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Abstract 
Nitrous oxide (N2O) is a potent greenhouse gas and ozone-depleting compound known to be 

emitted from wastewater treatment. Emissions of N2O results from the activity of the 

microorganisms employed in the transformation of reactive nitrogen species (NOx). N2O 

emissions from wastewater treatment are currently underestimated by United Nations (UN) 

and the United States (US) Environmental Protection Agency (EPA) guidelines, and treatment 

plants show differing rates of N2O emissions. Improving our understanding of the mechanisms 

that drive N2O production and subsequent emissions are essential for its mitigation.  

N2O is produced by a variety of microbial metabolic pathways; this thesis primarily focuses on 

N2O production via the denitrification pathway. Denitrification, conducted by heterotrophic 

bacteria is the Dissimilatory reduction of nitrogen oxides such as nitrate (NO3
-) or nitrite (NO2

-) 

to di-nitrogen gas (N2), using carbon as electron donors. The process occurs in a cascade 

reducing NO3
-, to NO2

-, nitric oxide (NO), N2O and finally N2. This process is catalyzed by 

several enzymes including, nitrate reductase (Nar, and Nap), nitrite reductase (Nir) nitric oxide 

reductase (Nor) and nitrous oxide reductase (NosZ). Denitrification is a widespread trait, and 

the pathway is encoded by a variety of genes, which produce functionally equivalent enzymes 

but form differing denitrifying phylogenies. For example, nitrite reductase is encoded by nirS 

and nirK the genes for the cytochrome-cd1 and copper-based dissimilatory nitrite reductases, 

respectively, while nitrous oxide reductase is encoded by either the truncated or non-truncated 

gene nosZII or nosZI respectively. 

It has been proposed that differences in the microbial population may explain the difference in 

N2O emission observed between treatment plants. This hypothesis is supported by the recent 

discovery of non-denitrifying N2O reducing organisms encoded by the gene nosZII. These 

organisms lack the preceding enzymes of the denitrifying pathway but retain the ability to 
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reduce N2O, they have a high abundance in soils, and nosZII abundance shows a strong 

correlation with reduced N2O emissions.  

The understanding of denitrifying microbial ecology and its role in the production of N2O from 

wastewater treatment is currently limited. The primary aim of this thesis is to address the 

hypothesis: Denitrifying ecology determines the magnitude and rate of N2O accumulation in 

Wastewater treatment plant (WWTP) sludge. 

To address this hypothesis, a stepwise approach has been taken. 1) A survey of the microbial 

ecology of three New Zealand (NZ) WWTPs was conducted to determine denitrifying ecology 

by the distribution of denitrifying functional markers (nirS, nirK, nosZI, and nosZII) within 

each population. The following hypotheses were tested, a) denitrifying populations will differ 

between WWTPs, and b) Wastewater is a disadvantageous environment for non-denitrifying 

organisms (nosZII), and they will be under-represented. 2) Using the sludges from the surveyed 

WWTPs, sludge metabolism was examined under ideal denitrifying conditions for differences 

in NOx profiles including N2O accumulation. Accumulation of NOx intermediaries was 

correlated with the relative abundance of denitrifying functional markers, testing the 

hypotheses c) differing denitrifying populations accumulate different amounts of N2O, and d) 

N2O accumulation will correlate with non-denitrifying organism abundance. 3) As wastewater 

treatment plants are not stable environments and can suffer from process perturbations, sludges 

with now known populations, and NOx profiles under control conditions, were exposed to 

environmental shocks (pH and nitrite (NO2
-). Testing the hypothesis: e) Within a specific range 

of environmental shock, denitrifying population structure will determine N2O accumulation. 

Survey of NZ microbial populations supports the hypotheses, showing differing total microbial 

and denitrifying populations, with low abundance of non-denitrifying N2O reducing organisms 

(nosZII). Analysis of the relative abundance of denitrifying functional markers suggests NZ 

WWTPs have a genetic predisposition to N2O emissions. Additional findings include the 
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identification of co-occurring nirK and nirS in the same organisms in each treatment plant and 

the observation that NZ treatment plants show the opposite trend to most of the literature 

reports with a markedly dominant nirK over nirS population. 

Examination of the NOx profiles of the three sludges under ideal denitrifying conditions 

supports the hypotheses showing differing N2O accumulation in each sludge and increasing 

abundance of nosZII correlating with a decrease in the maximum N2O concentration. All 

sludges acclimatized to laboratory conditions quickly accumulating minimal N2O after just 

four sequence batch cycles. Analysis of changes in the rate of NO3
- reduction and the Max N2O 

accumulation suggests that under stable conditions N2O accumulation will be minimal. 

Examination of the population's response to environmental shock supports the hypothesis, with 

different populations accumulating N2O when exposed to different environmental shocks. No 

population was susceptible to N2O accumulation under all conditions. Populations that 

exhibited NO2
- accumulation were resistant to NO2

- shock but more susceptible to changes in 

pH, while populations exhibiting minimal NO2
- accumulation were sensitive to NO2

- shock but 

more resistant to changes in PH accumulation.  

This research concludes that denitrifying microbial populations determine the accumulation of 

N2O in response to changes in environmental conditions. Denitrifying populations differ 

between WWTPs. However, results suggest, irrespective of the denitrifying microbial 

population's structure, stable conditions will result in minimal N2O accumulation. When 

exposed to environmental shock differing populations showed susceptibility to accumulated 

N2O under differing environmental conditions. These results suggest that management of N2O 

accumulation and subsequent emissions will need to be on a case by case basis. Emissions may 

be addressed by the introduction of a microbial population less susceptible to the N2O 

accumulation under the environmental conditions of a given treatment plant. Further research 

is required to test the feasibility of this management strategy.    
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1. Background, Objectives, and 
Structure 

 

1.1. Background 

Nitrous oxide (N2O) is a potent Green House Gas (GHG) and Ozone Depleting Compound 

(ODC)1 primarily produced by the activity of microbial metabolism from both anthropogenic 

and natural sources2. Anthropogenic disruption of the Nitrogen (N) cycle has led to increasing 

global emissions of N2O. Given the long life of N2O (~120 years), increasing emissions will 

have a cumulative impact. Thus, the reduction of anthropogenic emissions is essential.  

Wastewater treatment is currently estimated to  contribute  4% of global anthropogenic N2O 

emissions3. Estimates, however, are based upon one study conducting short-term spot samples 

of one treatment plant4. Recent long-term analysis of whole plant emissions shows that the 

contributions of Wastewater Treatment Plants (WWTPs) to global N2O emissions is under 

estimated5, indicating the impact of WWTPs may be significantly larger than is currently 

estimated (See chapter 2 for more details). 

N2O is produced in WWTPs by the microbial transformation of reactive nitrogen. Emissions 

of N2O between wastewater treatment plants (WWTPs) are highly variable, even when 

comparing systems with similar plant configurations, influent and process conditions6. Even 

under controlled laboratory experiments, marked variation in N2O profiles is observed between 

experiments examining the same phenomena with approximate conditions4 (See chapter 2 for 

more details). The difference in N2O emissions between experiments with similar conditions7,8 

suggests an underlying mechanism of N2O production is not being controlled for and has yet 

to be identified. Typically, WWTP experiments, at both full-scale and lab-scale are conducted 

without knowledge of the microbial community’s composition. If the microbial populations 

differ in some functional manner, this difference may be the unaccounted variable between 
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studies. Indeed, it has been proposed that differences between microbial populations could 

account for the variability of N2O emissions between studies7,9. This proposal is the foundation 

of the primary hypothesis examined in this thesis, that N2O production and subsequent 

emission is determined by the composition of the microbial community. From here on we will 

refer to this hypothesis as the N2O microbial community composition hypothesis (N2OMCCH). 

The N2OMCCH has yet to be extensity examined in wastewater but is strongly supported by 

literature on soil microbial ecology and N2O10. 

If we are to accept the N2OMCCH, a functional difference in the production of N2O between 

microbial populations needs to be demonstrated; this functional difference can be found in the 

modularity of the denitrifying pathway (See Chapter 3 for more details). Denitrification is the 

stepwise reduction of reactive nitrogen species in which nitrate (NO3
-) or nitrite (NO2

-) is 

reduced to nitric oxide (NO), N2O and dinitrogen gas (N2) in a series of enzymatic steps 11,12 

(figure 1-1).  

 

Figure 1.1 Denitrifying Pathway: 

Genes encoding the respective enzymes that catalyze each step in the pathway are indicated as follows: nar/nap, 
cytoplasmic and periplasmic dissimilatory nitrate reductases, respectively; nirS/nirK, cytochrome-cd1 and 
copper-based dissimilatory nitrite reductases, respectively; ‘nor’, any of the multi- heme or heme-copper nitric 
oxide reductases; nosZ, nitrous oxide reductase. 

The modularity of denitrification is defined as organisms possessing one or more denitrifying 

gene not necessarily possessing the rest of the pathway. Some organisms possess the full 

complement of denitrifying genes, while others may lack components of the pathway altering 

their genetic-denitrifying-potential. Examination of all sequenced organisms possessing at least 

one of the genes coding for an enzyme in the denitrifying pathway show denitrification is 

modular, and denitrifying organisms can be separated into three genetically determined 

functional guilds: Complete-denitrifiers (organisms which are genetically capable of 
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metabolising nitrate (NO3
-) through to dinitrogen (N2)); N2O producers (organisms lacking the 

genes to metabolise N2O to N2); and N2O sinks (organisms possessing only N2O reductase 

(N2OR))13. Moreover, direct manipulation of denitrifying community composition using 

organisms with known metabolism has been used to establish a causal link between population 

structure and N2O emissions. By altering the proportion of ‘N2O sink’ or ‘N2O producing’ 

organisms in a population, experimenters can alter the populations N2O emissions14,15 (See 

Chapter 3 for more details). 

While the N2OMCCH has theoretical support in the modularity of the denitrifying pathway, 

and experimental support showing the composition of denitrifying guilds affects N2O 

emissions, there is little data demonstrating the hypothesis is valid outside the confines of these 

controlled experiments, or applicable to the wastewater treatment environment. For the 

N2OMCCH to be shown to be applicable for wastewater, the microbial populations of differing 

WWTPs need to be shown to be functionally different (composed of a differing proportion of 

denitrifying guilds), and these differences need to be correlated with differences in N2O 

production.   

Currently, our understanding of the microbial ecology of WWTPs is limited. Analysis of 

WWTP microbial ecology is focused on the identification and analysis of the taxonomic 

structure of treatment plants. This is achieved by determining differences in microbial ecology 

and their drivers by examination of 16S rRNA. Bulk population analysis by 16S rRNA has 

been successful in demonstrating WWTPs microbial populations are likely to be site-specific 

indicating microbial populations are likely to differ between plants16–18 (see chapter 3 for more 

detail). Unfortunately, however, due to the, widespread nature, complex evolutionary history 

and the modularity of denitrification, closely related organisms can possess markedly different 

denitrifying, pathways 13, meaning, the conventional approach to population analysis by 
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taxonomic structure and 16S rRNA is not able to elucidate functional differences in the 

denitrifying populations between populations (See Chapter 3 for more details). 

