3-N, NO2--N, and NO3--N, in planted 
mesocosm soils than the unplanted mesocosm soils due to the greater presence of both nitrifying 
and denitrifying bacteria capable of transforming these compounds.  
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CHAPTER TWO: METHODOLOGY 
 
2.1 Mesocosm compound and timeline 
 
Outdoor mesocosm experiments offer a great scale for environmental research. They are larger 
and more representative than microcosm experiments conducted on a laboratory scale, yet they are 
smaller than natural biological systems where relationships are often too complex to identify. 
 
Soil samples were taken from the Changwoo Ahn Mesocosm Compound at George Mason 
University located in Fairfax, Virginia. The compound, established in 2012, consists of 40 
individual mesocosms of varying species richness levels (0, 1, 2, 3, or 4) designed to mimic the 
environment of a surface flow constructed freshwater wetland. Each mesocosm was constructed 
using a 568 L Rubbermaid® tub and filled with river pea gravel, 20-cm of sand, and 30-cm of 
topsoil. The water levels were influenced by local weather events and were occasionally 
supplemented with dechlorinated tap water to maintain a 5-cm layer of standing water.  
 
Of the 40 total mesocosms, 12 were sampled for this experiment. Four mesocosms were left 
unplanted (0 species richness level) and served as an experimental control, providing baseline 
information about soil physiochemical conditions. Another four mesocosms were each planted 
with different plant species (1 species richness level):  Eleocharis obtusa, Mimulus ringens, Juncus 
effusus, or Carex vulpinoidea. The remaining four mesocosms were planted with all four of plant 
species (4 species richness level). Soil samples were taken from each mesocosm on May 8, 2017. 
After sampling, two of the four controls, all four monocultures, and all four tetracultures, were 
fertilized with approximately 11.68 grams of Epsoma Urea fertilizer to simulate inputs from urban 
or agricultural runoff. Epsoma Urea fertilizer contains 45% of nitrogen, meaning each fertilized 
mesocosm (568 L) was supplemented with 5.26 grams of nitrogen in amide form. There were three 
fertilization occurrences: May 8, 2017, June 2, 2017, and July 2, 2017. In total, approximately 
35.04 grams of fertilizer, or 15.78 grams of nitrogen, was applied to each of the mesocosms (i.e., 
approximately 4.74 g N/m2), excluding two of the controls. The next round of soil samples was 
collected from all 12 mesocosms in the fall (November 20, 2017). In short, the experimental setup 
was intended to evaluate changes in soil microbial communities (a) across a gradient of plant 
richness (0 - 4 plant species), and (b) in response to springtime nitrogen fertilization. Since samples 
were collected in both spring and fall to bracket the fertilization pulse, seasonal effects must also 
be considered. The two unfertilized controls were intended to help distinguish soil fertilization 
effects from seasonal effects so that any observed changes in the microbial community could be 
appropriately attributed to one driver or the other. 
 
Plant harvest data was unavailable in this study so the amount of nitrogen assimilated by the plants 
is unverified. Collection of aboveground plant biomass would be helpful in future studies to 
confirm the nitrogen species absorbed in the plant tissues and better assess the soil microbe-plant 
interaction following the fertilization pulse. 
 
2.2 Sample collection 
 
CPVC pipes were used as soil corers to retrieve soil samples 10-cm below the mesocosm soil 
surface level, a depth representative for bacterial activity. 12 units of ¾-inch inner diameter 2-foot 
CPVC pipes were marked with a line 10-cm from the bottom and labelled with each mesocosm 
site number. The bottom of a ½-inch diameter 2-foot CPVC pipe was lined with aluminum foil. 
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After gently pushing away plants and/or roots, the larger ¾-inch CPVC pipe was pushed into a 
sampling area close to the center of a mesocosm. As the pipe first hit the soil surface, a thumb or 
palm was used to quickly cover the open end of the pipe. This allowed a suction effect to reduce 
water uptake and hold the soil sample prior to release. Still covering the top of the pipe, the pipe 
was gently pulled up and the sample end was place into an open, labelled 50 mL plastic centrifuge 
tube. The thumb or palm was released and the aluminum-covered ½-inch diameter pipe was 
inserted into the ¾-inch sample pipe to push out the collected sample into the appropriate 
container. This process was repeated to obtain two soil sample cores per mesocosm site 
(approximately 30 grams of wet sample). Separate ¾-inch diameter pipes, elbow-length gloves, 
and aluminum foil lining were used per mesocosm site to avoid cross-contamination. Centrifuge 
tubes containing samples were immediately capped and stored in an iced cooler until collection 
was completed. Once completed, the iced cooler was transported directly to the lab for processing. 
 
2.3 Sample preparation 

 
Upon reaching the laboratory, soil samples belonging to the same mesocosm sites were placed into 
clean, large, disposable weigh trays. Sterilized tweezers were used to remove any rocks, gravel, or 
roots (> ¼-inch), and the samples were homogenized. After homogenizing, two 50 mL centrifuge 
tubes were filled with the homogenized sample. The first tube was filled approximately 1/4th full 
and stored at -80°C prior to DNA analysis. The remaining soil was placed in the second centrifuge 
tube and stored at 4°C. The soil samples maintained at 4°C were acclimated to room temperature 
prior to nitrogen and soil moisture analysis, described below. 
 
Workspace and tools were cleaned and gloves were changed between handling samples from 
different mesocosms to avoid cross-contamination. 
 
2.4 Nitrogen species analysis 
 
Each soil sample was spread on aluminum foil (6-inch × 8-inch) and air-dried at 30°C in an 
incubator for 48 hours. After air-drying, samples were gently peeled from the aluminum foil and 
2-mm sieved into a large, labelled disposable weigh dish. 2-mm sieving homogenizes samples and 
removes non-soil particles, such as rock fragments, prior to soil analysis (USDA 2009). Sieved 
samples were then collected into a clean, labelled airtight container and stored in the 30°C 
incubator. Residual sample was removed from sieving tools in between samples to avoid cross-
contamination.  
 
Air-dried, sieved samples underwent a 2M potassium chloride (KCl) extraction prior to nitrogen 
species analysis. 2M KCl was prepared by adding approximately 74.5 grams powdered KCl and 
0.5 L Milli-Q water into a 1 L beaker. A stir bar was added and the beaker was placed on a stir 
plate until dissolved. The 2M KCl solution was stored at 4°C. A 1:5 ratio of 2M KCl extraction 
was performed in duplicate. In each clean, labelled 50 mL centrifuge tube, 6 grams of air-dried 2-
mm sieved soil sample and 30 mL of 2M KCl extractant was added. All centrifuge tubes (2 per 
mesocosm site) were placed in a reciprocal shaker and shook at 100 RPM for 90 minutes. After 90 
minutes, the reciprocal shaker was turned off and the samples were allowed to settle for 30 minutes. 
The supernatant of each centrifuge tube was carefully filtered into a new, labelled centrifuge tube 
using disposable 0.45 μm pore-sized EMD Millipore™ Millex™ syringe filters attached to 
disposable syringes. Approximately 25 mL of supernatant was expected. These 2M KCl extracted 
samples were stored at 4°C for a maximum of 48 hours.  
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The ammonium, nitrite, and nitrate content of each sample were measured colorimetrically, in 
duplicate, using a HACH® DR 3900™ Laboratory VIS Spectrophotometer (Loveland, CO, USA). 
HACH® Powder Pillow kits (Appendix) were used according to manufacturer instructions. NH3-
N was measured using the salicylate method (Reardon et al. 1966), NO2--N was measured using 
the diazotization method (USEPA 1979), and NO3--N was measured using the cadmium reduction 
method (APHA 1992).  
 
2.5 Soil moisture content 
 
Disposable aluminum trays were labelled with the date and each mesocosm site number. All trays 
were dried in an oven at 103°C overnight to remove any residual moisture. Trays were then placed 
in a desiccator to cool to room temperature. Dried, empty aluminum trays were weighed to 
establish tray weight. 5 to 8 grams of each soil sample were placed into each labelled tray. Trays 
were reweighed to establish total wet weight. Tray weight was subtracted from total wet weight to 
obtain the wet weight of the sample. Trays were placed in an oven at 103°C for 24 - 48 hours until 
they reached a stable weight. Once a stable weight was reached, the trays were desiccated and 
weighed to establish total dry weight. The tray weight was subtracted from total dry weight to 
obtain the dry weight of each sample. Soil moisture content was calculated from these 
measurements as follows,  
 

(-./	-.123/4567	-.123/)

(567	-.123/)
× 100% Eq. 1 

 
2.6 Extraction of DNA 

 
Prior to molecular analysis, bacterial DNA must be extracted from sample matrices, typically 
through a process of mechanical and chemical lysis. The purpose of lysis is to break the cell wall 
and membranes and release the DNA into solution for examination.  
 
A QIAGEN DNeasy PowerSoil Kit (Hilden, Germany) was used to extract the DNA from each 
sample following manufacturer instructions with minor modifications. In place of a bead-beater, a 
mini vortexer was used. As such, the lysing time was increased to a total of 40 minutes. The mini 
vortexer used has a vertical adaptor to hold the microcentrifuge tubes. After 20 minutes of vertical 
lysing, the microcentrifuge tubes were securely taped horizontally on the adapter for the remaining 
20 minutes of vortexing.  
 
Upon completion of DNA extraction, the dsDNA yield was estimated using a NanoDrop™ Lite 
spectrophotometer (Thermo Fisher Scientific™, Waltham, MA, USA). The approximate quantity 
of DNA can be determined by measuring the amount of ultraviolet (UV) radiation absorbed by the 
nucleic acid bases. Based on a 1-centimeter pathlength, the optical density (OD) at a wavelength 
of 260 nanometers is equal to 1.0 for a 50 μg/mL solution of dsDNA. This is based on the Lambert-
Beer law, which states that there is a logarithmic dependence between the transmission of light 
through a substance and the product of the absorption coefficient of the substance and the path 
length. At very high concentrations, the Lambert-Beer Law is less accurate because of the higher 
scattering of light. It is therefore recommended to also assess the purity of DNA by measuring the 
ratio of absorbance at 260 nm to the absorbance at 280 nm (Zhou et al. 1996). Whereas the 
wavelength at 260 nm is an indicator of the concentration of nucleic acids, the absorbance at 280 
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nm is an indicator of the concentration of proteins. The ratio thus signifies the contamination of 
protein in the DNA. Generally, a ratio of 1.8 indicates pure DNA. Lower ratios likely indicate 
protein contamination (Roh et al. 2006). 
 
2.7 dPCR primes and thermal profiles 
 
An in-depth review was done to determine the primers mostly suited to detect the bacteria in this 
study. The primers and thermocycling conditions that were utilized are summarized in Table 1 and 
a brief review is followed.  
 