It is possible to elucidate the distribution of denitrifying guilds by genome reconstruction 

methods based on binning approaches from meta-genomes19. However, these methods are 

expensive as they require replicate metagenomes for each sludge samples and are time-

consuming. An alternative approach has been used in this thesis. A population’s genetic 

potential for N2O production can be estimated by the distribution of its functional guilds. While 

functional guilds cannot yet be directly measured, the co-occurrence of genes encoding key 

enzymes in the denitrifying pathway has shown that certain genes can work as markers for 

denitrifying functional guilds. For example, nirK possessing organisms represent N2O 

producing organisms, nirS represents complete denitrifiers, and the recently discovered nosZII 

represents non-denitrifying N2O reducers. Thus, a high nirK: nirS ratio is an indicator of a 

community with high N2O producing organism composition, while the abundance of nosZII is 

an indicator of a community’s non-denitrifying N2O reducing organism population13,14.  

Functional marker analysis has shown promise in predicting a system’s N2O production. 

Analysis of N2O emissions from soils and non-engineered aquatic systems show a correlation 

between a population’s denitrifying genetic potential and N2O emissions. For example, 

increasing nirK abundance has been correlated with increases in N2O emission, while 

increasing abundance of nirS or nosZII is correlated with a reduction in N2O20–24 (See Chapter 

3 for more details). 

To date, little research has been dedicated to the understanding of denitrifying microbial 

ecology in WWTPs. Specifically, little is known of the abundance and diversity of the recently 

discovered nosZII organisms in WWTPs. Early results suggest that the environmental 

conditions of WWTPs select against nosZII in favour of nosZI organisms25–27. Additionally, 

analysis of nirK and nirS abundance, suggest WWTPs are commonly dominated by nirS16,27–
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35 (See Chapter 3 for more details). Most surveys of denitrifying functional markers in WWTPs 

have been conducted by qPCR with documented amplification bias. Additional results from 

primer free methods such as meta-genomics are necessary to determine if these patterns are 

consistent across WWTPs. In this thesis we conduct a metagenomic survey of three New 

Zealand (NZ) WWTPs, to examine the distribution of denitrifying functional markers, 

determining if the denitrifying populations are significantly different across the treatment 

plants. This difference is used to test an assumption derived from the N2OMCCH; if microbial 

community composition effects N2O production and treatment plants are observed to be highly 

variable, differing treatment plants should possess differing denitrifying populations. 

If the N2OMCCH is correct then differing populations will have proportionally different N2O 

production. To test the hypothesis the surveyed populations were tested under laboratory 

conditions to determine if they possessed differing N2O or reactive nitrogen (NOx) profiles. 

The N2OMCCH was proposed from observations of differing N2O emissions under similar 

environmental conditions, accepting the N2OMCCH, however, does not preclude the effect 

environmental conditions may have on N2O production. Indeed, environmental factors such as 

pH and NO2
- load have been shown to be significant drivers of N2O emissions in WWTPs 4 

(See Chapter 2 for more details). What is unclear is the relationship between population 

structure and environmental conditions. In order to determine the relative effect of community 

composition versus environmental conditions, the surveyed populations were tested under 

increasing pH and NO2
- stress. It was assumed that if the N2OMCCH was correct, sludges with 

differing populations would have increasing divergent responses as the environmental stress 

increased. 

In this thesis, we seek to improve our knowledge of the relationship between denitrifying 

ecology and the environmental conditions that induce N2O. As information on the denitrifying 
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ecology in WWTPs is limited, this thesis takes a stepwise approach to address this topic. The 

following points and figure 1-2 outline the stepwise approach taken in this thesis. 

 

1. Do the denitrifying populations of WWTPs differ? 

Little is known of the abundance and diversity of denitrifying functional markers across 

municipal treatment plants. A survey of the genetic potential for N2O production was 

conducted to determine if geographically close treatment plants with similar operations 

significantly differed in the distribution and diversity of denitrifying functional 

markers.  

 

2. Do different microbial populations metabolize reactive N differently? 

It is currently unclear if differences in genetic potential for N2O production results in 

differing N2O production profiles in WWTPs. Laboratory experiments were conducted 

to examine if the sludges surveyed in step1 exhibited differing NOx profiles under non-

stressed denitrifying laboratory conditions. 

 

3. Do differing microbial populations respond differently to environmental stress? 

Both microbial community composition and environmental conditions have been 

shown to drive N2O emissions. However, it is currently unclear what the relationship 

is; when and to what extent does population structure or environmental conditions drive 

N2O emissions. Laboratory experiments were conducted on the sludge characterized in 

steps 1 and 2, giving sludges with known populations and NOx metabolism profiles. 

The characterized sludges were exposed to common WWTP process perturbations 

known to induce N2O, in an attempt to determine the relationship between population 

structure and environmental conditions. 
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1.2. Thesis aims and objectives: 

The objective of this thesis is to extend our understanding of denitrifying microbial ecology in 

municipal wastewater treatment and its role in the production of N2O, by the examination of 

the genetic potential for N2O production and its intersection with environmental perturbations. 

To accomplish this, the thesis will be guided by the following aims. 

 To assess the genetic potential for N2O production in New Zealand municipal wastewater 

treatment plants, by analysis of the diversity and abundance of denitrifying functional 

markers nirK, nirS, nosZI, and nosZII. 

 Determine the degree to which differing microbial communities affect N2O production 

under ideal conditions 

 Determine the relative impact of environmental conditions and denitrifying microbial 

population structure on nitrous oxide production by examining the effect common process 

perturbations such as pH and nitrite spikes have on the nitrous oxide production across 

sludge with differing populations. 

 



8 
 

 

Figure 1.2 Thesis Plan Outline: 

Description of the primary analytical questions addressed in this thesis. Step 1 examines the diversity of denitrifying enzymes with NZ WWTPs and seeks to identify the 

abundance of nosZII organisms and if a group of core denitrifying genera can be identified. Step 2 examines the response of the sludge populations characterised in step 1 to 

denitrifying conditions to determine if population differences can predict N2O accumulation. Step 3 examines the effect of environmental shock on the characterised sludge 

samples to determine if population structure or environmental conditions are more determinate of N2O accumulation. 

Hypotheses:  
1) Denitrifying population structure determines the N2O accumulation 
2) N

2
O accumulation will correlate with nirS: nirK and nosZI: nosZII ratios 

3) Population structure will have a determinate effect on N
2
O accumulation response to common processes perturbations 

experienced within WWTPs (pH and NO
2

-
) 

Metagenomic analysis 
Sequence batch 

reactor: adaptation to 
lab conditions 

Batch reactor: Process 
perturbations (pH and, 

NO2

-) 

Step 1:  
Determine the distribution of 

denitrifying genes 

Step 2:  
Demonstrate gene distributions 

correlate with N
2
O accumulation 

Step 3:  
Determine the effect of gene 

distributions under operational 
perturbations 
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1.3. Thesis organization. 

This thesis is divided into eight chapters. Chapter 2 and 3 are presented as review articles for 

submission to publication. Chapters 4-6 are presented as research articles for publication. As 

of the date of this thesis submission, no articles have been submitted for publication.  

 

Chapter 1: Background, objectives, and structure 

This chapter outlines the intellectual background and justification for the research conducted, 

the primary objective and the structure of this thesis. 

 

Chapter 2: N2O from wastewater treatment 

This review outlines the current understanding of WWTPs as a source of N2O. It argues that 

emissions from WWTPs are currently underestimated, and denitrification is an underestimated 

source of N2O production within WWTPs. Aside from its role as a source of N2O, 

denitrification is argued as the controlling factor in N2O emissions due to the pathway 

possessing the only known biological N2O sink. 

 

Chapter 3: Denitrifying population structure and N2O in wastewater treatment 

This review outlines the current understanding of the denitrifying microbial ecology and its 

association with N2O production and emissions in soils and non-engineered aquatic systems. 

This understanding of denitrifying ecology is then compared to the current knowledge of 

denitrifying ecology in wastewater, highlighting the potential research gaps and need to 

improve understanding of identifying microbial ecology of WWTPs.   
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Chapter 4:  Metagenomic Survey of Three New Zealand Wastewater Treatment plants 

This chapter describes the results of a metagenomic survey of three New Zealand WWTPs. 

Results indicated that NZ WWTPs differed from most treatment plants insofar as they have a 

dominant nirK population but matched the observed trend of nosZI dominance over nosZII. 

This distribution of denitrifying genes suggests a strong genetic potential for N2O emissions 

from NZ WWTPs.  

 

Chapter 5: NOx profiles are driven by denitrifying community composition 

This chapter describes the results of a laboratory experiment examining the diffing NOx 

profiles of known microbial populations. Differing populations showed differing N2O 

production profiles. N2O accumulation dissipated over the experiment duration. Differing 

populations showed differing nitrite profiles which remained consistent throughout the 

experiment. Results suggest regulation and fragmentation of denitrification may play a 

significant role in a population’s NOx profiles. Results are interpreted to suggest genetic 

potential determined by functional marker distribution may be insufficient to predict N2O 

production potential. Further work focusing on genome reconstruction may be necessary  

 

Chapter 6: Population structure determines response to common process perturbations 

This chapter describes the results of a laboratory experiment examining the effect of pH and 

nitrite spikes on differing microbial populations with known community composition and NOx 

profiles. Results indicate N2O production is not consistent across sludges; differing sludge has 

differing sensitivities to environmental conditions. Communities observed to accumulate N2O 

under control conditions are resistant to N2O production under high pH and nitrite conditions. 

Results suggest the NOx profile of the community can predict the N2O response to 
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environmental conditions. Communities producing nitrite as an intermediary are resistant to 

N2O production under nitrite spikes but particularly sensitive to variations in pH. 

 

Chapter 7: Discussion and conclusion 

This chapter describes and discusses the major findings of this thesis and outlines areas where 

further research is necessary. 
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2. The Relevance of N2O Emissions 
from Wastewater Treatment 

 

2.1. N2O and the Environment 

Nitrous oxide (N2O) is a colourless, non-toxic gas, commonly referred to as laughing gas. Since 

its discovery in 1772, it has been used as medical and dental anaesthesia, a food processing 

propellant, and a fuel additive among other applications. N2O is also an atmospheric trace gas 

and plays a role in atmospheric chemistry. Preindustrial atmospheric N2O concentrations are 

estimated at ~ 270 ppb. Since this time there has been a nearly 20% increase, to more than 324 

ppb2,36 with concentrations still rising, ~0.25% in the recent decades at a rate of 0.2-0.3% per 

year36,37. With pre-industrial natural emissions assumed unchanged, it is believed that 

anthropogenic activity, primarily from the introduction of nitrogen-rich fertilizers, are 

responsible for this increase in N2O concentrations37,38. The continued increase of atmospheric 

N2O is a concern as it is both a greenhouse gas (GHG) and an ozone-depleting compound 

(ODC)36. Due to these factors, N2O is a monitored compound under the umbrella of greenhouse 

gases covered by the Kyoto protocol39. 

N2O is a potent GHG: one molecule has 206 times the infrared radiative forcing of one carbon 

dioxide (CO2) molecule. This coupled with the long atmospheric lifespan of N2O (~120 years), 

results in a higher global warming potential (~ 300 times higher than CO2 on a per molecule 

basis). Due to this strong warming potential, N2O is estimated to have caused 6-8% of the 

anthropogenic greenhouse effect, despite its low atmospheric concentrations in comparison to 

other greenhouse gases40,41. 