Table 1. Selected primers and thermal profiles 

Target Primers Thermal Profile Primer 
Source 

16S rRNA 
Eubacteria 

341f 
CCTACGGGAGGCAGCAG 

96°C – 10 min                                           
     55°C – 2 min  
     98°C – 30 sec                                         
60°C – 2 min  
10°C – 10 min                                           

1 cycle 
Muyzer et 
al. (1993) 518r 

ATTACCGCGGCTGCTGG 

39 cycles 

1 cycle 

amoA AOB 

amoA1F 
GGGGTTTCTACTGGTGGT 

96°C – 10 min                                           
     60°C – 2 min  
     98°C – 30 sec                                        
60°C – 2 min  
10°C – 10 min                                          

1 cycle 
Rotthauwe 
et al. 
(1997) amoA2R 

CCCCTCKGSAAAGCCTTCTTC 

39 cycles 

1 cycle 

16S rDNA 
Nitrospira 
spp. NOB 

NSR1113F 
CTGCTTTCAGTTGCTACCG 

96°C – 10 min                                           
     60°C – 2 min  
     98°C – 30 sec                                        
60°C – 2 min  
10°C – 10 min                                           

1 cycle 
Dionisi et 
al. (2002) NSR1264R 

GTTTGCAGCGCTTTGTACCG 

39 cycles 

1 cycle 

16S rDNA 
Nitrobacter 
spp. NOB 

Nitro 1198f 
ACCCCTAGCAAATCTCAAAAAACCG 96°C – 10 min                                           

     60°C – 2 min  
     98°C – 30 sec                                        
60°C – 2 min  
10°C – 10 min                                           

1 cycle 

Graham et 
al. (2007) Nitro 1423r 

CTTCACCCCAGTCGCTGACC 

39 cycles 

1 cycle 

amoA 
Comammox 
clade I 

comaA-244f_a 
TACAACTGGGTGAACTA 

95°C – 3 min                                             
     95°C – 30 sec  
     52°C – 45 sec                                        
     72°C – 1 min 
72°C – 5 min                                     

1 cycle 
Pjevac et 
al. (2017) comaA-659r_a 

AGATCATGGTGCTATG 
45 cycles 
1 cycle 
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hzsA 
Anammox 

hzsA_526F 
TAYTTTGAAGGDGACTGG 

96°C – 10 min                                           
     54°C – 2 min  
     98°C – 30 sec                                        
60°C – 2 min  
10°C – 10 min                                           

1 cycle Harhangi 
et al. 
(2012) hzsA_1857R 

AAABGGYGAATCATARTGGC 
39 cycles 
1 cycle 

nirK 

F1aCu 
ATCATGGTSCTGCCGCG 

95°C – 5 min                                             
95°C – 30 sec  
     45°C  – 40 sec  
      (-0.5°C /cycle)          
     43°C – 40 sec                                   
72°C – 40 sec                                       
72°C – 7 min                                             

1 cycle 
Hallin and 
Lindgren 
(1999) R3Cu 

GCCTCGATCAGRTTGTGGTT 

10 cycles 
20 cycles 

1 cycle 

nirS 

cd3aF 
GTSAACGTSAAGGARACSGG 96°C – 10 min                                           

     51°C – 2 min  
     98°C – 30 sec                                       
60°C – 2 min  
10°C – 10 min                                          

1 cycle Michotey 
et al. 
(2000) 
 
Throback 
et al. 
(2004) 

R3cd 
GASTTCGGRTGSGTCTTGA 

39 cycles 

1 cycle 

nosZ 

nosZF  
CGYTGTTCMTCGACAGCCAG 

96°C – 10 min                                          
     53°C – 2 min  
     98°C – 30 sec                                      
60°C – 2 min  
10°C – 10 min                                          

1 cycle 
Kloos et 
al. (2001) 
 
Throback 
et al. 
(2004) 

nosZ1622R 
CGSACCTTSTTGCCSTYGCG 

39 cycles 

1 cycle 
 
16S rRNA Eubacteria 
The 16S rRNA gene encodes the genetic information used to make cell ribosomes. It is used as a 
target for bacterial diversity because every living cell needs ribosomes to make proteins. While 
this gene does not reveal the function of organisms, it is a good indicator for the abundance of total 
bacteria (Eubacteria). While the copies of 16S rRNA varies for each species, it is assumed there is 
an average of 3.6 gene copies per prokaryotic cell (Klappenbach et al. 2001). 
 
amoA AOB 
Both AMO and HAO enzymes have been utilized as molecular markers for AOB quantification. 
However, AMO is more common because HAO enzymes are also present in nonammonia-
oxidizing species, such as methane-oxidizing bacteria (Ward et al. 2004, Bergmann et al. 2005). 
Though Schmid et al. (2008) designed degenerate primers to specifically target the HAO gene in 
ammonia-oxidizing species, stringent conditions must be ensured to avoid cross-amplification of 
nonammonia-oxidizers (Junier et al. 2010). Thus, AMO was determined to be the better target 
enzyme to represent AOB. The PCR primers for this study were chosen to target and amplify 
subunit A of the AMO functional gene, amoA, found within both Nitrosomonas and Nitrosospira 
genera (Rotthauwe et al. 1997). It is assumed there are 2.5 amoA gene copies per AOB cell (Norton 
et al. 2002). These primers are able to distinguish against the phylogenetically similar 
heterotrophic ammonia oxidizers (Alcaligenes faecalis and Alcaligenes sp. strain 9006/1) and the 
pmoA genes found in methane oxidizers. The primers also do not amplify the strains characterized 
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by the gamma subclass of Proteobacteria, as these strains relate more closely to the pmoA gene of 
methane oxidizers than the amoA gene of ammonia oxidizers.  
 
16S rDNA Nitrospira spp. NOB and 16S rDNA Nitrobacter spp. NOB 
Given that the two most predominant species of NOB belong to two separate classes, present 
research has not yet found a reliable, conserved DNA segment of the NXR enzyme to serve as the 
all-encompassing functional gene for NOB. Instead, primers targeting NXR enzymes vary across 
NOB genera. Therefore, two PCR primer pairs were chosen in this study to quantify NOB, the first 
targeting Nitrospira spp. (Dionisi et al. 2002) and the second targeting Nitrobacter spp. (Graham 
et al. 2007). It is assumed that there are 1 16S rDNA gene copies per NOB cell (Dionisi et al. 
2002). 
 
amoA Comammox clade A 
Pjevac et al. (2017) designed primers based on each comammox Nitrospira clade: clade A and 
clade B. These primers have been used in several experiments that studied the presence of 
comammox in agricultural soils, freshwater habitats, wastewater treatment plants, and drinking 
water treatment systems (Daims et al. 2015, van Kessel et al. 2015, Palomo et al. 2016, Pinto et al. 
2016, Bartelme et al. 2017, Wang et al. 2017a). Due to the recent discovery of these bacteria, the 
unestablished PCR primers, and the interest of time, only detection for comammox belonging to 
clade A was attempted. It is recommended to attempt detection for both clades in the future and to 
review other comammox primers, given that Keene-Beach and Noguera (2018) have since reported 
non-target amplification with the primers designed by Pjevac et al. (2017).  
 
hzsA Anammox 
Both the anammox 16S rRNA gene and functional genes have been used to target anammox for 
PCR amplification. Due to high sequence divergence among anammox genera (Schmid et al. 
2005), however, the 16S rRNA approach is less advantageous. Studies have developed anammox 
primers based on the HZO (Schmid et al. 2008) and HZS (Harhangi et al. 2012) functional genes. 
The newly developed primers for HZS subunit A (hzsA) by Harhangi et al. (2012) were reported 
to be highly efficient for a variety of environments (Borin et al. 2013, Han et al. 2017) and were 
ultimately used in this study. An important note, however, is that the Han et al. (2017) study was 
unable to detect Brocadia from wastewater treatment plant samples with these primers.  
 
nirS/nirK/nosZ 
Primer design for denitrifying bacteria has been largely based on functional genes instead of the 
16S rRNA gene because the sequence variations function as biomarkers to allow discrimination 
between ecologically distinct populations (Throback et al. 2004). 
 
Two primers sets per NIR gene were used in this study. For nirS, the first primer set, 
nirS1F/nirS6R, was successfully able to detect strains from Paracoccus denitrificans, 
Pseudomonas aeruginosa, Pseudomonas fluorescens, Pseudomonas stutzeri, and Ralstonia 
eutropha. The second primer set, cd3aF/R3cd, was able to detect more strains from the 
aforementioned species as well as strains from Alcaligenes denitrificans and Comamonas 
testosteroni. For nirK, the first primer set, nirK1F/nirK5R, was able to detect strains from 
Alcaligenes spp., Achromobacter cycloclastes, Blastobacter denitrificans, Hyphomicrobium 
denitrificans, Pseudomonas denitrificans, and Rhizobium meliloti, whereas the second primer set, 
F1aCu/R3Cu, was also able to detect Alcaligenes faecalis and Nitrosospira multiformis. Since the 
second set of primers was more comprehensive, they were ultimately utilized to quantify nirS/nirK. 



 

   
 

17 

An important note, however, is that these primer sets have been unable to detect Pseudomonas 
putida (nirS), Bradyrhizobium japonicum (nirK), or Rhodobacter sphaeroides (nirK), so the 
abundance of denitrifiers quantified in this study are still likely underestimated (Throback et al. 
2004). 
  
While NOR is not traditionally analyzed using PCR, it is gaining popularity as a biomarker for 
denitrifying bacteria in freshwater and marine sediments (Throback et al. 2004). The NOR gene, 
norB, is grouped into two distinct classes: the quinol-oxidizing single-subunit class (qNorB) and 
the cytochrome bc-type class (cNorB). The first primer set used to detect these two types of NOR 
were designed by Braker and Tiedje (2003). While these primers broadly detected the norB gene, 
the qNorB primer set falsely amplified a non-denitrifying strain and the cNorB primer set 
amplified products of unexpected sizes. These primer sets were later slightly modified by Casciotti 
and Ward (2005). The current study ultimately did not aim to detect NOR, though this may warrant 
reconsideration in future studies as their presence has been noted in constructed wetland 
environments (Ji et al. 2012). 
 
NOS has been analyzed as an indicator of complete denitrification and N2O emissions, as it is the 
last step of the denitrification pathway. Since some denitrifiers lack this enzyme, NOS detection 
only pertains to denitrifying bacteria capable of nitrous oxide reduction. This enzyme is especially 
important due to growing concerns about greenhouse gas emissions. Indeed, multiple studies have 
focused on optimizing conditions for NOS development and maintenance as a potential strategy 
for mitigating NO and N2O emissions. Two primer sets were used to detect the presence of the 
NOS gene, nosZ. The first primer set, nosZF/nosZR, was developed by Delorme et al. (2003) and 
the second set, nosZF/nosZ1622R, was developed by Kloos et al. (2001) and  Throback et al. 
(2004). nosZF/nosZ1622R was ultimately chosen for this study as it more comprehensively detects 
denitrifying bacteria than nosZF/nosZR, including strains from Comamonas testosteroni, 
Paracoccus denitrificans, Pseudomonas fluorescens, Ralstonia eutropha, Nitrosomonas 
europaea, Nitrosospira multiformis, and Pseudomonas denitrificans. However, a recent study by 
Jones et al. (2014) has since discovered that current primers overlook a subset of bacteria capable 
of complete denitrification (so-called nosZ clade II bacteria), and developed primer sets to target 
each clade separately. Since publication, these primer sets have been successfully used in several 
studies (Di et al. 2014, Samad et al. 2016, Saarenheimo et al. 2017). Importantly, the clade II 
denitrification enzyme may be present in non-denitrifying organisms that undergo nitrogen 
transformations leading to an end-product other than nitrogen gas (Sanford et al. 2012). Despite 
this, these updated nosZ primer sets might be worth pursuing in future studies. 
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2.8 dPCR PCR mixtures 
 
Each sample PCR mixture was formulated according to Table 2. Primer concentrations were 
determined based on manufacturer recommendations. Preparation and storage conditions for all 
reagents can be found in the Appendix. Each PCR run included a No Template Control (NTC) 
(Table 3), in which the DNA template was replaced with nuclease-free water, to serve as a negative 
control. 
 