N2O is also a very potent ODC. It is stable in the troposphere where it acts as a GHG, but when 

it reaches the stratosphere, it is broken down by reactive oxygen species to form nitric oxide 

(NO). The NO then reacts with ozone (O3), breaking it into molecular oxygen (O2) and 
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contributing to the depletion of the ozone layer1,42. N2O is currently calculated to have an ozone 

depleting potential (ODP) of 0.017, roughly one-sixth of one-unit mass of the reference ODC 

chlorofluorocarbon 11 (CFC). However, with anthropogenic N2O emissions of ~10 million 

metric tons per year in comparison to the slightly more than one million metric tons from all 

CFCs at peak emissions, N2O is the dominant ozone-depleting compound emitted during the 

21st century1. If current anthropogenic emissions of N2O continue unabated, by 2050, they may 

represent a weighted emission of more than 30% of the peak CFC OPD weighted emission1. 

Moreover, due to N2O's long half-life, emissions of N2O are expected to have a cumulative 

effect43. Even if anthropogenic emissions were to be fully eliminated tomorrow, N2O induced 

GHG effects and ozone depletion will persist38. It is imperative that anthropogenic emissions 

of N2O be reduced where possible as soon as possible. 

Total global N2O emissions are estimated at 18.8 Tg-N/year, with the anthropogenic fraction 

being estimated to account for 36% (6.7 Tg-N/year), because of agriculture, fossil fuel 

combustion, industrial processes, and wastewater management40. New Zealand anthropogenic 

emissions of N2O account for 15% of the total GHG emissions and are thought to be derived 

primarily from agricultural soils39. 

 

2.2. Microbes are the Main Source of N2O 

Microbial metabolism accounts for the majority of globally emitted N2O. They are estimated 

to account for up to 80% of the total emissions, both natural and anthropogenic36,40,41 with two-

thirds of the global N2O being produced by the microbial activities of nitrification and 

denitrification in soils11.  While a variety of organisms including fungi and ammonia-oxidizing 

archaea (AOA) can perform nitrification and denitrification, it is currently believed that 

bacterial denitrifiers, and ammonia-oxidizing bacteria (AOB), are the most important sources 

of N2O emissions 40,41. 
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Both nitrification and denitrification are used by bacteria to produce the energy-rich 

compounds (i.e., ATP and NADH) that are required for cellular activity and cell growth. 

Nitrification and denitrification, with the addition of nitrogen fixation, make up the primary 

pathways of the nitrogen cycle. Nitrogen fixed to the biosphere biotically or chemically is 

transformed via nitrification from ammonia (NH4) to nitrate (NO3
-) by autotrophic bacteria in 

the presence of oxygen. Nitrification is a two-step process: AOB oxidizes NH4 to NO2
-, which 

is subsequently oxidized to NO3
- by oxidizing nitrite bacteria (NOB). The fixed nitrogen is then 

returned to the atmosphere via denitrification, the reduction of NO3
- or NO2

- resulting in 

dinitrogen gas (N2), a process performed by heterotrophic bacteria under anoxic or anaerobic 

conditions11,12,41,44. 

The pathways of the nitrogen cycle that produce N2O are summarised in figure 2-1. The initial 

step of nitrification (the oxidation of NH4 to NO2
- by AOBs) has been shown to produce high 

levels of N2O. However, the mechanism is currently not well understood, with two separate 

pathways implicated. The first of which is nitrifier denitrification, which results from the 

activity of AOB encoded nirK and nor enzymes, which reduce NO2
- to NO, and subsequently 

N2O. Unlike denitrification, these reactions have not been shown to be a process for energy 

production and growth but rather a detoxification system to prevent the accumulation of NO2
- 

reaching toxic levels. In the second pathway, N2O is formed by the oxidation of hydroxylamine 

(NH2OH), by the activity of hydroxylamine oxidoreductase (HAO) to NO, and the subsequent 

reduction to N2O by cytochrome c554. It is currently unclear which of these pathways is more 

important, and it has been proposed that oxygen concentrations determine which is more active, 

with hydroxylamine oxidation being dominant at high levels of O2, and Nitrifier denitrification 

being dominant at low levels of O2 
41,44,45. Denitrification is a stepwise process with N2O as an 

obligatory intermediate. Nitrous oxide reductase (N2OR), the enzyme which facilitates the 

reduction of N2O to N2, is the only known biological sink of N2O11. Incomplete denitrification 
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results in the production of N2O and is the result of the reduction cascade terminating before 

N2OR, either due to inhibition or a lack of nosZ expression11. 

 

 

Figure 2.1 Nitrogen cycle pathways contributing towards N2O production:  

Solid coloured lines indicate microbial pathways, and the genes encoding the respective enzymes that catalyze 

each step in the pathway are indicated as follows: amo, ammonia monooxygenase; hao, hydroxylamine 

oxidoreductase; hdh , hydrazine dehydrogenase; hzs, hydrazine synthase, nar/nap, cytoplasmic and periplasmic 

dissimilatory nitrate reductases, respectively; nirS/nirK, cytochrome-cd1 and copper-based dissimilatory nitrite 

reductases, respectively; ‘nor’, any of the multi- heme or heme–copper nitric oxide reductases; nosZ, nitrous 

oxide reductase; nrf, formate-dependent dissimilatory nitrite reductase; nxr, nitrite oxidoreductase. 

 

N2O is also produced by other microbial groups, and metabolic activates, for example, NOBs 

have been shown to produce both NO and N2O during the denitrification of NO3
- or NO2

- under 

anoxic conditions41. Dissimilatory nitrate reduction to ammonia (DNRA), and anaerobic 

methane, ammonia oxidizing (anammox), and ammonia-oxidizing archaea have all been 
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demonstrated to produce N2O. However the mechanisms and the relative impact of each of 

these processes are still poorly quantified41 (figure 2-1). 

 

2.3. Biological Nitrogen Removal and N2O 

In order to avoid the deleterious effects of excess nitrogen in the environment, tertiary 

wastewater treatment practices, which ensure the removal of reactive nitrogen are used46. 

Nitrogen removal can be achieved through physical-chemical or biological processes. 

Physical-chemical processes include ammonia stripping, break-point chlorination and ion 

exchange. These processes are limited however by the expense of the chemicals required, the 

formation of unwanted compounds, and operational problems. In comparison, wastewater 

treatment through biological processes is cheaper, more effective in terms of total nitrogen 

removal, operationally simple with the use of environmentally incompatible chemicals kept to 

a minimum. Biological nitrogen removal (BNR) relies on the activity of the nitrifying and 

denitrifying microorganisms of the nitrogen cycle to convert nitrogenous species within waste 

streams to N2
46,47.  

There are many different iterations of the BNR process: Trickling filter systems, which rely on 

biofilms covering rocks or media which the water is trickled over; Rotating biological contactors, 

relying on biofilms which cover rotating disks submerged in wastewater, Lagoon/ oxidation-

stabilization ponds, can be either aerobic or anaerobic and allow natural microorganisms and 

algae to degrade wastewaters constituents; membrane bioreactors, trapping biomass on the filters 

which degrade the waste-stream; and, Activated sludge (or activated biomass). Globally, 

however, the primary BNR process is a pre-denitrification application. For example in China, 

about 80% of BNR processes are pre-denitrification applications47. Pre-denitrification systems 

rely on cycling between anoxic and aerobic conditions to facilitate carbon removal, nitrification 

and denitrification. Examples include the Ludzack-Ettinger, Modified Ludzack-Ettinger, and the 
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Bardenpho reactor designs (please see references for the detailed reviews on the processes and 

operation variation of BNR)46,47 

 

 Environmental conditions and N2O 

Numerous environmental conditions have reported to increase N2O emissions from 

wastewater. Kampschrear et al. (2009)4 provides a good overall review of the environmental 

conditions effecting WWTPs, which remains relevant still. A detailed review of the effects of 

Free nitrous acid in WWTPs and its role in N2O emissions is provided by Zhou et al. (2011)48. 

A detailed review of the effect of pH on denitrifiers and N2O production is provided by Blum 

et al. (2018)49. 

The most relevant and commonly reported environmental conditions are carbon limitation, 

dissolved oxygen, pH, and nitrite4. Process parameters such as sludge retention time (SRT) and 

hydraulic retention time (HRT) have also been reported to be correlated with N2O emissions 

but will not be discussed in detail here, please see the review and references therein4. 

 

Figure 2.2 Primary causes of N2O emissions from WWTPs 

Adapted from Kampschrear et al. (2009)4 
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Carbon limitation is proposed to induce N2O emissions for denitrifiers by increasing inter-

enzyme electron competition50. Because the nitrogen oxide reductases of the denitrifying 

pathway share the same electron pool, as carbon becomes limited the electron pool reduces. It 

is proposed that the competition for the limited electron pool reduces the kinetic activity of 

N2OR thus leading to an increase in N2O production50.  

Dissolved oxygen has been correlated with increased N2O production in numerous studies51–

53,53–66. Low oxygen in the nitrification zone is proposed to induce nitrifier denitrification and 

thus N2O, while for denitrification oxygen is considered an inhibitor of denitrification and in 

particular N2OR67. 

At the molecular level, pH affects the activity of cofactors and structural elements of enzymes 

by altering the catalytic sites or proton/electron transfer routes, thus altering the enzymes’ 

overall activity49. Within WWTPs the pH range organisms are exposed to (pH 6-9) would not 

change the pH of the entire cell and likely only affect processes in the periplasm; thus pH in 

WWTPs will tend to affect nos, nir and hao as they are either located in or in contact with the 

periplasm49. 

The mechanism by which NO2
- induced N2O is not yet clear. It has been proposed that Free 

Nitrous acid (FNA) rather than NO2
- is the inhibitory compound. FNA, is the protonated form 

of NO2
- with its concentration determined by NO2

-, pH and temperature48,68. Examining the 

N2O production with FNA and NO2
- concentration over differing pH showed FNA had a better 

fit with N2O emissions than NO2
- concentration69. FNA has multiple potential mechanisms. 

FNA has been shown to function as a protonophore uncoupler, increasing proton permeability 

through cell membranes and counteracting the proton pump effect of ATPase thus inhibiting 

ATP synthesis. FNA has also been proposed to interfere with enzyme activity either via direct 

interaction or down-regulation due to increased FNA concentration48. 
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 The Global Significance of WWTP N2O 

To date, the contribution of wastewater treatment to global atmospheric loading of N2O is 

assumed to be minimal. This is primarily the result of The Intergovernmental Panel on Climate 

Change (IPCC) N2O emission factors. However, recent improvements in the monitoring of 

GHGs from WWTPs are providing data which suggest we have underestimated wastewater’s 

contribution.  

The IPCC provides guidelines for reporting greenhouse gas emissions. Included in these 

guidelines are N2O emission factors for wastewater treatment. These guidelines assume that 

N2O emissions from wastewater treatment are low and the majority is indirectly emitted to the 

atmosphere by emission in the WWTPs effluent, which is subsequently transferred to the 

atmosphere from the receiving bodies. Direct emissions, N2O emitted as a gas directly from 

the treatment plant are assumed to be minimal but are also provided with an emission factor. 

Emission factor for dissolved (indirect) N2O is 0.005 (0.005 – 0.25) kg effluent N2O-N/kg 

Influent N, while direct (gaseous) emissions are estimated at 3.2 g N2O/person/year70.  