Table 2. Sample mixture components 

Sample PCR Mixture 
Reagent Concentration Volume (μL) 

Master Mix (2×) 1× 10 
Forward Primer 10 μM 1 
Reverse Primer 10 μM 1 
SYBRgreen (20×) 1× 1 
DNA Template -- 3 
Water -- 4 

 Total Volume 20 
 

Table 3. NTC mixture components 
No Template Control (NTC) PCR Mixture 
Reagent Concentration Volume (μL) 

Master Mix (2×) 1× 10 
Forward Primer 10 μM 1 
Reverse Primer 10 μM 1 
SYBRgreen (20×) 1× 1 
DNA Template -- 0 
Water -- 7 

 Total Volume 20 
 
2.9 QuantStudio™ 3D dPCR workflow 
 
The Applied Biosystems™ QuantStudio™ 3D digital PCR (QS3D dPCR) system includes a Chip 
Loader, a ProFlex™ 2x Flat thermocycler, and a Chip Reader. Chip materials are ordered as kits 
and stored at room temperature. Each kit contains 12 chips, 12 chip lids, 12 loading blades, 3 
immersion fluid syringes, and 3 syringe trips. Each silicon chip is etched with 20,000 nanoscale 
wells. 
 
The Chip Loader is switched on and ready to use once warmed to room temperature, signified 
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when the blue blinking light, located at the top of the instrument, turns solid green. The disposable 
loading blade is securely placed on the blade arm. The red adhesive on the chip lid is carefully 
removed and the chip lid is securely placed on the chip arm. The chip is carefully removed from 
its packaging and placed on the chip loader. 14.5 μL of the PCR mixture is pipetted into the loading 
blade. The pipette is dispensed only to the first stop to avoid introducing an air bubble. The button 
behind the blade arm is pressed to initiate the automatic dispensing of the PCR mixture evenly 
across the chip. Immediately following discharge, immersion fluid is quickly and carefully 
dropped onto the chip until it is fully covered. Once finished, the loading arm is pulled down to 
seal the chip with the chip lid. The loading arm is held down with approximately 20 pounds of 
force for 20 seconds, for proper sealing. After 20 seconds, the chip lid button is pressed to release 
the chip, and the loading arm is lifted back to its original position. The chip is gently removed and 
the chip lid layer is peeled back to expose the loading port in the upper right corner. Immersion 
fluid is dispensed into the chip through the loading port until an air bubble, slightly bigger than the 
loading port, remains. The brown adhesive is removed and the chip lid layer is securely adhered 
by pressing each of the chip sides for five seconds. The chip ID, located at the top of the chip lid, 
is recorded. The chip is then placed in a dimly lit area until the remaining chips are created. For 
each chip, a new loading blade, chip lid, and chip are used. Each syringe contains enough 
immersion fluid for four chips.  
 
Once all chips are created, the ProFlex™ 2x Flat thermocycler is switched on. The chip adaptor is 
securely placed on the flat block, with the pegs aligned. The chips are placed faced up on the chip 
adaptor. For best results, the chips should be placed symmetrically, or close to symmetrical, on 
both sides of the flat block to balance the applied pressure during thermocycling. After all chips 
are securely placed, the thermal heating pads are placed atop the chips, to protect against direct 
heat exposure. Thermal pads are inspected for debris and cleaned prior to use. The flat block handle 
is then latched down. Using the touchscreen graphical interface, the thermocycling program is set. 
Once confirmed, the START button is selected, the block is verified, and thermocycling is 
initiated.  
 
After thermocycling, the thermocycler is left to cool to room temperature. Once cooled, the flat 
block handle is unlatched and the chips are inspected for any damage. The Chip Reader is switched 
on and a USB thumb drive is inserted. Chips are inserted into the Chip Reader on a one-by-one 
basis. Once inserted, the Chip Reader will read the chip ID and then the chip results. A 30 second 
countdown will ensue. After the 30 seconds, the Chip Reader screen will show “You may insert 
another chip”. At this time, another chip may be inserted. After all chips are read, the Chip Reader 
will analyze the chips. Once ready, the USB status “USB is busy” will be cleared and the USB 
thumb drive containing the chip files can be removed.  
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2.10 QuantStudio™ 3D AnalysisSuite™ Software 
 
To complete chip analysis, the online QuantStudio™ 3D AnalysisSuite™ Cloud Software is used 
(https://apps.thermofisher.com/quantstudio3d/). After creating a new project, the chip files (.eds) 
are uploaded into the software under the “Import Data” tab (Picture 1).  

 
Picture 1. Import data screen 

 
After uploading is complete, the “Define Chips” tab is selected to configure settings and rename 
samples (Picture 2). Since SYBRgreen (a FAM dye) was used in this experiment, the project was 
configured by only checking the "FAM" checkbox and unchecking the "Rare Mutation" checkbox. 
Chips can be renamed by double-clicking the designated fields under the “Sample” column.  
 

 
Picture 2. Define chip screen 

 
The “Review Data” tab is selected to modify calls as necessary prior to obtaining the final 
numerical output (Picture 3). The left module displays the chips in either thumbnail or column 
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form. Double-clicking a chip will show a magnified view of the chip. Under the “Actions” button 
in the left module, chips can be grouped by call (amplification result) or quality. The quality 
threshold can be altered to increase or decrease the calls that are more or less qualified. 
 

 
Picture 3. Review data screen 

 
Results can be viewed in either the histogram or scatter view. In the histogram view, the x-axis is 
a measure of fluorescence intensity and the y-axis is a measure of well counts for each dye. In the 
scatter view, the x-axis is a measure of VIC fluorescence and the y-axis is a measure of FAM 
fluorescence. Since no VIC dye was used in the experiment, the x-axis is an indication of VIC 
“noise”. To set the FAM threshold, the NTC of the PCR run is first analyzed (Picture 4). The NTC 
expresses the “background noise” of the PCR amplification, since no target DNA was included. 
Using the threshold slider, the FAM threshold can be adjusted so that the majority of NTC calls 
are considered unamplified (NO-AMP, yellow).  
 

  
Picture 4. NTC chip example screen 
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The FAM thresholds for all sample chips of a PCR run are set according to the NTC of that PCR 
run (Picture 5). The counts above the threshold are thus only considered positive amplification 
(FAM, blue). The final concentrations, in copies/μL, can then be viewed under the “See Results” 
tab. 
 

 
Picture 5. Target chip example screen 

 
After the results were obtained for each sample, the concentration, in copies/μL, was converted 
to copies/gram, using the following equation: 
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in which 
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VW	"1X

 is the concentration output from the AnalysisSuite™ software; 
 
target dilution is the factor used to dilute the template DNA in the PCR mixture (if applicable); 
 
YZ	[W	"1X

\	[W	]^_
 is the fraction of template DNA in the total PCR mixture; 

 
`ZZ	[W	]^_

Z.Ya	2	-./	US1b
 indicates the wet mass of sample used for the DNA extraction (approximated at 0.25 

grams) eluted in 100 μL of extraction volume; and 
 
soil moisture content is defined in Eq. 1 
 
Lastly, for Eubacteria and AOB, the concentrations were multiplied by factors based on the 
assumptions mentioned in Section 2.7. To obtain the final abundance of Eubacteria, the 
concentration was multiplied by 3.6 gene copies per cell. To obtain the final abundance of AOB, 
the concentration was multiplied by 2.5 copies per AOB cell. Final abundance of all other bacteria 
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(i.e., NOB, comammox, anammox, denitrifiers) was calculated based on the assumption that there 
was 1 copy per cell.  
 
2.11 Statistical methods 

 
2.11.1 Statistical overview 

 
The statistical methods implemented in this study were chosen based on their applicability to small 
datasets. All statistical analyses were completed with Matlab® R2014b (The MathWorks, Inc., 
Natick, MA, USA). Graphs and figures were created using both Matlab® R2014b and Microsoft® 
Excel 2010 (Microsoft Corporation, Redmond, WA, USA). All significance tests were evaluated 
at an alpha-value of 5% corrected for multiple comparisons (where applicable) using the false 
discovery rate (FDR) procedure developed by Benjamini and Hochberg (1995).   
 
2.11.2 The assumption of normality 

 
Many statistical methods have distributional assumptions, the most common being the assumption 
of normality (i.e., that data follow a Gaussian (normal) distribution). The normal distribution is a 
continuous probability distribution, which simply means a random variable, X, can assume one of 
an infinite number of different values, as opposed to a discrete probability distribution, where X 
can only assume a finite number of different values. (For example, a coin flip is discrete because 
the outcome can only be heads or tails, whereas weight is continuous because it can be any number 
or any fraction of a number of pounds.) The normal distribution is a bell-shaped curve with a single 
peak located at the mean (μ). Approximately 68% of the area is within one standard deviation (σ) 
of the mean, ~95% of the area is within two standard deviations (2σ) of the mean, and ~99.7% of 
the area is within three standard deviations (3σ) of the mean.  
 
The Central Limit Theorem states that when N independent random variables are added, their 
normalized sum (or mean) approaches a normal distribution even if the distribution of the 
underlying variables is not normal. It is generally accepted that N ≥ 30 is sufficient for normality 
to be observed and therefore to satisfy the normality assumptions of most common statistical tests 
(Ghasemi and Zahediasl 2012). However, 30 measurements for each variable in a given study can 
become quite laborious and expensive, making statistical approaches based on few or no 
distributional assumptions, such as nonparametric bootstrap techniques or resampling-based 
statistical tests, an attractive alternative. Given that the dataset in the present study was small (12 
mesocosms), these alternative analytical approaches were employed. 
 
2.11.3 Principal component analysis with nonparametric bootstrapped confidence bounds 

 
Principal component analysis (PCA) is a data exploration method that reduces data dimensionality 
using eigendecomposition of the covariance matrix. Eigendecomposition is a procedure of finding 
the eigenvectors and eigenvalues. Eigenvectors, also known as loading vectors, correspond to the 
principal components (PCs) and eigenvalues (c) indicate the amount of variance attributed to each 
eigenvector. Since eigendecomposition can only be applied to a symmetrical square matrix, a 
rectangular matrix must first be multiplied by its transpose matrix to obtain the covariance matrix. 
An inherent property of this procedure is that all eigenvectors are orthogonal, meaning the dot 
product between any given pair of eigenvectors is equal to zero.  
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One-dimensional data is achieved after projection onto an eigenvector corresponding to the first 
PC (the maximum eigenvalue). The new set of coordinates is essentially a linear combination of 
the original set of coordinates, and the subsequent principal components are located orthogonally 
to the previous. In other words, the first PC has the largest level of variance, the second PC has the 
next largest level of variance, and so on.  
 
One difficulty with PCA in practice is the determination of how many eigenvectors should be 
interpreted. A variety of stopping rules for PCA have been proposed (Peres-Neto et al. 2005). In 
this study, a resampling-based stopping rule was implemented to determine which PCs are 
statistically significant (i.e., not attributed to random variability). This method follows the 
procedure of Rippy et al. (2017) whereby the original data were randomized for N iterations (e.g., 
N = 10000), PCA was performed on each realization, the eigenvalues for each PC across all 
iterations were retained, and the PC-specific eigenvalue distributions were estimated. These 
distributions were evaluated at three significance thresholds: 50% CI, 90% CI, and 95% CI. All  
PCs below the 50% threshold were essentially considered random noise and were not considered 
further. PCs exceeding the 50% threshold were not considered random, with PCs exceeding the 
95% threshold being significantly different than random. 
 
While traditional PCA assumes multivariate normality, bootstrapped PCA provides a work-around 
and allows for confidence bounds to be estimated for all eigenvectors and PC scores. To bootstrap, 
repeated samples are drawn (with replacement) from the original dataset generating N realizations 
of the data (e.g., N = 10000). PCA is performed on each of the N realizations and bootstrapped 
eigenvectors and scores are corrected for both inversion (i.e., being out of order relative to the 
empirical data) and reflection (i.e., being ordered correctly but multiplied by -1). This technique 
allows for visualization of the distribution of the calculated test statistics (i.e., individual 
eigenvectors or scores; N = 10000) at a given significance threshold (e.g., 95% CI). Bootstrapped 
PCA was performed as in Babamoradi et al. (2013). 
 
If two PC modes are significant, a biplot can be constructed to observe how individual samples 
cluster relative to both PCs. Biplots illustrate data categories (variables included in the original 
data matrix) as PC vectors. The magnitude and direction of a vector on a biplot is indicative of 
each variables contribution to PC modes 1 and 2: vectors striking at 0 or 180 degrees 
predominantly influence PC mode 1, and vectors striking at 90 or 270 degrees predominantly 
influence PC mode 2. Variables with short vectors typically contribute weaker to PC modes than 
those with long vectors. Data patterns emerge based on where individual samples (PC scores) fall 
relative to PC modes, revealing shared multivariate relationships among samples. Because PCA is 
not a formal hypothesis test it does not require pre-classification of data groups (treatments) prior 
to analysis and thus has the potential to reveal unanticipated relationships that might not otherwise 
have been targeted for formal hypothesis testing.  

 
2.11.4 Resampling-based analysis of variance 

 
Analysis of variance (ANOVA) is a statistical method for formal hypothesis testing that evaluates 
differences among and between group means. By analyzing the variance, inferences about the 
means can be made. ANOVA can be one-way, two-way, three-way, or multivariate, depending on 
the number of treatments under study. Like PCA, ANOVA has a normality assumption (normality 
of residuals) meaning that within each treatment data are expected to be normal. Resampling-based 
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approaches can be used when this assumption is violated or there are not enough data (N ≤ 30) to 
tell if the assumption is violated. 
 
A resampling-based ANOVA was conducted following the procedure outlined in Rippy et al. 
(2014). After articulating the null hypothesis, F-values were estimated for the desired comparison 
groups. Data were then pooled across comparison groups and randomly shuffled for N iterations 
(e.g., N = 10000), creating N new datasets. For each new dataset, data were randomly assigned to 
comparison groups and F-values were re-estimated. Together, the N resampling-based F-values 
represented a null F-distribution (assuming no differences between groups). In the final step, the 
original F-values were compared to the null F-distribution (values greater than 95% CI bound for 
each null were considered significant at a p-value < 0.05 level) 
 
F-values represent the ratio of variances between group means divided by the variation within 
groups. An F-value greater than 1 suggests that the difference between group means is due to 
reasons other than random variability. In other words, the larger the F-value, the greater the 
likelihood that two groups are significantly different. The p-value establishes the threshold for 
significance. Generally, a threshold of 95% (i.e., a p-value < 0.05) is used to indicate significance. 
Importantly, p-values require adjustment when multiple comparisons are performed (for instance, 
in post-hoc assessments of ANOVA results when all pairwise comparisons are evaluated to 
identify those that drive broader between group differences). These adjustments are necessary 
because the chances of incorrectly rejecting the null compound with multiple comparisons. (For 
one test evaluated at a p < 0.05 level, there is a 5% chance of incorrectly rejecting the null. But, 
after 100 such tests, the probability of incorrectly rejecting the null once rises to 99.4%). Methods 
for adjusting for multiple comparisons fall in two camps, those that control the family wise error 
rate (the probability of having one false rejection of the null) and those that control the false 
discovery rate (the expected proportion of false rejections of the null). While the former is more 
conservative, the latter has greater power and was used in this study.  
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CHAPTER THREE: RESULTS AND DISCUSSION 
 
3.1 Results 

 
3.1.1 Comparison of nitrogen turnover bacterial abundance 

 
Figure 2 shows an overview of mean bacterial abundance in units of copy number per gram dry 
soil mass for both sampling seasons (May and November) across plant species richness levels (No 
Plant, 1 Plant, 4 Plants). Error bars indicate bootstrapped 95% CIs about the mean. Bacterial 
abundances were highly variable. The least abundant, 122 copies g-1, was Nitrobacter spp. NOB 
from single-species planted mesocosms in November. The most abundant, 9.8 × 108 copies g-1, 
was Eubacteria from single-species planted mesocosms in May. Eubacterial abundance was 
expected to be far greater than all other studied bacteria, as the 16S rRNA gene encodes the RNA 
component of the 30S subunit found in nearly all bacterial ribosomes (Wang et al. 2015). While it 
is assumed there is an average of 3.6 copies of 16S rRNA per prokaryotic cell, actual copy numbers 
per genome can vary, with up to 15 or more copies sometimes reported (Klappenbach et al. 2001). 
Thus, the abundance of Eubacteria may actually be higher than reported in this study.  
 
Abundance within the same bacterial community varied by sampling month for some bacteria, but 
not others. For instance, nirK abundance in tetra-species planted mesocosms during May (3.37 × 
106 copies g-1) was three orders of magnitude greater than in November (6.66 × 103 copies g-1) 
whereas Eubacterial abundance was relatively constant. Essentially, although microbial 
community composition varied by season (or in response to fertilization), total bacterial abundance 
did not.  
 

 
Figure 2. Bacterial abundance across sampling months and plant species richness 

 
AOB and NOB were detected more often in this study environment than other bacterial groups. 
Indeed, total NOB may be even more abundant than indicated here as only two NOB species, 
Nitrospira spp. and Nitrobacter spp., were targeted in this study. Comammox was detected in all 
samples, although it is important to recognize that false positives have been reported previously 
using this primer set (Keene-Beach and Noguera (2018). Anammox was also detected, which was 
initially surprising given that anammox bacteria are anaerobic and the soils sampled during this 
study came from the upper 10-cm of the soil column where contact with atmospheric dissolved 
oxygen still exists. However, small anaerobic pockets may have been present within the upper soil 
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layer (Reddy et al. 1989, Van Cleemput and Samater 1995) fostering anammox growth. Of the 
nitrite reductases, nirK was more abundant than nirS in May but not November. nosZ was also 
observed in comparable abundance to nirK (November) and nirS (May and November) implying 
that complete denitrification occurs in the study environment. 
 
3.1.2 Comparison of nitrogen species concentrations 
 
Figure 3 shows an overview of the nitrogen species concentrations for both sampling seasons (May 
and November) across the plant species richness levels (No Plant, 1 Plant, 4 Plants), bootstrapped 
(N = 10000) at 95% CI.  The primary y-axis represents the concentrations of ammonia-nitrogen 
(in the unit of microgram NH3-N per gram dry soil mass) and nitrate-nitrogen (in the unit of 
microgram NO3--N per gram dry soil mass). The secondary y-axis represents the concentrations of 
nitrite-nitrogen (in the unit of microgram NO2--N per gram dry soil mass). By visual inspection of 
Figure 3, NH3-N increased from May to November in the unplanted mesocosms, whereas the 
planted mesocosms (1 Plant and 4 Plant) saw the opposite trend. NO2--N decreased from May to 
November across all plant species richness levels. NO3--N decreased from May to November in 
the unplanted and single-species planted mesocosms whereas the tetra-species planted mesocosms 
did not see a noticeable difference.  
 

 
Figure 3. Nitrogen species concentrations across sampling months and plant species richness 
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3.1.3 Contour maps of bacterial and nitrogen species distribution in May and November 
 
To aid in data visualization, Figures 4 and 5 provide contoured color maps of the bacterial 
abundance juxtaposed to the log concentration of nitrogen species across all mesocosms in May 
and November, respectively. As indicated by the color bar, the warmer color (yellow) indicates a 
greater concentration, whereas the cooler color (dark blue) indicates a lesser concentration. For the 
bacterial contour maps, the x-axis represents concentration in log copies per gram dry soil mass. 
For the nitrogen species contour maps, the x-axis represents concentrations in log microgram N 
per gram dry soil mass. The y-axis represents each mesocosm sample site, in which mesocosms 1, 
10, 16, and 38 represent the unplanted mesocosms; mesocosms 17, 23, 29, and 39 represent the 
single-species planted mesocosms; and mesocosms 7, 9, 25, and 40 represent the tetra-species 
planted mesocosms. Namely, mesocosm 17 was planted with Mimulus ringens only; mesocosm 
23 was planted with Eleocharis obtusa only; mesocosm 29 was planted with Juncus effusus only; 
and mesocosm 39 was planted with Carex vulpinoidea only. Mesocosms 7, 9, 25, and 40 were 
each planted with Mimulus ringens, Eleocharis obtusa, Juncus effusus, and Carex vulpinoidea. 
The unplanted mesocosms 1 and 16 were not fertilized.  
 
As shown, Eubacteria and AOB abundance were relatively constant among all plant species 
richness levels, though Eubacteria seemed to be slightly more abundant in the single-species 
planted mesocosms in May (Figure 4) and slightly more abundant in the unplanted mesocosms in 
November (Figure 5). In May (Figure 4), nosZ seemed to have the lowest abundance in the 
unplanted mesocosms and nirK seemed to have the greatest abundance in the planted mesocosms. 
In November (Figure 5), Nitrobacter spp. NOB had the lowest abundance across all plant species 
richness levels. nirS also had low abundance, though only in the unplanted mesocosms. Lastly, 
NO2--N clearly had the lowest concentration across all mesocosms, whereas NH3-N and NO3--N 
concentrations seemed more variable across plant species richness levels. 
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Figure 4. May data contour map   

 
Figure 5. November data contour map 
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3.1.4 Resampling-based stopping rule  
 
Interpretation of key findings within a study can become difficult when the experimental data is 
composed of interrelated variables of differing dimensions (e.g., bacterial species abundance and 
nitrogen species concentrations). Thus, to explore possible data patterns within a given dataset 
(e.g., the soil microbial community in a wetland mesocosm), statistical techniques can be 
employed and then evaluated at desired significance thresholds. 

 
Figure 6 represents the resampling-based stopping rule that was conducted to determine which PC 
Modes (i.e., data patterns) are statistically significant at a desired threshold. The x-axis represents 
all the principal components which, summed together, represent the total variance within the data. 
The eigenvalues (solid black data points) are represented along the y-axis. The greater the 
eigenvalue, the higher the variance contribution. Thus, the first PC accounts for the highest 
variance within the data. In Figure 6, the blue line represents 50% confidence interval bound, 
where anything above signifies that the variance is not attributed to random variability. The red 
dashed line represents 90% CI bound and the black dashed line represents 95% CI bound. As 
shown in Figure 6, PC Mode 1 is above 95% CI and PC Mode 2 is above 50% CI. The remaining 
PCs, Modes 3 through 12, were below 50% CI and were not explored further. PC Mode 1 is 
considered significant at p < 0.05, whereas PC Mode 2 is not significant at p < 0.05 but still 
informative as it is not attributed to randomness.  
 

 
Figure 6. Resampling-based stopping rule 
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3.1.5 PCA biplot 
 
A PCA biplot was constructed with the PC Modes 1 and 2 (Figure 7). Mode 1, displayed along the 
x-axis, accounts for 27.21% variance whereas Mode 2, displayed along the y-axis, accounts for 
16.83% variance. In total, 44.04% of the variance within the data is explained by these two modes. 
The modes are defined by the eigenvectors and the meaning of each mode emerges based on where 
the samples fall relative to the eigenvectors. All dark blue shapes represent soils sampled in May. 
All red shapes represent soils sampled in November. The small circle shapes represent the 
unplanted mesocosms; the triangle shapes represent the single-species planted mesocosms; and the 
larger circle shapes represent that tetra-species planted mesocosms. Specifically, the right-pointed 
triangle shape represents the mesocosm only planted with Mimulus ringens; the left-pointed 
triangle shape represents the mesocosm only planted with Eleocharis obtusa; the up-pointed 
triangle shape represents the mesocosm only planted with Juncus effusus; and the down-pointed 
triangle shape represents the mesocosm only planted with Carex vulpinoidea. The small light blue 
circles represent the two unfertilized unplanted mesocosms in November. 
 