IPCC N2O emission factors are commonly used by researchers conducting N2O budgets. Thus 

the guidelines’ assumption that N2O emissions from wastewater treatment are minimal is 

carried forward to global budgets and the assessment of sector impacts. For example, Mosier 

and Kroeze (2000)3 using the IPCC guidelines estimated the contribution of human wastewater 

treatment at 0.2 Tg N/y (3.2% of global N2O emissions) in 1990 and projected this value to 

increase to 0.3 Tg N/y (3.3% of global N2O emissions) by 20203.  Another example of the 

IPCC’s assumption of wastewater treatments minimal contribution to N2O emissions are 

estimates of source contribution to N2O emissions from the UK, which estimated wastewater 

handling in the UK to account for 4.04 Gg N2O or 1.9% of total emission in 1990 and increasing 

to 4.4 or 3.9% of total emissions in 200971.  
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The IPPC N2O emission factors 70 are however based off one study by Czepiel et al. (1995)72. 

As pointed out by Kampschreur et al. (2009)4, Czepiel et al. (1995)72 is only a study of one 

small BOD removal WWTPs and is unlikely to be representative of all WWTPs. In fact across 

the literature reports of N2O emissions from WWTPs are highly variable ranging from 0.6 -

25.3% of influent N6. However a recent study by Daelman et al. (2013)73 suggests the majority 

of N2O emission studies may not be representative of the average N2O emissions for the plants 

investigated, as they are short term and employ grab samples73. Daelman et al. (2013)73  

conducted a long-term (16 months) online monitoring programme of a fully covered WWTP 

in the Netherlands, showing a large degree of seasonal and diurnal variation in N2O 

emissions74,75. Seasonal variation was marked, with periods of zero N2O emissions in October 

and November, and N2O emissions climb from December to peak in March. Diurnal 

fluctuations consistently showed peak N2O emissions to occur around midnight each day73. 

Another long-term study of a fully covered treatment plant has corroborated Daelman et al. 

(2013)73  findings, showing diurnal peaks of N2O during the evening with the lowest emissions 

around noon, and marked seasonal variations76. Using the dataset from their long term study 

Daelman et al. (2013)73, analyzed sampling strategies to determine their effectiveness, and 

demonstrated grab sampling approaches are likely to underestimate N2O emissions with only 

a 2% chance of sampling providing an accurate representation of the treatment plants actual 

emissions73. Daelman et al. (2013)73 concluded that to achieve accurate data of WWTPs N2O 

emissions, online monitoring is required to track the diurnal fluctuations in N2O emission, and 

long-term monitoring is required to track seasonal variations in N2O emissions. 

The requirement of online and long-term monitoring of WWTPs for accurate estimates of 

WWTPs average N2O emissions clearly shows the IPCC guidelines, and estimates derived 

from them are inadequate. However, as the emissions are not directly compared to the results 

that would be obtained from the IPCC emissions factors, it is not clear how inaccurate the 
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guidelines could potentially be. The monitoring of completely covered WWTPs is not an option 

for all sites, and tracer dispersion analysis has been developed as an approach to measure 

greenhouse gas emissions from treatment plants. Tracer dispersion approaches provide whole 

plant emission data and have shown N2O emissions to be higher than previously thought, and 

higher than what would have been estimated by the IPCC guidelines5,77,78. For example, 

Yoshida et al. (2014)5 analysis of a treatment plant in Demark found direct N2O emissions to 

range from 0.15 – 4.3% of the influent N for the treatment plant. Using IPCC guidelines 

Yoshida et al. (2014)5 calculated the expected total influent N for this treatment plant and using 

the direct emission factor of 3.2 g N2O/person/year gave an estimated emission of 0.0046-

0.11% N2O emission of influent N for this treatment plant. In this instance use of IPCC 

guidelines would have underestimated direct N2O emission by 33- 39 times.   

An additional consideration is that process perturbations dramatically affected the N2O 

emission from treatment plants. For example disruption in WWTP operation such as 

insufficient aeration can lead to an increase in N2O emission between 113-210%5,77. Increased 

N2O emissions have been shown in relation to changes in environmental conditions such as; 

pH, dissolved oxygen (DO), high nitrite, and carbon limitation, as well as operational 

conditions such as sludge retention time (SRT) and hydraulic retention time (HRT)4. In general 

N2O emissions is considered to result from changes in environmental conditions4. For instance 

Daelman et al. (2015)75 showed the diurnal emissions coincided with diurnal trends of NO2
- 

and NO3
- and N loading, while the emission trends corresponded with the daily maximum NO2

- 

concentration75. Thus, N2O emission management is often summarised as maintaining best 

practice79. However, WWTPs are complex and dynamic systems and disruption in the 

operation of WWTPs should be expected.  

Currently, two-thirds of all human waste is uncollected80, and a large proportion of the 

collected wastewater remains untreated81–83. With increasing urbanization and international 



22 
 

programs such as the United Nations Sustainable development goals pushing to decrease the 

proportion of people without sanitation, wastewater treatment and biological nitrogen removal 

are expected to increase and with it the proportion of N2O emitted by these processes. As 

wastewater is a highly designed and controlled process, this offers an opportunity to minimize 

global N2O emissions by minimizing emission from wastewater treatment.   

 

 Denitrification’s role in WWTP N2O 

As noted by Bakken and Frostegård (2017)79, a common notion in WWTP studies of N2O is 

that emissions from the nitrification/nitration processes are due to nitrifier denitrification79. 

There is currently no scientific consensus on the primary source of N2O79, with numerous 

studies showing aqueous N2O and N2O generation from parts of the treatment chain other than 

aeration tanks are also significant sources of emissions84–87. Here we review the data which 

highlights the importance of denitrification, and aqueous N2O and emission sources. 

Before directly discussing the relevance of denitrification for N2O production we would like to 

address two related and understudied aspects of WWTP N2O, the aqueous phase and the 

clarifier. The aqueous phase of WWTPs has been reported to be supersaturated by N2O84 and 

is the key reason why the clarifier is important for N2O emissions. For example, a study 

examining N2O gaseous and dissolved emissions from three WWTPs in northern China 

reported that while gaseous N2O emissions were dominated by the oxidation tanks for each 

treatment plant, the majority of dissolved N2O was in the final clarifier85. Moreover, the 

accumulation of dissolved N2O in clarifiers can be a significant source of emissions. 

Comparisons of gaseous emission from the aerated zone and secondary clarifiers of four 

treatment plants in Finland showed gaseous N2O emissions from the clarifier can account for 

5-35% of the total measured emission (Aerated zones + secondary clarifiers) 86. As discussed 

above (section 2.3) The IPCC recognizes effluent emissions of N2O from WWTPs with a 
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default emission factor of 0.5% of wastewater effluent total nitrogen70. A study of a full-scale 

denitrifying biofilter system in France found the majority of N2O >99% was dissolved and 

discharged with effluent. The effluent emissions rate was found to be between 2 and 18-times 

higher than the IPCC guidelines for Winter and Summer respectively88. Collectively these 

recent studies examining clarifier N2O accumulation suggest a large amount of N2O may build 

up during the clarification via denitrification and subsequently be emitted with the effluent. 

The extent to which N2O accumulates within clarifiers and the proportion emitted either 

gaseously or discharged with the effluent requires further research. The indication that these 

emissions may be sizable further illustrates the relevance of denitrification for WWTP N2O 

emissions. 

Aside from the potential for N2O production and discharge from clarifiers, denitrification is 

relevant due to its role in controlling the net N2O accumulation of a system. As the only 

terrestrial sink of N2O, the activity of N2OR in proportion to N2O production will govern N2O 

accumulation11,79. A long-standing assumption is that denitrification does not occur under 

aerobic conditions, however increasing reports show that a large diversity of oxygen sensitivity 

exists between denitrifying organisms4,61,89–92. Strains of denitrifying Pseudomonad have been 

shown to either produce61,91 or reduce89–91 N2O under oxic conditions. Isolates of soil 

denitrifiers showed marked differences in N2OR activity under low oxygen, indicating a clear 

difference in denitrifier physiology and that differences in the denitrifier community 

composition could alter a population’s net N2O output92. 

In wastewater systems, denitrifiers have been shown to be active under aerobic conditions 

affecting the net production of N2O. Isotope analysis of nitrifying granules under aerobic 

conditions suggested denitrification was the primary contributor to N2O production, accounting 

for between 70-80% of N2O produced93. Biofilms, when exposed to gradual oxygen depletion, 

showed a transient accumulation of N2O, however before oxygen was fully depleted. The 
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biofilm turned into a net sink for N2O94. Mathematical models are used to understand the 

metabolic pathways that resulted in N2O production. However, they are often developed 

representing only one pathway. A recent mixed culture model was developed to study N2O 

production and indicated that under aerobic conditions denitrification appeared to be the 

predominant producer of N2O95. The authors note the contribution of individual pathways 

towards the total N2O production could not unambiguously be elucidated. However, these 

results collectively show that denitrification plays an important role in N2O production even 

under aerobic conditions.  

A group of non-denitrifying N2O reducers has recently been discovered, these organisms 

possess no means for N2O production but have been shown to possess N2OR and function as 

N2O sinks, scavenging N2O produced by other organisms14. The identification of such sink 

organisms and the observation that denitrifiers can be active under aerobic conditions, either 

producing or reducing N2O and showing variability in oxygen sensitivity suggest that 

denitrifying microbial population structure is perhaps the essential component in the 

production and emission of N2O (discussed in detail in chapter 3). Bakken and Frostegård 

(2017)79 argue that for wastewater the goal of reducing N2O emissions should not be the 

reduction of N2O production from nitrification but to enhance the activity of heterotrophic 

N2O-reducing organisms79, essentially proposing that management of N2O is the management 

or enhancement of denitrifiers which reduce N2O. 

 

2.4. Conclusion 

The nitrogen cycle is one of the most perturbed natural cycles primarily because of human 

agricultural practices. The destruction of the N cycle is also compounding global warming and 

ozone depletion by the introduction of increasing concentrations of N2O into the atmosphere. 

Reduction of anthropogenic N2O emissions is essential to avoid compounding global warming.   
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N2O is primarily produced by the microbial transformation of reactive nitrogen. While the 

majority of anthropogenic N2O is the result of the over-fertilization of soil, wastewater 

treatment is also a source of N2O emissions. Current estimates of the impact of N2O emissions 

from wastewater treatment are minimal. However, the analysis shows the emission factors 

these estimates are based on are underestimating the magnitude of the emissions. Moreover, 

estimates are restricted to municipal sewage treatment and do not include agricultural 

wastewater management. When considering the underestimation of municipal emissions and 

the exclusion of agricultural wastewater management the combined emissions from wastewater 

are likely to be sizable. 

Further research is required to gain an understanding of the actual contribution wastewater 

management has towards global N2O emission.  What is certain, however, is the volume of 

wastewater treated is set to increase as global development progresses. While the trend of an 

increasing proportion of waste being treated may reduce N2O emissions, it will increase the 

proportion of N2O emitted by wastewater treatment. As wastewater is an engineered and 

controlled system, the shift towards more treated water offers the opportunity to further reduce 

anthropogenic N2O emissions through well designed and managed wastewater facilities. 
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3. Denitrifying population structure 
and N2O in wastewater treatment 

 

3.1. Introduction 

Since the discovery of the Harber Bosh process (1913), human introduction of reactive N into 

the environment has fundamentally altered the N cycle, essentially boosting nitrogen 

transformations on a global scale79,96. Increasing atmospheric concentration of the Greenhouse 

gas and ozone-depleting compound Nitrous Oxide (N2O) is a consequence of this human 

intervention. As societies develop and fertilizer use intensifies, emissions of N2O are expected 

to increase. Given the long atmospheric life of N2O (~120 years) the impacts of increasing 

global emissions will be felt for generations. 