 
Figure 7. PCA biplot 

 
3.2 Discussion 
 
3.2.1 Defining PC Mode 1 
 
It is clear to see from Figure 7 that there is a distinct separation between the May (blue) and 
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November (red) samples at X = 0 on the x-axis (Mode 1). Thus, PC Mode 1 may be defined as a 
seasonal or temporal pattern. Fertilization is unlikely to have had a significant effect on the 
unplanted mesocosms, as confirmed by the close proximity between the fertilized (small red 
circles) and unfertilized (small light blue circles) samples (Figure 7). Comammox, nirK, NO3--N, 
Nitrobacter spp. NOB (NB NOB), NH3-N, and AOB tended to increase in May whereas nosZ 
tended to increase in November, as shown by their eigenvectors projected more strongly towards 
the ends of the PC Mode 1 x-axis (Figure 7). A discussion of possible interpretations pertaining to 
notable findings reflected in the PCA biplot is presented following evaluation of these treatments 
using resampling-based ANOVA significance tests.  
 
3.2.2 Resampling-based ANOVA significance tests 
 
Resampling-based ANOVA significance tests were conducted for each bacterial group, first for 
fertilization and plant species richness levels (Table 4) but also for season and plant species 
richness levels (Table 5), acknowledging that either effect could be primary. For fertilization 
evaluation, unfertilized sample data (including the unplanted mesocosms left unfertilized in 
November) were distinguished from fertilized sample data whereas, for season evaluation, May 
sample data were distinguished from November sample data. Results that were significant at both 
a p < 0.05 level and an FDR of 5% are highlighted in green and signify a statistical difference in 
abundance across the indicated treatment. Since the planted mesocosms (1 and 4 plant species 
richness levels) lacked unfertilized controls, the effect of fertilization on these mesocosms is 
convolved with season and should be interpreted as such. 
 
The fertilization evaluation (Table 4, Row 1) was significant for AOB, Nitrospira spp. NOB, 
comammox, anammox, and nirK, whereas season (Table 5, Row 1) was significant for AOB, 
Nitrobacter spp. NOB, comammox, nirK, and nosZ. Since NH4+ is a substrate for AOB, 
comammox, and anammox, it was expected that the urea-based fertilization would be significantly 
different among the fertilized and unfertilized samples. The fertilizer likely stimulated nitritation, 
the production of NO2-, which may have led to the significant effect on nirK abundance since this 
reductase is responsible for nitrite reduction. The insignificant effect of fertilization on Nitrobacter 
spp. NOB was contrary to initial expectations because, like nirK, NOB rely on NO2- as a substrate. 
Referring to Figure 1, a possible explanation for this observation is the competition for nitrite 
between NOB and NIR. Nitrite shunt may occur in the wetland environment, where NO2- is 
produced but not further oxidized to NO3-. Instead, nirK may have a competitive advantage for 
available NO2- over Nitrobacter spp. NOB, resulting in the reduction of NO2- into NO instead of 
the oxidation of NO2- into NO3-. This phenomenon of nitrite shunt, or nitritation-denitritation, has 
recently been successfully manipulated in tidal flow constructed wetlands as a technique for 
enhanced nitrate removal (Wang et al. 2017b). 
 
Plant species richness (i.e., a greater amount of plant species) was anticipated to have a significant 
effect on the abundance of heterotrophic denitrifiers, which rely on an external source of organic 
carbon for energy. However, resampling-based ANOVA results show that plant species richness 
levels alone did not significantly affect the abundance of nirS, nirK, or nosZ (Tables 4 and 5, Row 
2). A possible explanation is that the source of organic carbon from plants may have been 
counteracted by plant root oxygenation, which does not favor the anoxic conditions necessary for 
denitrification to occur. 
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Table 4. Resampling-based ANOVA for bacteria by fertilization (for each functional group) 

 
aF statistic; bp-value 
Highlighted (green): significant at alpha = 5% 

 
Table 5. Resampling-based ANOVA for bacteria by season (for each functional group) 

 
aF statistic; bp-value 
Highlighted (green): significant at alpha = 5%  

 
Multiple comparison tests were conducted for each pairwise comparison between fertilization and 
plant species richness levels (Table 6) as well as season and plant species richness levels (Table 
7). AOB, Nitrobacter spp. NOB, anammox, and nirK abundance were statistically different for 
certain circumstances across fertilization (Table 6), whereas pairwise comparisons across season 
(Table 7) were insignificant for all bacteria. A closer look at Table 6 reveals that the majority of 
the significant pairwise comparisons were between an unfertilized lower plant species level and a 
fertilized higher plant species level. The remaining two significant pairwise comparisons were 
between unfertilized and fertilized mesocosms within the same plant species richness level: nirK 
abundance was statistically different among unfertilized and fertilized single-species planted 
mesocosms (p = 0.004) and Nitrospira spp. NOB was statistically different among unfertilized and 
fertilized tetra-species planted mesocosms (p = 0.003). Interestingly, the results of the pairwise 
comparisons were not consistent. For example, while the AOB abundance was statistically 
different between the unfertilized unplanted mesocosms and the fertilized single-species planted 
mesocosms (p = 0.002), it was not statistically different between the unfertilized unplanted 
mesocosms and the fertilized tetra-species planted mesocosms (p = 0.340). This inconsistency 
suggests that single-species planted mesocosms may be more advantageous for certain bacteria, 
such as AOB, than mesocosms with higher plant species richness levels. A previous study on the 
same mesocosm compound found that while greater plant species richness promoted soil oxidation 
and net ammonification potential, there was evidence that it also inhibited net nitrification potential 
and denitrification potential (Korol et al. 2016). Korol et al. (2016) further observed that the plants 
exhibiting annual behavior, Eleocharis obtusa and Mimulus ringens, contributed to higher redox 
potentials and greater carbon processing than the plants exhibiting perennial behavior, Juncus 
effusus and Carex vulpinoidea, due to enhanced root proliferation and more decomposable litter, 
respectively. Thus, a single-species planted mesocosm may exhibit different functional 
performance than a tetra-species planted mesocosm, resulting in the varying effects of plant 
species richness on microbial communities.  

Eubacteria AOB Nitrospira NOB Nitrobacter NOB Comammox Anammox nirS nirK nosZ
0.560a 6.979 13.846 1.345 15.644 9.663 0.125 36.058 3.336
0.472 b 0.015 0.030 0.266 0.002 0.006 0.689 0.000 0.074
1.308 7.213 42.012 3.171 6.854 9.841 2.100 1.920 1.118
0.304 0.006 0.000 0.062 0.009 0.003 0.138 0.170 0.362
0.281 14.021 26.494 4.398 1.687 13.859 5.222 0.336 0.539
0.761 0.001 0.000 0.030 0.214 0.002 0.015 0.723 0.621Fert × Rich

Fertilization

Richness

Eubacteria AOB Nitrospira NOB Nitrobacter NOB Comammox Anammox nirS nirK nosZ
0.001a 13.344 0.917 39.946 9.644 0.175 0.089 42.717 4.870
0.977 b 0.002 0.349 0.000 0.008 0.667 0.651 0.000 0.020
1.520 4.303 5.047 0.299 0.556 0.351 0.968 0.650 1.911
0.246 0.030 0.019 0.742 0.579 0.747 0.376 0.526 0.150
2.065 6.036 0.020 0.148 3.244 2.952 2.078 0.582 0.439
0.155 0.009 0.979 0.861 0.064 0.066 0.152 0.554 0.726

Season

Richness

Season × Rich
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Table 6. Resampling-based ANOVA for bacteria by fertilization (pairwise comparisons for each functional group) 

 
Highlighted (green): significant at alpha = 5% and FDR = 5% 

 
Table 7. Resampling-based ANOVA for bacteria by season (pairwise comparisons for each functional group) 

 
Highlighted (green): significant at alpha = 5% and FDR = 5% 

FERTILIZATION F statistic p -value F statistic p -value F statistic p -value F statistic p -value F statistic p -value F statistic p -value F statistic p -value F statistic p -value F statistic p -value
PAIRWISE COMPARISON

NP UNFERT × NP FERT 0.007 0.949 0.571 0.520 4.613 0.085 0.010 0.824 3.769 0.104 0.055 0.927 4.526 0.011 8.016 0.031 0.221 0.869
NP UNFERT × 1P UNFERT 1.480 0.250 0.466 0.491 0.069 0.810 0.956 0.433 3.887 0.085 0.374 0.489 1.077 0.315 3.664 0.092 0.856 0.473

NP UNFERT × 1P FERT 0.077 0.793 34.626 0.002 2.987 0.118 1.909 0.225 4.045 0.070 0.218 0.864 0.129 0.721 10.557 0.018 2.076 0.167
NP UNFERT × 4P UNFERT 0.033 0.884 2.931 0.128 6.046 0.044 0.428 0.475 1.225 0.321 0.152 0.969 1.867 0.120 3.249 0.128 0.088 0.886

NP UNFERT × 4P FERT 0.314 0.579 0.943 0.340 59.562 0.002 2.419 0.217 14.188 0.003 22.133 0.001 9.089 0.023 8.310 0.032 3.808 0.040
NP FERT × 1P UNFERT 0.606 0.421 0.677 0.499 0.883 0.381 12.786 0.017 35.890 0.017 0.076 0.917 3.381 0.051 20.792 0.015 0.153 0.838
NP FERT × 1P UNFERT 0.016 0.985 5.754 0.096 2.991 0.197 2.452 0.193 0.006 0.987 1.202 0.486 2.974 0.061 0.544 0.527 2.972 0.154
NP FERT × 4P UNFERT 0.093 0.621 0.027 0.898 16.198 0.032 4.350 0.183 0.429 0.554 2.193 0.178 0.250 0.615 6.684 0.070 0.502 0.478

NP FERT × 4P FERT 0.210 0.660 0.735 0.439 22.342 0.013 44.857 0.023 2.376 0.212 7.235 0.086 4.810 0.018 0.756 0.427 140.294 0.030
1P UNFERT × 1P FERT 1.276 0.281 24.265 0.015 0.481 0.477 16.927 0.016 14.314 0.017 1.500 0.337 0.406 0.521 35.292 0.004 0.570 0.452

1P UNFERT × 4P UNFERT 3.013 0.116 3.228 0.135 2.822 0.138 1.067 0.330 7.057 0.020 1.487 0.255 1.795 0.164 0.275 0.673 1.152 0.340
1P UNFERT × 4P FERT 2.476 0.200 0.218 0.645 34.972 0.009 5.618 0.082 14.140 0.014 13.125 0.017 1.674 0.267 27.513 0.005 2.936 0.154
1P FERT × 4P UNFERT 0.917 0.452 13.097 0.018 19.762 0.021 12.112 0.025 0.440 0.499 0.052 0.916 1.367 0.296 11.481 0.028 6.265 0.047

1P FERT × 4P FERT 0.781 0.466 19.914 0.012 45.534 0.013 26.739 0.012 4.963 0.073 19.001 0.020 5.846 0.017 0.083 0.761 2.260 0.166
4P UNFERT × 4P FERT 0.267 0.750 2.637 0.177 29.924 0.003 9.882 0.025 6.389 0.050 19.144 0.021 3.032 0.033 10.171 0.027 20.740 0.016

Nitrobacter NOB Comammox AnammoxEubacteria AOB Nitrospira NOB nirS nirK nosZ

SEASON F statistic p -value F statistic p -value F statistic p -value F statistic p -value F statistic p -value F statistic p -value F statistic p -value F statistic p -value F statistic p -value
PAIRWISE COMPARISON

NP MAY × NP NOV 2.284 0.223 0.075 0.853 0.359 0.561 13.745 0.019 16.673 0.028 2.767 0.160 1.867 0.076 11.527 0.018 1.780 0.146
NP MAY × 1P MAY 4.118 0.084 1.832 0.224 0.006 0.966 1.470 0.270 1.727 0.263 2.645 0.106 0.176 0.573 1.333 0.316 1.638 0.262
NP MAY × 1P NOV 2.013 0.231 20.672 0.010 1.494 0.317 22.283 0.021 7.522 0.054 0.446 0.586 0.080 0.797 22.346 0.008 3.183 0.094
NP MAY × 4P MAY 1.064 0.379 1.055 0.295 4.948 0.101 4.856 0.080 3.114 0.111 2.230 0.229 1.534 0.137 1.219 0.333 0.578 0.612
NP MAY × 4P NOV 0.017 0.846 3.820 0.119 1.449 0.238 18.564 0.018 1.704 0.277 1.327 0.397 0.246 0.622 24.551 0.018 2.806 0.090
NP NOV × 1P MAY 0.169 0.689 0.147 0.822 0.133 0.688 10.487 0.030 43.120 0.028 0.026 0.785 2.156 0.065 18.741 0.014 0.020 0.900
NP NOV × 1P NOV 0.344 0.536 15.462 0.019 0.185 0.656 0.043 0.498 0.054 0.816 1.709 0.276 1.675 0.096 0.056 0.854 2.429 0.176
NP NOV × 4P MAY 1.243 0.315 0.770 0.456 8.155 0.038 7.446 0.055 0.388 0.521 1.686 0.299 0.003 0.898 9.068 0.063 2.398 0.166
NP NOV × 4P NOV 1.329 0.301 3.490 0.100 2.744 0.150 0.016 0.723 0.502 0.491 1.313 0.347 1.361 0.321 0.004 0.948 2.305 0.196
1P MAY × 1P NOV 1.276 0.298 24.265 0.030 0.481 0.454 16.927 0.028 14.314 0.024 1.500 0.340 0.406 0.522 35.292 0.008 0.570 0.420
1P MAY × 4P MAY 3.013 0.141 3.228 0.112 2.822 0.166 1.067 0.324 7.057 0.022 1.487 0.282 1.795 0.133 0.275 0.655 1.152 0.353
1P MAY × 4P NOV 2.476 0.184 5.328 0.113 1.119 0.414 14.145 0.029 4.046 0.109 1.095 0.341 0.583 0.560 40.113 0.025 0.275 0.647
1P NOV × 4P MAY 0.917 0.459 13.097 0.020 19.762 0.027 12.112 0.013 0.440 0.462 0.052 0.951 1.367 0.283 11.481 0.042 6.265 0.089
1P NOV × 4P NOV 0.781 0.471 1.615 0.214 4.800 0.046 0.006 0.780 0.558 0.467 0.124 0.594 0.081 0.792 0.216 0.605 0.239 0.640
4P MAY × 4P NOV 0.267 0.780 2.040 0.174 0.154 0.692 10.107 0.020 0.024 0.839 0.060 0.817 1.103 0.371 10.867 0.038 6.407 0.062

Eubacteria AOB Nitrospira NOB Nitrobacter NOB Comammox Anammox nirS nirK nosZ
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Similar to bacterial abundance, resampling-based ANOVA tests for nitrogen species were 
conducted across fertilization, plant species richness levels, and the combined effects between 
fertilization and richness (Table 8) as well as across season, plant species richness levels, and the 
combined effects between season and richness (Table 9).  Both fertilization alone (Table 8, Row 
1) and season alone (Table 9, Row 1) had significant effects on NH3-N, NO2--N, and NO3--N levels 
in the soil. The influence of fertilization on NH3-N concentrations was expected due to the addition 
of a urea-based fertilizer. Urea undergoes hydrolysis to form ammonia, which is subsequently 
utilized by AOB. Since nitritation is quickly followed by nitratation, the oxidation of NO2- to  
NO3-, the significant effect of fertilization on NO2--N and NO3--N is also justifiable. Only the 
difference in NH3-N concentrations were significant across the plant species richness levels 
(Tables 8 and 9, Row 2), suggesting that a greater plant diversity is beneficial for ammonia 
turnover (Figure 3).  
 
Table 8. Resampling-based ANOVA for nitrogen species by fertilization (for each functional 
group) 

 
aF statistic; bp-value 
Highlighted (green): significant at alpha = 5%  

 
Table 9. Resampling-based ANOVA for nitrogen species by season (for each functional group) 

 
aF statistic; bp-value 
Highlighted (green): significant at alpha = 5%  

 
Resampling-based ANOVA pairwise comparisons between fertilization and plant species richness 
level (Table 10) and season and plant species richness level (Table 11) were also conducted for 
nitrogen species. Notably, NO3--N was not statistically different among any pairwise comparisons. 
One possibility is that NO3- levels may have been inherently low across all samples due to the 
nitrite shunt effect, as explained in Section 3.2.2. Another possibility is that NO3-, a labile inorganic 
nitrogen compound, was quickly cycled by microorganisms, preventing the accumulation of nitrate 
in the soils. For this reason, it was similarly expected that NO2--N would not be statistically 
different among samples. However, as mentioned, the addition of urea-based fertilizer may have 
promoted nitritation, resulting in the differences of NH3-N and NO2--N concentrations, particularly 
between the unfertilized unplanted mesocosms and the fertilized tetra-species planted mesocosms 
(Table 10). 
 

NH3-N NO2
--N NO3

--N

11.084a 6.714 9.545
0.004 b 0.007 0.018
6.032 0.119 0.316
0.010 0.744 0.889
8.380 1.320 0.129
0.004 0.892 0.281

Fertilization

Richness

Fert × Rich

NH3-N NO2
--N NO3

--N

13.405a 8.219 13.469
0.002 b 0.007 0.002
5.970 0.927 1.573
0.010 0.417 0.236
8.529 0.347 2.958
0.004 0.728 0.080

Season

Richness

Season × Rich
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Table 10. Resampling-based ANOVA for nitrogen species by fertilization  
(pairwise comparisons for each group) 

 
Highlighted (green): significant at alpha = 5% and FDR = 5% 

 
Table 11. Resampling-based ANOVA for nitrogen species by season  
(pairwise comparisons for each group) 

 
Highlighted (green): significant at alpha = 5% and FDR = 5% 

 
3.2.3 Interpreting PC Mode 1 
 
Resampling-based ANOVA confirmed that AOB, Nitrobacter spp. NOB, comammox, nirK, 
and nosZ were overall significantly affected by season (Table 5). nirS is also positive for PC Mode 
1 but does not contribute as consistently, as indicated by its smaller eigenvector projection along 
the x-axis in Figure 7, which is in line with the insignificant effect of season on nirS (Table 5). 
Interestingly, NO2--N is also weak for Mode 1, as observed in Figure 7, even though the results 
summarized in Table 9 indicate season significantly affected NO2--N. A discussion of possible 
interpretations pertaining these findings is followed.     
 
 

FERTILIZATION F statistic p -value F statistic p -value F statistic p -value
PAIRWISE COMPARISON

NP UNFERT × NP FERT 3.299 0.113 4.092 0.007 3.682 0.116
NP UNFERT × 1P UNFERT 1.415 0.275 0.199 0.769 0.120 0.717

NP UNFERT × 1P FERT 2.831 0.021 3.141 0.132 7.763 0.035
NP UNFERT × 4P UNFERT 0.335 0.614 1.877 0.493 2.593 0.141

NP UNFERT × 4P FERT 233.204 0.002 19.834 0.002 3.869 0.088
NP FERT × 1P UNFERT 8.932 0.061 3.860 0.026 1.352 0.339
NP FERT × 1P UNFERT 1.636 0.199 0.040 0.869 0.005 0.875
NP FERT × 4P UNFERT 0.110 0.774 1.331 0.253 1.029 0.368

NP FERT × 4P FERT 408.297 0.022 0.273 0.672 1.045 0.347
1P UNFERT × 1P FERT 1.133 0.349 2.424 0.220 3.054 0.122

1P UNFERT × 4P UNFERT 0.975 0.417 3.612 0.166 0.764 0.450
1P UNFERT × 4P FERT 213.894 0.008 20.302 0.004 1.240 0.333
1P FERT × 4P UNFERT 2.092 0.201 1.117 0.385 2.195 0.197

1P FERT × 4P FERT 3.910 0.110 0.005 0.903 2.072 0.182
4P UNFERT × 4P FERT 42.430 0.013 9.280 0.062 0.124 0.746

NO3
--NNH3-N NO2

--N

SEASON F statistic p -value F statistic p -value F statistic p -value
PAIRWISE COMPARISON

NP MAY × NP NOV 1.333 0.304 1.872 0.404 26.571 0.026
NP MAY × 1P MAY 1.430 0.305 0.007 0.974 1.292 0.313
NP MAY × 1P NOV 1.767 0.110 2.239 0.217 29.883 0.010
NP MAY × 4P MAY 0.304 0.665 1.944 0.195 12.642 0.020
NP MAY × 4P NOV 392.848 0.028 14.607 0.002 23.093 0.017
NP NOV × 1P MAY 3.489 0.087 2.374 0.037 2.184 0.240
NP NOV × 1P NOV 2.635 0.070 0.520 0.679 0.321 0.641
NP NOV × 4P MAY 0.003 0.951 0.292 0.518 1.040 0.312
NP NOV × 4P NOV 159.553 0.011 2.300 0.186 0.761 0.421
1P MAY × 1P NOV 1.133 0.358 2.424 0.332 3.054 0.138
1P MAY × 4P MAY 0.975 0.450 3.612 0.234 0.764 0.418
1P MAY × 4P NOV 213.894 0.017 20.302 0.009 1.240 0.342
1P NOV × 4P MAY 2.092 0.211 1.117 0.415 2.195 0.186
1P NOV × 4P NOV 3.910 0.131 0.005 0.910 2.072 0.158
4P MAY × 4P NOV 42.430 0.026 9.280 0.052 0.124 0.764

NH3-N NO2
--N NO3

--N
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AOB and NH3-N 
Urea in the fertilizer undergoes hydrolysis to form ammonia which dissociates in water to form 
ammonium. In soils where pH is acidic (pH < 7), the vast majority of ammoniacal nitrogen  
(NH3-N) is in the form of ammonium (NH4+) due to the presence of excess hydroniums in the 
water (Kissel 1988). AOB consumes NH4+ to yield NO2-, which implies that ammonia oxidation 
is the sole mechanism for AOB to acquire energy. Though AOB activity was not measured in this 
study, it can be inferred that AOB abundance is directly correlated to NH4+ availability and the 
reaction’s oxidation kinetics (Martens-Habbena et al. 2009). This is supported by the very close 
proximity of NH3-N to AOB in the PCA biplot (Figure 7) showing that NH3-N and AOB co-vary 
in the measured data. The same findings were reported in the study by Gao et al. (2016) who 
conducted PCA and found that the clusters of two species of AOB, Nitrosomonas eutropha and 
Nitrosomonas oligotropha, co-varied with ammonia-nitrogen concentrations in fine particulate 
matter. In this study, the covariance between NH3-N and AOB means that they both respond 
similarly, and favorably, to Mode 1, the seasonal conditions in May. As a matter of fact, the 
seasonal effect on AOB abundance and NH3-N concentrations has been confirmed by resampling-
based ANOVA as shown in Tables 5 and 9, respectively (p < 0.05). This trend is likely due to the 
fact that soil nitrification is favored in warmer temperatures, optimally between 20°C - 30°C 
(Malhi and McGill 1982, Dalias et al. 2002, Avrahami et al. 2003, Fierer et al. 2003). A previous 
study conducted on this mesocosm compound indeed observed a soil temperature range of 23°C – 
26.5°C across all mesocosms in August 2013 (Korol et al. 2016). Although soil temperatures were 
not measured in this study, it is reasonable to assume that soil temperatures were favorable for soil 
nitrification in May, resulting in this seasonal effect. This is in accordance with Song et al. (2006) 
who saw trends of higher ammonia-nitrogen removal in summer than in winter months in a 
constructed wetland system designed for sewage treatment. 
 