The global production and emission of N2O is primarily (~80%) the result of microbial nitrogen 

transformations. While N2O can be produced via several N transformation pathways, Nitrous 

oxide reductase (N2OR) (a key enzyme in the denitrifying pathway, encoded by the nosZ gene) 

is the only known terrestrial sink of N2O. Thus, as pointed out by Schlesinger (2009)97 and 

Bakken and Frostegrad (2017)79, the fate of reactive nitrogen released to the atmosphere is 

determined by the activity of N2OR. We can minimize the N2O/N2 product ratio by increasing 

the activity of N2OR where possible.  

The recent discovery of non-denitrifying N2O reducing organisms13,98 further highlights the 

possibility that N2O emissions may be managed by the selection of conditions that favour 

N2OR activity. These organisms are part of a recently discovered group of organisms 

possessing a truncated but functional variant of the nosZ gene98. The two phylogenetically 

distinct groups, Clade I and the newly discovered Clade II, lack a consistent naming convention 

across the literature, often also referred to as typical (clade I) and atypical (clade II). The 

terminology used in this review is nosZI (Clade I) and nosZII (Clade II). In contrast to 
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denitrifying organisms, non-denitrifying N2O-reducing organisms have the potential to be true 

N2O sinks; consuming N2O without the possibility of contributing to its production99. Several 

recent studies have demonstrated that the denitrifying microbial population structure, 

particularly the proportion or diversity of nosZII organisms plays an important role in N2O 

emissions. 

Emissions of N2O from Wastewater treatment plants (WWTPs) has received increased 

attention over the last decade. The focus has primarily been on N2O produced by Nitrifier 

denitrification. In general, little attention has been paid to the microbial ecology of WWTP 

processes and even less to the role denitrifying microbial ecology may play in N2O emissions. 

The restricted number of studies addressing this topic means that an understanding of 

denitrifying microbial ecology and its role in N2O emissions from wastewater treatment is very 

limited. We review the recent literature on denitrifying microbial ecology and its role in N2O 

emissions, as well as the current literature on the microbial ecology of WWTPs. We highlight 

the research gaps in the understanding of microbial ecology in wastewater processes and the 

potential for emissions reduction by the manipulation of the denitrifying microbial populations. 

 

3.2. Microbial Ecology of denitrification 

Denitrification is a respiratory process performed by facultative anaerobes as a means of energy 

conservation and respiration under anoxic or anaerobic conditions. The metabolic pathway is 

a stepwise reduction of reactive nitrogen species in which nitrate (NO3
-) or nitrite (NO2

-) is 

reduced to nitric oxide (NO), N2O and dinitrogen gas (N2) in a series of enzymatic steps11,100 

(figure 1-1). The ability to denitrify is a widespread trait among bacteria and archaea. For 

example, 12% of all sequenced microbial genomes possess a homolog of the nosZ gene13,99. 

The widespread distribution of this trait is likely due to a common ancestor who existed before 

the two domains split. Despite its deep evolutionary history denitrification is ‘patchy’ and does 
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not appear to be well phylogenetically conserved. Closely related organisms may not share the 

trait, and distantly related organisms can share closely related denitrifying genes. Comparison 

of the phylogenies of nar, nir, and nor with those of 16S rRNA illustrates the lack of phylogenic 

conservation. Phylogenies of these functional genes are incongruent with 16S rRNA 

phylogenies101. This lack of agreement between functional and 16S rRNA phylogenies makes 

the identification of denitrifiers by 16S rRNA genes sequences difficult102. Horizontal gene 

transfer has often been proposed as a major cause of the disagreement between gene and 16S 

rRNA classification. However, the analysis of sequenced denitrifiers does not support this 

hypothesis. While horizontal gene transfer cannot be ruled out, other phenomena such as gene 

duplication and divergence, or gene loss via deletion are more likely99,101. For example, unlike 

nirK and nor the phylogeny of nosZ is congruent with taxonomic affiliations on the phylum 

level13. However, the distribution of nosZ at a finer scale is patchier, as nosZ is present or absent 

in closely related organisms13,99,101. This vertical inheritance but patchy distribution of nosZ 

suggests gene loss through deletion influenced by environmental conditions99. This argument 

is supported by the observation that organisms may downregulate nosZ under nitrate replete, 

but another resource is limiting conditions99,103. Recently the loss of nosZ during domestication 

was observed providing direct support for this hypothesis104. In comparison to the genomes of 

non-commercial strains, the rhizobia of commercial alfalfa inoculants exhibit low total genome 

size and other markers of dramatic gene loss during domestication. Analysis of the 

denitrification pathway shows these organisms have perfectly conserved nitrate (NAP), nitrite 

(NIR) and nitric (NOR) oxide reductase clusters but have completely lost the nitrous oxide 

reductase cluster (NOS)104.  

Denitrification has a complex evolutionary history, with a myriad of factors affecting the 

interactions and distributions of its genes, which can be affected by the environmental 

conditions we impose upon them.  An understanding of the factors affecting N2O oxide 
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emissions is not possible without an understanding of the underlying genetics of the 

denitrifying population. However, the ability to examine the relationship of denitrifying 

ecology and its relationship to N2O is hampered by its complex evolutionary history.  The 

widespread and patchy nature of denitrification as a trait means traditional approaches of 

determining ecosystem characteristics by examination of 16S rRNA taxonomy are unlikely to 

provide meaningful insights into denitrifying ecology. 

 

 Modularity 

When the genome of Agrobacterium tumefaciens C58 was sequenced it demonstrated 

denitrifying organisms could lack nosZ, the gene encoding nitrous oxide reductase, and are 

therefore obligatory N2O producers. Subsequent analysis of sequenced genomes of denitrifying 

organisms (defined by possessing either nirK or nirS) revealed approximately 1/3 (at the time 

of publication) of denitrifying organisms lack nosZ101. These results showed denitrification to 

be a modular pathway13,15,105. The subsequent discovery of nosZII and the high abundance and 

diversity of non-denitrifying organisms13,98,106 provided further evidence of the modularity of 

the denitrifying pathway. The modularity of denitrification is defined as organisms possessing 

one or more denitrifying gene, which may not possess the rest of the pathway. Some organisms 

possess the full complement of denitrifying genes, while others may lack components of the 

pathway altering their genetic-denitrifying-potential. For example, organisms lacking nosZ are 

genetically obligate N2O producers15,101, while organisms possessing only nosZ are genetically 

obligate N2O sinks13,14,98,106. 

The increasing number of sequenced organisms allowed for a cornerstone analysis of the 

modularity of denitrification to be conducted. The distribution of nirK, nirS, nor, and nosZ 

(nosZI and nosZII) was examined in 652 organisms across 18 phyla from publicly available 

genome sequences (all organisms which possessed either nirK or nirS at the time of 
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publication)13. Of these organisms, 458 possessed nirK, 110 nirS, and 314 nosZ of which 187 

were nosZI and 113 nosZII. Co-occurrence analysis showed approximately 52% of organisms 

surveyed and 60% of organisms possessing nir gene lacked nosZ. This indicates a large portion 

of the denitrifying population is obligatory N2O producers.  

Of the organisms possessing nir, 70% of organisms with nirK lacked nosZ while only 20% of 

organisms with nirS lacked nosZ. This indicates that nirK organisms are more likely than nirS 

organisms to be incomplete denitrifiers and obligatory N2O producers.  

Of all organisms harbouring nosZ, 30% lacked nir genes and are non-denitrifying N2O 

reducers.  While for nosZI and nosZII 16% and 53% respectively lacked nir indicating they are 

non-denitrifying N2O reducing organisms and such sink organisms are more likely to occur in 

nosZII organisms.  

Co-occurrence data is summarised in figure 3-1. In total seven different co-occurring patterns 

of nirK, nirS, and nosZ were identified, of which the K type (nirK without other genes) occurs 

most frequently making up 48% of the survey organisms. Organizing the co-occurrence by 

genetically determined product shows that of all the organisms surveyed 52%, and 14% of 

organisms are obligatory N2O producers and sinks respectively (figure 3-2).  

It is important to note that the data supporting the modularity of denitrification is derived from 

databases of fully sequenced organisms, which may make the results biased to domesticated 

organisms, or otherwise not represent environmental denitrifiers. However, modularity has 

been observed in two genome reconstruction studies, of estuary sediment107, and anammox 

granules108. The reconstruction of three populations of estuary sediments found that while 

many reconstructed genomes within Beta and Gamma-proteobacteria had both nirS and nor, 

nosZ was found in only three organisms, one Gemmatimonadetes and two Myxococcales107. 

While not reported in the paper, the analysis of anammox granules, identified one organism 

carrying the full denitrifying pathway, three N2O producers, four NO producers and nine N2O 
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sink organisms108. These results show that the modularity of denitrification is not only 

identified within databases of known organisms but is observed in environmental samples. 

However, it remains unclear if the databases of sequenced organisms or the findings of the two 

genome reconstruction studies described above are representative of the wider denitrifying 

community within the environment, more research is required. 

 

 

 

Figure 3.1: Co-occurrence of denitrifying genes nirK, nirS, nosZI, and nosZII.  

The distribution of co-occurring genes within the denitrifying pathway. A) nir organisms, pie charts illustrate the 

percentage of the genomes of total nir (nirS + nirK), nirS, or nirK with (black) and without (light grey) nosZ. B) 

nosZ, pie charts illustrate the percentage of the genomes of total nosZ (nosZI + nosZII), nosZI, or nosZII that lack 

nir (black), possesses nirS (dark grey), or possess nirK (light grey). Data obtained from Graf et al. 201413 

 

A B 
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Figure 3.2: Distribution of co-occurring genes and functional groupings from all fully-sequenced 
denitrifiers.  

Pie chart of nirK (K), nirS (S) and nosZ (Z) co-occurrence distribution from all sequenced genome reported in 

Graf et al. (2014)13 A). Functional guilds derived from co-occurrence distribution, Sinks (organism possessing on 

Z), Producers, (organisms lacking Z), Complete (organisms possessing both K or S, and Z).  

 

 nirK and nirS phylogeny and modularity 

The canonical denitrification pathway starts with nitrate and ends with dinitrogen gas. 

Discovery of the extent to which the denitrification pathway is modular has led to the question 

of when an organism should be considered a denitrifier. Currently, the consensus is lacking. It 

has been proposed that an organism that is capable of accruing energy from the reduction of 

nitrite to nitric oxide is the definition of a denitrifier. Meaning, to be considered a denitrifier 

an organism must possess a nor and a nir 109. Graf et al. (2014)13 propose that any organism 

possessing both nor and nir be considered a denitrifier sensu stricto13. Given the modular nature 

of denitrification, it would seem too restrictive for organisms only to be considered denitrifiers 

if they possess the entire pathway or be excluded as denitrifiers for lacking a particular step of 

the pathway. Generating a strict definition of a denitrifier may artificially preclude many 
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organisms which are functional denitrifiers from the group. For this reason, we propose a 

denitrifier is an organism possessing any part of the pathway. 