Interestingly, Figures 8 and 9 show that AOB abundance and NH3-N concentrations, respectively, 
were not consistently higher in May than November across all mesocosms. In fact, unplanted 
mesocosms saw a slightly higher abundance of AOB and NH3-N concentrations in November. The 
lack of plant uptake may have resulted in greater accumulation of ammonium in the soils since 
plants are stronger competitors for inorganic nitrogen than their microorganism contenders in the 
long term (Inselsbacher et al. 2010). This is in agreement with Figure 9, where the change in NH3-
N from May to November was greater in the planted mesocosms than the unplanted mesocosms. 
Nonetheless, pairwise comparisons for AOB (Tables 6 and 7) and NH3-N (Tables 10 and 11) were 
not statistically different among the plant species richness levels, indicating that the plants species 
treatment alone may not have had a significant effect on AOB abundance or NH3-N concentrations 
in this environment. 
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Figure 8. AOB abundance in May and November 

 

 
Figure 9. Ammonia-nitrogen concentrations in May and November 

 
nirK and nirS 
As mentioned previously, nirS and nirK are functionally equivalent but phylogenetically distinct 
nitrite reductases; nirS are hemoproteins of cytochrome type cd1 whereas nirK are copper-
containing metalloflavoproteins (Knowles 1982). Denitrifiers possessing either reductase have 
shown different niche preferences and do not exhibit the same behavior when exposed to the same 
environmental conditions (Philippot et al. 2009, Enwall et al. 2010, Jones and Hallin 2010, Keil et 
al. 2011, Ligi et al. 2014). 
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The PCA biplot in Figure 7 shows that the nirK eigenvector is much stronger for PC Mode 1 than 
the nirS eigenvector. In other words, the conditions in May created an environment that is more 
favorable for nirK growth. As shown in Figure 10, nirK was more abundant than nirS across all 
species richness levels in May (p < 0.05). A likely reason for the greater abundance of nirK than 
nirS is that nirK is less sensitive to oxygen than nirS (Graham et al. 2010). Studies have shown a 
greater abundance of nirS in environments that had consistently low dissolved oxygen levels 
(Desnues et al. 2007, Knapp et al. 2009, Graham et al. 2010). In this study environment, it is likely 
that the mesocosms contained dissolved oxygen in the supernatant and topsoil layers due to 
atmospheric reoxygenation and presence of plant roots (Ye et al. 2012, Wang et al. 2018). 
Therefore, the top layer from which these soils were sampled may not have been strictly anaerobic, 
so nirS was not as abundant. A study on freshwater constructed wetlands similarly reported nirK 
was two logs more abundant than nirS and attributed it to niche preferences (Garcia-Lledo et al. 
2011). 
 

 
Figure 10. NIR abundance in May and November 

 
Resampling-based ANOVA results show that nirK was overall significantly affected by both 
fertilization (p < 0.05) and season (p < 0.05), whereas nirS was not (Tables 4 and 5, Row 1). In a 
study of agricultural soils, Chen et al. (2010) reported that nirS populations responded weaker to 
fertilization than nirK populations and attributed the reason to nirK’s greater sensitivity to soil 
organic carbon availability. Kandeler et al. (2006) and Bárta et al. (2010) similarly found that 
greater organic carbon was positively correlated with nirK abundance but not nirS abundance. 
Bárta et al. (2010) postulated that since nirK are more taxonomically diverse than nirS, they might 
be more responsive to greater nutrient availability. Since vegetated wetland environments provide 
requisite organic carbon to fuel denitrification, through litter decomposition and root exudation 
(Grayston et al. 1997), it is possible that nirK is more responsible for the nitrite reduction pathway 
than nirS in this system, which further supports the postulated nitrite shunt effect and the 
insignificance of NO3--N differences among mesocosms as indicated in Tables 10 and 11.  
 
Since the majority of denitrifying bacteria are heterotrophic, i.e., rely on external organic carbon 
sources, it was expected that nirK and nirS would be positively correlated with plant species 
richness levels. Surprisingly, the resampling-based ANOVA results show that neither nirK nor 
nirS abundance was significantly affected by plant species richness levels alone (Tables 4 and 5, 
Row 2). These results partially differed from the findings by Garcia-Lledo et al. (2011) who found 
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that the presence of vegetation in constructed wetlands had no effect on nirS abundance but did 
significantly influence nirK abundance. They speculated the lack of effect on nirS was due to the 
new reconstruction of the constructed wetland that may have caused changes to the influent water 
quality, implying the conditions were unfavorable for nirS growth. Pairwise comparisons (Tables 
6) show that nirK abundance was significantly different on two occasions: (1) between unfertilized 
and fertilized single-species planted mesocosms, and (2) between unfertilized single-species 
planted mesocosms and fertilized tetra-species planted mesocosms (p < 0.05). While sampling 
month and plant species richness level effects were not consistent among all pairwise comparisons, 
there may be other factors within these systems that promoted greater nirK abundance but were 
not explored in this study.  
 
NO3--N and nosZ 
Due to the high standard error, it cannot be concluded from Figure 11 that NO3--N concentrations 
were higher in May than November. Based on resampling-based ANOVA tests, however, 
fertilization (Table 8, Row 1) and season (Table 9, Row 1) were significant influences on NO3--N 
(p < 0.05). This trend is reflected in the PCA biplot (Figure 7), where the NO3--N eigenvector is 
strong and positive for PC Mode 1. This was expected because, as mentioned previously, 
nitrification is favored in warmer temperatures (Malhi and McGill 1982, Dalias et al. 2002, 
Avrahami et al. 2003, Fierer et al. 2003).  
 

 
Figure 11. Nitrate-nitrogen concentrations in May and November 

 
Since NO3- is the predominant substrate for denitrification, it is expected that a higher nitrate-
nitrogen concentration would positively co-vary with all denitrifying bacteria: nitrate reductase, 
nitrite reductase (i.e., nirS/nirK), nitric oxide reductase, and nitrous oxide reductase (i.e., nosZ). 
Of the reductases analyzed in this study, nirK showed a strong positive covariance with NO3--N 
(Figure 7). However, nosZ showed a negative covariance with NO3--N (Figure 7). Resampling-
based ANOVA tests indicated that nosZ was not significantly affected by fertilization (Table 4, 
Row 1) but was significantly affected by season (Table 5, Row 1). The abundance of nosZ in May 
and November is shown in Figure 12. nosZ abundance did not drastically change between the 
sampling months; in fact, the single-species mesocosms seem nearly identical. Tables 6 and 7 
confirm that nosZ was not statistically different among any pairwise comparisons between 
fertilization and season, respectively, and plant species richness (p > 0.05). 
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Figure 12. nosZ abundance in May and November 

 
Several studies have suggested that NO3- is more preferentially used as an electron acceptor than 
N2O (Delwiche 1959, Payne 1973, Betlach and Tiedje 1981, Knowles 1982), which may explain 
the location of the nosZ eigenvector among the November samples instead of the May samples in 
the PCA biplot (Figure 7) and the significant influence of season (Table 5). In environments where 
nitrate is plentiful, denitrifying bacteria are likely to opt to reduce NO3- prior to N2O. This may be 
due to competition for electrons (Betlach and Tiedje 1981, Pan et al. 2013, Liu et al. 2015) since 
it has been reported that these reductases retrieve electrons from a common electron source in the 
electron transport chain (Richardson et al. 2009, Pan et al. 2015). Since the ionic oxides (NO3-, 
NO2-) are stronger electron acceptors than the gaseous oxides (NO, N2O), they were observed to 
be depleted first (Payne 1973).  
 
Additionally, Delwiche (1959) observed that higher levels of nitrate resulted in a longer adaption 
period for cells to use N2O as an electron acceptor. This may be because greater NO3- 
concentrations inhibited N2O reduction, an effect which was found to be more pronounced at pH 
values below 7 (Blackmer and Bremner 1978). These findings were later supported by the studies 
by Kristjansson and Hollocher (1981), Timkovich et al. (1982), and Thomsen et al. (1994). Since 
the soil pH in these mesocosms are reportedly in the range of 5.90 - 6.30 (Korol et al. 2016), nosZ 
inhibition in May could be possible. However, nitrogen oxide reductase activities were not 
measured in this study, so the inhibitory effect cannot be confirmed. Nonetheless, it can be inferred 
that since NO3--N concentrations were higher in May (Figure 11), the environmental conditions in 
November were more favorable for nosZ. 
 
3.2.4 Defining PC Mode 2 
 
As determined by the resampling-based stopping rule (Figure 6), PC Mode 2 is not statistically 
significant at p < 0.05 (> 95% CI). However, it is not a random pattern, as indicated by p < 0.50 
(> 50% confidence). Hence, as it contributes 17% of variance within the data (Figure 7), it is worth 
briefly mentioning. As shown in the PCA biplot (Figure 7), PC Mode 2 does not seem to be defined 
by a seasonal or temporal pattern since both May and November samples are located on both sides 
of the Y = 0 on the y-axis. nirS, NO2--N, anammox, comammox, Nitrospira spp. NOB, Nitrobacter 
spp. NOB, nirK, NO3--N, and nosZ are all positive contributors to PC Mode 2 whereas NH3-N and 
AOB are negative contributors, as can be seen by their eigenvector locations relative to the y-axis. 
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To explore the possible meaning behind these trends, the reaction equations for these bacteria are 
summarized below.  
 

!"#$ + 1.5	*+
					,-.					/⎯⎯⎯⎯⎯1 2345 + 2	"$ + "+* Eq. 2 

2345 + 0.5	*+
					8-.					/⎯⎯⎯⎯⎯1!*95 Eq. 3 

!"#$ + 2	*+
			:;<=<<;>			/⎯⎯⎯⎯⎯⎯⎯⎯⎯1!*95 + 2	"$ + "+* Eq. 4 

!"#$ + 2345
				,?=<<;>				/⎯⎯⎯⎯⎯⎯⎯⎯⎯1!+ + 2	"+*	

 
Eq. 5 

2345 + 2	"$ + @5
			?ABC			
					?ABD					/⎯⎯⎯⎯⎯1!* + "+*	
 

Eq. 6 

!+* + 2	"$ + 2@5 					?;EF					/⎯⎯⎯⎯⎯1!+ + "+* Eq. 7 

 
Evidently, NO2- is directly consumed by NOB (Eq. 3), anammox (Eq. 5), and nirS/nirK (Eq. 6). 
Although comammox does not directly consume NO2- (Eq. 4), this bacteria possesses nitrite 
oxidoreductase enzyme capable of reducing NO2- (Daims et al. 2015). Lastly, nosZ does not 
directly consume NO2- (Eq. 7) but, indirectly, NO2- is consumed by nirS/nirK (Eq. 6) in the 
beginning of the denitrification pathway. In contrast, AOB produces NO2- as it oxidizes ammonia 
(Eq. 2). This trend corresponds with the eigenvectors for PC Mode 2 (Figure 7), where NO2- 
consumers (e.g. NOB, comammox, anammox, nirS, nirK) are all distributed above Y = 0 and the 
NO2- producer (e.g. AOB) is distributed below Y = 0 on the y-axis, which implies that PC Mode 
2 may be defined by whether NO2- is produced or consumed by bacteria in these enzymatic 
reactions.  
 