Due to the highly conserved co-occurrence of Nitrite reductase exists in two evolutionarily 

distinct and unrelated variants, the copper-containing nitrite reductase NIRK encoded by nirK, 

and the cytochrome cd1 nitrite reductase NIRS encoded by nirS12,13,109–111. Both nitrite 

reductases while evolutionarily and structurally distinct are functionally identical. Insertion of 

nirK into a mutant lacking nirS results in enzyme activity and restored the mutationally 

interrupted denitrification pathway. However, when nirS is expressed in a nirK mutant 

organism, the enzyme is non-functional, but the function can be restored with the introduction 

of the nirS electron transfer intermediary12,111. 

Organisms possessing nirS are less phylogenetically diverse than those possessing nirK and 

consist mainly of Alpha, Beta, and Gamma-proteobacteria. Unlike nirK, nirS phylogenies are 

congruent to taxonomic afflictions at the phyla level. Most organisms with nirS also possess 

nor and nosZ. The analysis shows a high degree of evolutionary conservation of the genes, 

suggesting a shared regulatory mechanism that constrains loss of nor or nos in nirS type 

organisms13.  

The phylogeny of nirK can be divided into two distinct clusters, each from highly diverse phyla 

with no clear correspondence with organismal (16S rRNA) phylogeny13. nirK Clade I is mainly 

comprised of Alphaproteobacteria (with some Gamma- and Betaproteobacteria), while nirK 

Clade II consists of more diverse taxonomic groups like Bacteroidetes, Chloroflexi, 

Gemmatimonadetes, Nitrospirae, Firmicutes, Actinobacteria, Planctomycetes and 

Proteobacteria (primarily Beta and Gamma). The presence of nosZ is randomly distributed 

throughout both groups. However, nirK clade I have a higher instance of organisms possessing 

nosZ, while nirK cladeII is primarily dominated by organisms with sequences lacking 

nosZ13,109. 
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The genetic differences between these organisms suggest niche differentiation, while the co-

occurrence pattern suggests nirK type organisms are far more likely to lack nosZ and thus be 

obligatory N2O producers13.  

 

 nosZI and nosZII phylogeny and modularity 

As mentioned above the diversity of the nosZ gene can be divided into two distinct groups, 

nosZI, and nosZII. The atypical nosZ, nosZII, was discovered when attempts to predict N2O 

emissions based on nosZ abundance and expression showed inconsistency between prediction 

and actual N2O emissions98. Analysis of the newly discovered nosZII group showed that the 

primer sets in use only targeted nosZI and failed to amplify nosZII. Of the two groups, nosZII 

shows a wider diversity, with major groups in Bacteroidetes and Firmicutes, while nosZI is 

almost exclusively made up of Alpha, Beta, and Gammaproteobateria13,98,99.  

Aside from the phylogenetic difference, the two groups are separated by, nos gene cluster 

organization, nosZ translocation pathway, and co-occurrence frequencies. The nos gene cluster 

of nosZI organisms has the nosZ gene followed by DFYL genes involved in protein assembly 

and are distinguished by nosR which is lacking in nosZII organisms. Organisms possessing 

nosZI use the Tat translocation pathway while nosZII organisms tend to use the Sec pathway. 

Co-occurrence analysis described above (section 3.2.1.1, figure 3-2) show nosZI organisms are 

more likely to be complete denitrifiers with 84% possessing with a nirK or nirS13. While the 

nosZI organisms are almost exclusively denitrifiers,  53% of nosZII organisms are non-

denitrifying N2O reducers, and as highlighted in a previous analysis 31% possess genes utilized 

in dissimilatory nitrate reduction to ammonia (DNRA)13,98,99.  

Overall the genetic difference between nosZI and nosZII indicate obvious differences between 

the organisms and indicate potential physiological and niche differences between the 

organisms13,98,99. 
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 Ecophysiology and Niche 

 nirK and nirS 

Genetic differences between organisms possessing nirK and nirS suggest potential differences 

in niche preference. Indeed, nirK and nirS type organisms appear to demonstrate different niche 

preferences10,103,112–118. An obvious difference between these organisms is their dependence on 

copper. In copper, limited environments nirS organisms will accumulate NO2
-
, while nirK 

organisms will accumulate N2O103 as Copper is required for the synthesis and activity of 

enzymes encoded by nirS and nosZ. Aside from dependence on copper, studies have 

demonstrated a clear trend of niche preference in response to salinity, and oxygen availability. 

nirK has been shown to dominate terrestrial samples, while nirS dominates marine 

environments10. Spatio-temporal analysis of microbial diversity within intertidal sediments 

indicate nirS organisms experience significant seasonal shifts in community structure and are 

restricted to the permanent anoxic layers. Organisms possessing nirK, on the other hand, 

exhibited no seasonal shifts and inhabited zones where large fluctuations of environmental 

parameters, particularly oxygen and pH, occur113. This finding is supported by the observation 

that nirS organisms are better adapted to water-logged soils 119 and anaerobic conditions in rice 

fields115 than nirK organisms. Analysis of the effect of the use of ethanol and methanol as 

external carbons (additional carbon added to compensate for carbon limitation) in wastewater 

suggested nirS organisms were more sensitive to change in environmental conditions, while 

the nirK population remained more stable in response to the change in carbon sources118. This 

result is supported by a recent study which found soil type was the main driver of nirS 

community structure, while nirK organisms remained unaffected117. It is inferred from these 

studies that nirS type denitrifiers prefer anoxic conditions and are more sensitive to 

environmental conditions than nirK denitrifiers, which are better adapted to fluctuating 
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conditions, potentially due to the wider breadth of nirK genetic diversity. While on balance, 

the literature suggests niche partitioning between nirK and nirS, it is not yet clear what the 

underlying pattern and drivers are. Importantly, it is not clear from the literature if nir types 

compete. One study has reported a negative correlation between nirK and nirS abundance. 

However, it is unclear if the relationship is binary in all instances120. Until the recent discovery 

of both nir types in one organism, it was assumed nirK and nirS would not occur in the same 

organism. The discovery of organisms possessing both nir types was mainly from organisms 

sampled from wastewater treatment. It was suggested that possessing both nir types provided 

the organisms with improved flexibility13. This result supports the hypothesis that nir types are 

niche specific. Significantly more data and analysis are required to properly understand the 

ecophysiology, ecology, and relationship between nir types in the environment. 

 

 nosZI and nosZII 

The reduction of N2O is primarily associated with energy conservation99 and can provide a 

selective advantage in oligotrophic environments25. However, the variety of pathways that 

produce N2O and how widespread possession of nosZ homologs are, imply nos may serve a 

variety of physiological functions aside from energy scavenging. Indeed, nos have been shown 

to function as a means of preventing the cytotoxic effects of elevated N2O121, and function as 

an electron sink allowing obligate aerobes to survive transient anoxia122. 

The genetic and niche differences between nosZI and nosZII suggest there may be apparent 

physiological differences between the organisms. A recent study examining five organisms 

(three nosZII and two nosZI) in a pure culture fed with N2O and acetate produced the first 

indication that this hypothesis may indeed be the case25. Comparison of exponential growth 

rate and maximum N2O consumption rates showed no clustering with nosZ type. Biomass yield 

per mole of N2O and whole-cell half-saturation constants (Ks) however, clustered with and 
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were significantly different between nosZ types. All nosZII organisms showed a very low Ks 

in comparison to nosZI organisms indicating nosZII organisms have a higher affinity for N2O. 

Biomass yield (mg [dry wt]/mmol N2O consumed) were higher for nosZII organisms indicating 

better energy efficiency during N2O reduction.  

If such physiological differences between the clades can be shown to be consistent across all 

nosZ types, they offer strong explanatory power for apparent binary niche partitioning observed 

between nosZI and nosZII. Higher affinity to N2O and improved energy production would 

provide a nosZII organism with a selective advantage over nosZI organisms in oligotrophic 

environments. While organisms with a high µMax, like Pseudomonas stutzeri strain DCP-1, 

showing the highest growth rate and N2O consumption rate would have a selective advantage 

in environments where N2O is replete. In such environments, affinity (Ks) to N2O is less 

important than a higher substrate utilization rate (µMax)25. 

To further test this apparent physiological difference between nosZI and nosZII organisms, 

Conthe et al. (2018)26 enriched cultures of activated sludge containing both nosZI and nosZII 

with N2O as the sole electron acceptor and acetate as electron donor26,27. Enriched cultures 

were exposed to N2O limiting conditions, and it was hypothesized that if nosZII organisms 

have a stronger affinity for N2O, then these organisms would dominate the system. However, 

nosZI organisms dominated the system with abundances 2-3 orders of magnitude greater than 

nosZII. These results show, that under the conditions tested nosZI have a higher overall affinity 

to nosZII organisms, in apparent contradiction to the result of Yoon et al. (2016)25. The authors, 

however, hypothesize along similar lines to Yoon et al. (2016)25., proposing the selective 

difference between nosZI and nosZII is the difference in preferred µMax. Natural and engineered 

systems typically grow at rates lower than those used in wastewater treatment and Conthe et 

al. (2018)26.  When the system was switched to a more dilute feeding rate, the dominant 

Pseudomonas group was washed out, altering the microbial composition. While nosZI 
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organisms still dominated, this population shift allowed for the growth of nosZII organisms by 

one order of magnitude. While there is currently little evidence for lower µMax among nosZII 

organisms, if it were the case, it would explain the result observed in Conthe et al. (2018)26 and 

potentially nosZI and nosZII niche partitioning. It would also explain why nosZII organisms 

are abundant in primarily oligotrophic environments, while nosZI organisms are abundant in 

nutrient-rich environments26,27.  

It is important to note that while nosZI and nosZII show apparent niche partitioning, organisms 

within each group are not likely to function identically. For example, examination of 31 

organisms capable of nitrous oxide reduction isolated from soils demonstrated differing nitrous 

oxide reduction rates and sensitivity to oxygen92. Such results suggest that even within the 

clades adaptions have developed for different environmental conditions and variation in 

regulation may play an important role in an organism’s phenotype. Recent work has 

demonstrated the role regulation plays in an organism’s ability to act as a nitrous oxide sink123. 

In Bacillus vireti the expression of nosZ was dependant on nitrate concentrations, with a high 

concentration of >30mM inhibiting NosZ activity, while nosZ was highly expressed at lower 

nitrate concentrations (5nM). B. vireti demonstrated preferential and successive utilization of 

electron acceptors from O2, to NO3
-, and NO2

- respectively, instigating the use of the next 

electron energetically favourable acceptor before the previous had been depleted. The 

observation of high nos expression and low N2O production at lower NO3
- concentrations 

suggested that organisms may use N2OR to scavenge N2O from other organisms when more 

favourable electron acceptors are limited. Finally, another Bacillus isolate has been observed 

with two nos copies each active at different pH range (6 and 7)124. Such results indicate that 

while the genetic complement is an important predictor of N2O production, regulation (of gene 

expression, and enzyme activity), as well as environmental factors may also play a significant 

role. 
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When the previously unrecognized but widespread and abundant nosZII clade was first 

discovered it was shown to be more abundant then nosZI in soils, WWTPs, wetlands and rice 

paddies, noting an apparent ecological dichotomy between the clades105. Subsequent studies 

focusing on both terrestrial, aquatic and engineered environments have predominantly 

supported the original observations of nosZ clade niche portioning. However, analysis across 

the literature suggests the ubiquity of nosZII dominance over nosZI may not be 

supported14,22,24,26,27,106,125–139. 