As reflected by Eqs. 2 to 7 above, NO2- is an intermediate product that is cycled throughout the 
soil nitrogen cycle. Since NO2- participates in both nitrification and denitrification, accumulation 
of NO2- in soils is generally uncommon in an efficient nitrogen removal system (Koeve and Kahler 
2010). The lack of NO2- accumulation in this system is suggested in the PCA biplot (Figure 7), 
which shows NO2--N as a weak contributor to Mode 1. Resampling-based ANOVA shows that 
NO2--N is significantly affected by both fertilization (Table 8) and season (Table 9), so the weak 
contribution to PC Mode 1 is likely the result of low levels of nitrite in this system. Sampled  
NO2--N concentrations among all mesocosm soil samples ranged from 0.01 – 0.06 μg NO2--N per 
gram dry soil mass (data not shown). With regard to bootstrapped mean values (N = 10000),  
NO2--N concentrations ranged from 0.0025 – 0.1000 μg NO2--N per gram dry soil mass, at 95% 
CI (data not shown). Regardless of sampled or bootstrapped values, the levels of NO2--N in these 
soils were quite low in comparison to NH3-N and NO3--N levels, as evident in Figure 3, which also 
may be a reason as to why Mode 2 was not deemed a dominant pattern by PCA.  
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CHAPTER FOUR: CONCLUSIONS 
 
4.1 Concluding Remarks 

 
The following concluding remarks can be made from this study:  
 
1. Among the gradients explored, the factors attributed to sampling month (season and 

fertilization) accounted for the greatest variance within the data (27% VE). Since season and 
nitrogen inputs are uncontrollable, the effects of these factors on the microbial community 
must be considered to accurately estimate a constructed wetland’s productivity.  

2. AOB abundance and NH3-N concentrations were both greater in May than November, likely 
due to the warmer seasonal temperatures fostering an environment more conducive to 
nitritation. Nitrobacter spp. NOB and comammox were also more abundant in warmer 
temperatures, but not Nitrospira spp. NOB. 

3. Plant species richness levels alone significantly affected the abundance of some nitrifying 
bacteria (AOB, Nitrospira spp. NOB) but did not significantly affect the abundance of any 
denitrifying bacteria. 

4. Greater plant species richness resulted in less accumulation of NH3-N in soils (p < 0.05), but 
did not have a significant influence on NO2--N or NO3--N. 

5. The wetland mesocosm environment seemed to favor the nitrite reductase nirK over nirS, 
likely because of nirK’s greater tolerance to oxygen presence.  

6. nirK may have had a greater competitive advantage over NOB for available NO2-, resulting 
in a nitrite shunt effect where NO2- was directly reduced to NO instead of being oxidized to 
NO3-. 

7. The abundance of nosZ, the reductase capable of transforming N2O into N2, is greater in 
November than in May. This may be the result of more favorable environmental conditions 
in November and/or N2O being a less energetically favorable electron acceptor than NO3- in 
environments where nitrate is not limited. 

4.2 Engineering Significance and Implications 
 
The goal of this study was to determine if greater plant species richness levels improved nitrogen 
turnover in wetland mesocosms and the extent to which season or nitrogen fertilization acted to 
moderate this relationship. In this study, greater plant species richness levels resulted in less 
accumulation of NH3-N in soils (i.e., ammonia turnover), but did not significantly affect NO2--N 
or NO3--N, which might just be due to the fast cycling of the nitrite and nitrate pools. Nonetheless, 
if ammonia-nitrogen is a contaminant of concern, a greater diversity of plants in a constructed 
wetland might be advantageous. A growing focus of constructed wetland design is enhanced 
reduction of N2O greenhouse gas emissions, a catalyst for stratospheric ozone decay (IPCC 1995). 
A potential avenue is creating conditions more optimal for N2O reduction by denitrifying bacteria 
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possessing the nosZ enzyme. In this study, plant species richness levels had negligible effects on 
nosZ abundance. Instead, nosZ seemed more affected by NO3--N; nosZ was more abundant when 
nitrate-nitrogen levels were lower. Although these observations warrant further study, it appears 
as though the presence of multiple species of plants within a wetland mesocosm does not 
significantly affect the abundance of denitrifying bacteria in these soils. A future avenue could be 
exploiting the nitrite shunt phenomenon to lessen nitrate production which, in turn, could promote 
complete denitrification since less NO3- would be available for bacteria to rely on as electron 
acceptors, forcing them to opt for NO and N2O as alternatives. 
 
4.3 Study Limitations and Recommendations 
 
A substantial limitation to this study is the lack of unfertilized controls for all plant species richness 
level groups. While two of the four unplanted mesocosms studied were left unfertilized, all of the 
single-species planted and tetra-species planted mesocosms were fertilized. As a result, the effect 
of fertilization and the effect of season were undistinguishable for the planted mesocosms. Another 
limitation is the small sample size (N = 12 mesocosms). Even if each plant species richness level 
group had unfertilized controls, the experimental setup would still be inadequate (i.e., per richness 
level, only 2 experimental mesocosms and 2 control mesocosms) since experimental results based 
on small sample sizes are often inconclusive. It is thus recommended to reevaluate the study design 
to include sufficient experimental and control samples. Furthermore, it is recommended to increase 
the number of replicates of nitrogen species and bacterial abundance measurements to triplicate or 
more. 
 
Other recommendations include quantifying ammonia-oxidizing archaea (AOA), comammox 
clade B, and nosZ clade II, for a more comprehensive assessment of the soil bacteria involved in 
nitrogen-cycling in wetland mesocosms. 
 
4.4 dPCR Limitations and Recommendations  
 
There are several limitations to the QuantStudio™ 3D digital PCR system that must be addressed 
prior to future work. The three main categories of these limitations include a lack of quality 
assurance (QA) and quality control (QC), a lack of reputable resources, and impracticality of the 
optimization process.  
 
QA/QC procedures are essential for accurate detection of DNA in all samples. One QA/QC method 
implemented in qPCR is melting curve analysis. Melting curves are used to detect for non-specific 
amplification. A target amplicon will peak at a single melting temperature, dependent up its 
sequence length, GC content, and the presence of degenerate bases. Thus, if more than one peak 
is observed, primers and/or probes should be redesigned for higher specificity. A similar method 
used to visualize non-specific amplification and optimize primers is gel electrophoresis. If multiple 
bands are observed, multiple priming sites within the target amplicon are present. If an unexpected 
band below 100 basepairs is observed, primer dimerization (where the forward and reverse primers 
are hybridizing to each other instead of the target amplicon) is likely occurring. These relatively 
simple methods are valuable in achieving higher confidence in results. However, due to the chip-
based technology of the QuantStudio™ 3D digital PCR, melting curve analysis and gel 
electrophoresis are not possible since the amplified product cannot be retrieved from the sealed 
chips.  
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Digital PCR claims there is no need for controls or external standards due to its absolute 
quantification ability. However, it is still strongly advised to include controls to assure the validity 
of results because false-positives may arise due to contamination and false-negatives may result 
due to inhibition. Controls may be internal or external, positive or negative. An internal control is 
run within a sample whereas an external control is run alongside a sample. A positive control is 
used for method verification whereas a negative control is used to check for contamination.  
 
Most published literature utilized qPCR instrumentation and, due to qPCR’s post-PCR processing 
abilities, used SYBRgreen for fluorescence instead of a fluorogenic TaqMan probe.  
Since SYBRgreen binds to all double-stranded DNA, this becomes problematic for dPCR without 
proper QA/QC since false positives are likely to be unaccounted for. As a result, the recommended 
approach for dPCR is the use of a TaqMan probe. Due to the novelty of the instrument and 
technology, however, there is a lack of relevant literature with reputable probe sequences and 
optimized conditions. While designing a TaqMan probe is a logical next step, the restrictions of 
the QuantStudio™ 3D digital PCR system make this an impractical undertaking. Testing for probe 
specificity is not possible due to lack of melting curve and gel electrophoresis capabilities, as 
mentioned previously. Secondly, due to the dual flat block thermocycler, only one thermocycling 
profile can be run at a single time. There is no thermal gradient option to determine the optimal 
annealing temperature in one run. Thus, if the results are low quality, troubleshooting to pinpoint 
the exact issue, whether it is suboptimal annealing temperature, contamination, or poor probe 
design, can become a very laborious, expensive process. 
 
In response to these limitations, there are several options to consider that may make the 
QuantStudio™ 3D digital PCR a more functional system. First, primer optimization could be made 
easier through the use of a positive control. A positive control is a customized oligonucleotide 
based on the target dsDNA fragment. After confirming that the forward and reverse primers are 
within the target dsDNA amplicon, the amplicon sequence is ordered, either through Invitrogen™ 
GeneArt™ Strings™ or IDTA™ g-Blocks™. The positive control is shipped at a known 
concentration (nmoles) so verification of primers is made possible.  
 
Another recommendation is to purchase an adapter for the ProFlex™ 2x Flat thermocycler that 
converts the chip-based block into an assay-based block. There are two adapter options. The 
ProFlex™ 96-well Sample Block has one block with 96, 0.2 mL wells. The ProFlex™ 3 x 32-well 
Sample Block has three blocks, each with 32, 0.2 mL wells. Both adapters will allow post-PCR 
processing of amplified products via gel electrophoresis to test for non-specific amplification and 
primer dimerization. The advantage of the second adapter is the ability to run three separate 
thermal conditions at one time.  
 
If implementing the adapter, SYBRgreen may still be a suitable choice for fluorescence due to the 
added post-PCR processing ability. If not, design and use of TaqMan probes should be considered. 
Unlike SYBRgreen, TaqMan will not bind to all double-stranded DNA. Therefore, duplexing 
(running two fluorescent dyes, FAM and VIC) becomes possible. A negative spike-in control can 
then be added to the PCR mixture to assess the presence of PCR inhibition.  
 
Lastly, it is advisable to separate the PCR prep and PCR amplification spaces to lower chances of 
contamination. 
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APPENDIX 
 
Table 12. Nitrogen species analysis kits 

Kit Method Detection Limit Source 

Hach® Powder Pillows Kit 
for NH3-N Salicylate Method (Method 8155) 0.01 - 0.50 mg/L NH3-N Reardon et al. (1966) 

Hach® Powder Pillows Kit 
for NO2

--N Diazotization Method (Method 8507) up to 0.30 mg/L NO2
--N USEPA (1979) 

Hach® Powder Pillows Kit 
for NO3

--N Cadmium Reduction Method (Method 8192) 0.01 to 0.50 mg/L as NO3
--N APHA (1992) 

 
Table 13. PCR mixture reagent preparation and storage 

Reagent Stock 
Concentration 

Final 
Concentration Reagent Preparation Storage 

Master Mix 2× 1× N/A 
Stored at -20°C 
until opened, then 
stored at 4°C. 

Forward Primer 100 μM 10 μM 
Custom oligonucleotides will arrive dried at a given 
concentration (nmole). To make a 100 μM solution, TE 
buffer is used (volume added = nmole x 10). To dilute to 
10 μM, nuclease free water is used (90 μL water + 10 μL 
100 μM stock).  

Stored at -20°C, 
diluted fresh 
monthly. Reverse Primer 100 μM 10 μM 

SYBRgreen 
(20×) 10000× 1× 

To dilute the 10000× SYBR to 1000×, DMSO is used (500 
μL 10000× SYBR + 4500 μL DMSO). As needed, the 
1000× SYBR is diluted to 20× using TE buffer (490 μL 
TE buffer + 10 μL 1000× SYBR). 

1000X SYBR 
aliquots are stored 
at -20°C. A fresh 
20X SYBR is 
diluted as needed. 

  