Studies surveying the distribution of nosZI and nosZII using qPCR or metagenomics indicate 

that nosZII may not always dominate soil samples. Analysis of 47 European soils shows they 

are primarily dominated by nosZI with only three samples with nosZII as the dominant nosZ 

type14, while 11 samples from European arable and pastoral land where split with five soils 

dominated by either nosZ type and one with an approximately equal distribution24. Analysis of 

13 temperate pasture soils, all of which were dominated by nosZII organisms, showed a marked 

difference between nosZII abundance between qPCR and metagenomic results. From 

metagenomic based analysis nosZII organisms were ~5 times more abundant then nosZI, but 

only 1.02 times based on qPCR results132.  

All studies referenced above utilize the same primer set to quantify nosZII. Lower amplification 

efficiency of nosZII compared to nosZI and nir markers have been observed with this primer 

set136. This observed lower amplification and efficiency and marked difference between qPCR 

and metagenomic based analysis suggests quantification by qPCR may underestimate nosZII 

abundance, and metagenomic analysis is preferable132. Analysis of publicly available soil 

metagenomes found nosZII organisms dominate over nosZI in a variety of soil samples from 

polar deserts, tropical forests, and arctic tundra, of the metagenomes surveyed only those from 

permafrost and boreal forests where dominated by nosZI organisms106. 
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Analysis of environmental factors and nosZ population dynamics have illustrated some 

environmental factors to be important to their diversity and abundance in soils, of which 

pH24,126,132,135 and carbon to nitrogen ratio (C/N)24,135 are most frequently observed. 

Domeignoz-Horta et al. (2015)126 examined the effect of annual and perennial cropping 

systems on the diversity of N2O reducers and N2O emissions126. Significant differences were 

observed in both abundance and diversity of nosZII organisms between cropping systems. 

However, little difference was observed in nosZI organisms, suggesting nosZII organisms are 

more sensitive to changes in environmental conditions. For example, the nosZI community was 

significantly more abundant than the nosZII community, ranging from 5 -9% and 0.3% - 3% 

of total bacteria, respectively.   

The distribution and diversity of nosZ clades have been measured in several natural aquatic 

environments; salt marshes131,134, marine environments133, lakes, and lagoons125,130,139, as well 

as engineered environments, such as constructed wet lands127,128 and wastewater treatment 

plants22,26,27,136–138. While there is no clear trend of one nosZ type dominating across aquatic 

environments, there are several instances where nosZI abundance greatly outstrips nosZII, 

which was detected in only marginal quantities in these environments, suggesting nosZI may 

be favoured in aquatic environments99. 

 

3.3. Denitrifying population structure effects N2O emissions 

Studies typically illustrate the role denitrifying population structure has on N2O emissions by 

correlating N2O emissions with denitrifying functional markers. While informative, correlation 

studies only imply and do not demonstrate a causal connection between population dynamics 

and N2O emissions. Recently, however manipulation of the microbial population structure by 

the addition of organisms with known metabolism has demonstrated a causal link between N2O 

emissions and the composition of the denitrifying population structure. 
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 Correlation studies 

Correlation studies have been conducted in varied environments, from swine slurry compost140 

to biochar amended soils22. Typically, correlation studies examine environmental samples for 

the abundance of denitrifying functional markers nirS, nirK, nosZ, nosZI and nosZII as such 

they do not commonly report the organisms or species examined. Experimental conditions also 

vary, comparing, crop practices126, fertilised vs unfertilised soil120, the effect of biochar 

amendments22 or the effect of pH132. While correlation studies do not readily lend themselves 

to comparison, it is still possible to observe trends in the denitrifying population structure and 

N2O emissions in these studies of varied environmental and experimental conditions. For 

example, increased nirK abundance is typically associated with an increase in N2O 

emissions21,141,142 while the opposite is true for nosZ, and nosZII21,141,142. However, it should be 

noted that while these correlations reoccur across the studies, they are not always identified. 

Correlation studies are discussed in detail below and summaries in table 3-1.  

 

 nirK and nirS 

If the genome composition outlined by Graf 2014 is reflected in nature, any ecosystem that 

favours denitrifying populations dominated by nirK bearing organisms is likely to produce and 

emit more N2O than one dominated by nirS populations13. This prediction from the co-

occurrence pattern appears to hold as studies examining the correlation of functional markers 

with N2O emissions report a positive relationship between N2O emissions and the proportion 

of organisms possessing nirK14,21,120,143,144 and a negative relationship between N2O emissions 

and the proportion of organisms possessing nirS14,20. 
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Table 3.1 Summary of literature showing correlations between denitrifying functional markers (nirS, nirK, nosZ, nosZI and nosZII) and N2O emissions 

20–23,120,126,132,140–147 

Reference Environment/ sample Additional conditions 
tested 

analysis Functional markers Correlations and/or observations 

Angnes et 
al. (2013) 

Swine slurry compost   qPCR nar, nirS, nor, and 
nosZ 

nor/nosZ > 100 indicative of N2O 
emissions  

Bian et al. 
(2017) 

Co-composting of 
municipal solid waste 
mixed with matured 
sewage sludge 

  qPCR nar, nirS, nirK, and 
nosZ 

Negative correlation with N2O emissions 
and (nosZ/ (nirS + nirK)) 

Cantarel et 
al. (2012) 

up-land grass soils   qPCR nirK, and nosZ Specific nirK lineages correlated with 
increased N2O  

Clark et al. 
(2012) 

Wheatfield soils Effects of long-term 
fertilization 

qPCR nirS, nirK, and nosZ nirS and nirK have a negative correlation. 
N2O emissions correlated with increasing 
nirK, soil N and C 

Cuhel et al. 
(2010) 

Grassland soils pH (Alkaline, acid and 
neutral soil comparison) 

qPCR nar, nap, nirS, nirK, 
and nosZ 

(N2O/(N2O+N2)) ratio increased with 
decreasing pH. nirS/16S rRNA ratio 
negatively correlated with 
(N2O/(N2O+N2)) 

Dandie et 
al. (2011) 

Maize field and 
adjacent riparian zone 

  qPCR and 
RTqPCR 

nirS, nirK, and nosZ N2O emissions are greater in the 
agricultural zone. Complete denitrification 
greater in the riparian zone. Denitrifier 
community abundance did not change 
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between zones. nosZ gene expression was 
greater in the riparian zone. 

Domeignoz-
Horta et al. 
(2015) 

Grass cropping soils annual rotation vs 
perennial crop systems 

qPCR, RTqPCR 
and 454 
pyrosequencing  

nirS, nirK, nosZI, and 
nosZII 

(N2O/(N2O+N2)) was mostly explained 
by the diversity nosZII 

Harter et al. 
(2014) 

Bio-char amended soil Bio-char amendment qPCR and 
RTqPCR 

nirS, nirK, and nosZ Soil biochar amendment reduced N2O 
emissions and increased the relative 
abundance and transcript copy of nosZ. 
(nosZ/ (nirS + nirK)) ratio was increased 
by biochar 

Harter et al. 
(2016) 

Biochar-amended 
sandy clay loam 

Bio-char amendment qPCR, and 454 
pyrosequencing  

nosZI and nosZII Biochar amendments resulted in a 
taxonomic shift in N2O sink organisms 
(nosZII) 

Li et al. 
(2016) 

Bio-char amended 
composting process 

Bio-char amendment qPCR nirK, and nosZ Positive correlation with nirK abundance 
and N2O. Negative correlation with nosZ 
abundance and N2O 

Li et al. 
(2017) 

Windrow Composting 
System 

  RTqPCR nirS, nirK, nosZ Positive correlations with nirK abundance 
and N2O. Negatively correlation with nosZ 
abundance and N2O correlated. Positive 
correlations with ((nirK + nirS) /nosZ) and 
N2O 

Ma et al. 
(2011) 

Ephemeral wetland 
soils 

cultivated vs 
uncultivated wetlands 

qPCR nosZ negative correlation with nosZ abundance 
and N2O 
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Morales et 
al. (2010) 

Mixed crop soils   qPCR nirS, and nosZ nirS-nosZ correlated negatively correlated 
with N2O 

Samad et al. 
(2016) 

Pasture soils pH qPCR nirS, nirK, nosZI, and 
nosZII 

pH is negatively correlated with N2O. pH 
is positively correlated with community 
diversity (nir and nos). nosZII abundance 
is positively linked to pH and negatively 
linked to N2O 

Wang et al. 
(2013) 

Bio-char amended 
Manure Composting 

Bio-char amendment qPCR nirS, nirK, and nosZ Positive correlations with nirK abundance 
and N2O. Negative correlation with nosZ 
abundance. 
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However, the relationships are not always as clear-cut. An analysis by Cantarel et al. (2012)143 

of N2O fluxes from grassland reported the abundance of nirK and nosZ or their ratio did not 

affect N2O emissions; however, increasing abundance of specific nirK linages correlated with 

increases of N2O emissions143. This observation highlights that while the co-occurrence 

patterns of the denitrifying genes make them useful approximations for the genetic potential of 

a system, they are still approximations. The ratio of nirK/ nirS abundance will not always 

indicate an N2O producing population, especially if the nirK organisms are skewed towards 

their minority, complete denitrifiers. 

 

 nosZ, nosZI and nosZII 

As the only known biological sink of N2O, it is unsurprising that the abundance of nosZ, the 

gene encoding for N2OR, would be correlated with reduced N2O emissions. Across several 

studies, the abundance of nosZ or the ratio of nosZ to preceding denitrifying enzymes has 

shown a relationship to N2O emissions. In cultivated and uncultivated wetlands the ratio of 

N2O formation and denitrifying activity was decreased as nosZ abundance increased142. Swine 

Slurry composting correlated (nor/nosZ) with N2O emissions140. nirS/nosZ correlated with 

increased N2O emissions, with increased nosZ proportionately correlating with lower 

emissions23. Co-composting municipal solid waste and matured sewage sludge showed nosZ/ 

(nirS + nirK) to be a good indicator of N2O emissions, with low nosZ in proportion to nir 

relating to higher emissions and vice versa145. Likewise, analysis of a windrow cropping system 

showed N2O correlated with (nirK + nirS)/nosZ ratios21. 

Amendment of soil or compost with biochar have, across some studies, been able to 

demonstrate shifts in denitrifier community composition due to biochar addition. This results 

in decreased N2O emissions that can be correlated with changes in the abundance of 
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denitrifying functional gene marker abundance or their ratios141,144,146. Analysis of biochar 

amended, and non-amended pig slurry illustrated biochar amendment significantly reduced 

N2O emissions. With N2O emissions correlating with nosZ, nirK, and nirS emissions. The non-

amended slurry had a high proportion of nirK possessing organisms and lower nosZ possessing 

organisms. Amendment reduced the relative abundance of nirK organisms while increasing 

nosZ144. This result was corroborated by another biochar composting amendment study, which 

also observed decreased nirK and increased nosZ abundance with biochar amendments that 

similarly correlated with a reduction in N2O141. Amendment of soil with biochar also showed 

the same pattern of altering the (nirK + nirS/nosZ) ratio and  demonstrated the biochar 

amendment altered the relative expression of nosZ, which correlated with lower N2O 

emissions146. 

While these studies show a correlation between nosZ or nosZ/ (nirK + nirS) and N2O emissions, 

none of them measures the abundance of nosZII. The above studies have demonstrated a 

correlation with essentially half the data, indicating the need for caution when interpreting a 

complex system based on the correlation. For example, examination of the denitrifying gene 

abundance and expression comparing agricultural and riparian zones showed higher emissions 

in the agricultural zone. While denitrifier abundance was similar across both zones, nosZ 

expression was higher in the riparian zone147. This result highlights that abundance may not 

always correlate with N2O emissions as it does not measure relative activity. 

 

Since the discovery of nosZII, studies have shown a correlation of nosZII abundance, diversity, 

and expression with a reduction in N2O emissions or product ratio (N2O:N2). Investigation of 

the effect of annual or perennial cropping systems on the abundance and diversity of nosZI and 

nosZII showed little differences for nosZI but significant difference in the abundance and 

diversity of nosZII. Unlike other studies reviewed above, the abundance of N2O producing and 



47 
 

reducing communities did not correlate with N2O product ratio [N2O/(N2O+N2], rather, it was 

mostly explained by the diversity of nosZII, with higher diversity resulting in lower N2O 

emissions126. This result is in agreement with the study conducted by Jones et al. (2014)14, 

which also showed a strong negative correlation with N2O end product ratio and nosZII 

diversity14. The theme of increasing microbial diversity correlating with reduced N2O product 

ratio is repeated in a study examining the effect of soil pH on microbial community 

composition across 14 temperate soils132. Increases in soil pH were associated with reductions 

in the N2O emission ratio and correlated with an increase in the diversity and abundance of nir 

and nos, with nosZII abundance linked to increasing pH and decreasing N2O emissions. 

However, not all studies show a correlation with nosZII diversity or abundance and decrease 

in N2O emissions. Biochar amendment of sandy clay loam soils observed no change in 

denitrifying gene abundance with the addition of biochar. However, the observed decrease in 

N2O product ratio was significantly correlated with the observed increases in nosZI and nosZII 

expression in biochar amended soils148. 

 

 Manipulation studies 

Manipulation of microbial populations has been used to demonstrate the role denitrifying 

microbial composition plays in N2O emissions under laboratory conditions, or in-situ. Studies 

have illustrated the impact on shifting the microbial composition, with the introduction of 

complete denitrifiers149–151, N2O producing organisms14,15, and non-denitrifying N2O reducing 

organisms24. 
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 Complete denitrifiers 

In three separate studies organisms identified as complete denitrifies have been used to 

manipulate community composition, with the change in community structure correlating with 

reductions in N2O emissions149,150.  

Initial experiments in pure culture, vermiculite, and soil pot, using wild-type nosZ and mutants 

either lacking nosZ (nosZ-) or showing increased N2OR (nosZ++) activity, showed that 

manipulation of the microbial community to increase nosZ activity resulted in a reduction of 

N2O emissions149. In the soil pot studies inoculation with nosZ wild-type and nosZ++ resulted 

in a reduction of N2O emissions by 83% and 89% respectively, over native soil bacteria 

dominated by nosZ- organisms. Field and farm scale studies confirmed these results in situ. 

Little difference was observed between amendment with nosZ wildtype and nosZ++ at the farm 

scale149. This experiment was developed showing that inoculation of nosZ- dominated soybean 

fields with a mixed culture of indigenous nosZ wild-type organisms was a practical means of 

reducing N2O emissions150. Inoculation showed a significant reduction in N2O emissions and 

a significantly higher rate of nosZ expression in inoculated plots.  

Reduction of N2O from soils dominated with nosZ- or obligate N2O producing organisms with 

the inoculation of nosZ wild-type organisms established a direct causal connection of microbial 

community composition with N2O emissions. Moreover, a demonstration that inoculation leads 

to increased nosZ activity clearly shows that N2O can be managed by the selection of conditions 

or the manipulation of the environment to increase N2OR activity.  

 

 N2O producers 

Agrobacterium tumefaciens C58, an organism lacking nosZ, has been used to manipulate the 

microbial community composition in two studies; one to demonstrate the impact the proportion 

of organisms lacking nosZ have on N2O emissions15, and the other to demonstrate the native 
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sink capacity of the soils investigated, demonstrating that the proportion of non-denitrifying 

organisms alters the net N2O emissions from a soil14. 

With the discovery (at the time of publication) that 1/3 of denitrifiers possess a truncated 

denitrifying pathway lacking nosZ, Philippot et al. (2011)15 sought to determine whether the 

number of denitrifiers lacking the genetic ability to reduced N2O would affect the proportion 

of N2O emitted by denitrification15. Serial dilutions of Agrobacterium tumefaciens C58 

(lacking nosZ) were added to 3 different soils altering the proportion of organisms possessing 

nosZ. N2O emissions increased when C58 populations in the soils reached a similar range to 

indigenous bacteria, from this point N2O emission increased linearly with C58 abundance. 

However, only 2 of the three soils showed this relationship with C58 abundance with one soil 

possessing an endogenous sink for N2O15.  

While unknown at the time of publication, this is likely the result of the recently discovered 

non-denitrifying sink organisms and was in part the motivation of the second manipulation 

study that utilized the same Agrobacterium strain C58 to investigate the endogenous N2O sink 

capacity of 47 European soils14. Addition of the C58 strain generally increased the N2O 

emissions from the soils; however, some soils showed only very slight changes in N2O 

emissions even with the addition of 109 colonies forming unit /g of dry soil. More than half the 

soils tested were able to remove almost one-third of the N2O produced because of C58. 

Analysis of the population structure of the soils showed a positive correlation of a soil’s sink 

capacity with nosZII/nosZI ratio14. 

  

 Non-denitrifying N2O reducers 

Nishizawa et al. (2014)151 examined N2O emissions resulting from the use of pelleted poultry 

manure as a replacement fertilizer and demonstrated that inoculation of soil microcosms 

amended with complete denitrifiers resulted in significantly lower N2O emissions than with the 
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application of the poultry manure alone151. Seven different isolates from paddy soils were 

confirmed to reduce exogenous N2O to N2. However, not all isolates resulted in lower N2O 

emissions when compared to controls. While it is not clear these organisms are strictly Non-

denitrifying N2O reducers Nishizawa et al. (2014)151 provides another example of manipulation 

of the microbial community resulting in a reduction of N2O emissions.   

Domeignoz-Horta et al. (2016)24 used Dyadobacter fermentans, a non-denitrifying N2O 

reducing organism possessing nosZII but lacking other denitrifying genes to inoculate 11 

different soils, with contrasting properties24. Non-inoculated soils showed a large difference in 

the N2O emissions rates with a negative correlation between the relative abundance of native 

nosZII and N2O product ratio. D. fermentans was confirmed as a non-denitrifying N2O reducer 

by an inability to grow when nitrite or nitrate was the only N source, while growth occurred in 

the presence of N2O. Inoculation with D. fermentans only resulted in a statistically significant 

reduction in N2O production at the higher inoculation concentration, and then only in 1/3 of 

the soils. The average reduction in N2O production was 51% but reached as much as 189% of 

non-inoculated N2O production due to negative fluxes. The investigation into the difference in 

reduction of N2O production showed a positive correlation with C/N ratio and pH with the 

amount of N2O reduced by D. fermentans. This observation follows those of other papers 

suggesting nosZII organisms are more sensitive to environmental conditions particularly pH.  

Domeignoz-Horta et al. (2016)24 results demonstrates the proportion of non-denitrifying 

organisms has a direct causal correlation with N2O production. This result, in conjunction with 

the work manipulating microbial population with N2O producers or complete denitrifiers, 

illustrates a clear causal connection between the distribution of denitrifying functional guilds 

(complete denitrifiers, producers, or sinks) and N2O emission. Additionally, the long-term 

study on soybean crops conducted by Akiyama et al. (2016)42 indicates that it is possible to 
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alter the composition of a microbial population in favour of lower N2O emissions over an 

extended period of time42. 

  

3.4. Denitrifying Microbial ecology in Wastewater treatment 
plants   

 WWTP 16S rRNA community dynamic 

 Core microbial genera 

Since high throughput methods of community analysis have become more accessible and 

affordable, the microbial ecology of wastewater treatment has become increasingly well 

documented17,18,30,32–34,94,108,118,152–181. However, due to the complexity of the microbial ecology 

utilized combined with the variability of influent characteristics, process-types and operational 

parameter differences between WWTPs, underlying trends are difficult to identify.  

Early examination of the WWTP microbial population structure demonstrated plants have very 

similar population profiles at the phyla level153. The analysis of three treatment plants from 

China and two from the United States of America showed populations to have surprisingly 

similar population structures, and while abundance differed between sites, the proportions of 

the core phyla were nearly identical. In all plants, Proteobacteria was the dominant phyla 

consistently accounting for between 50-62% of all operational taxonomic units (OTUs). 

Firmicutes, Actinobacteria, and Bacteroidetes were the subdominant groups, each comprising 

between 5- 18% of OTUs. The consistency of phyla across treatment plants and distant 

geographical regions suggested WWTPs are comprised of a core microbial community, which 

was likely to perform the key metabolic functions of a treatment plant153.  

Subsequent analysis of WWTP ecology has extended the core community analysis to the level 

of genera 17,18,33,35,157,162,165,167,168,170,173,180. Research reporting a core microbial Genera (CMG) 

in WWTPs examine between 4-14 treatment plants comparing the abundant genera across 
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plants (definition of abundance differs between studies) and typically report a CMG of 60-70 

organisms accounting for ~ 60% of all OTUs (table 3-1 provides a summary of reported CMG).  

 

Table 3.2: Reported Core Microbial Genera 

Studies reporting Core Microbial Genera. Comparison of the number of WWTPs surveyed, Core genera (genera 

identified in each plant surveyed) and the proportion of the total populations surveyed 157,162,167,170,173. 

 

A very detailed analysis of the CMG is provided in a paper by Saunders et al. (2016)170. The 

analysis of core microbial communities Saunders et al. (2016)170 undertakes is based on the 

notion of core communities as defined by Grime (1998)182 and Gibson et al. (1999)183. The 

theory stipulates that in each ecosystem there are dominant, subordinate and transient 

organisms, and while subordinate and transient organisms can occasionally play a critical role 

in shaping ecosystem function, most of an ecosystem’s characteristics are determined by the 

characteristics of the dominant community182,183. In line with this theory, Saunders et al. 

(2016)170 examined the 16S rRNA sequences of 13 Danish WWTPs across two consecutive 

summers to determine the presence of an abundant core community, with subordinate and 

transient organisms170.  

Wastewater treatment is an interesting and challenging case to examine core community as the 

introduction of sewage into the system can regularly contribute organisms, which may not be 

suited to growth under the conditions within a treatment plant. This regular immigration, 

however, can lead these organisms to appear as a dominating community and be interpreted as 
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shaping ecosystem characteristics when in fact they are slow or non-growing, and their 

population is maintained by regular immigration. Additionally, Saunders et al. (2016)170 

suggest that abundant but transient organisms, whose abundance fluctuates, are selected by 

operational conditions, and their fluctuations are of interest as they are likely the organisms 

related to process problems within a treatment plant. Results from Saunders et al. (2016)170 

analysis showed of all OTUs, 86 genus level organisms were observed in every sample 

accounting for 68% of total reads. Conversely, 1546 genus-level OTUs accounted for only 2% 

of the total reads. From this, a core community of abundant genera consisting of 63 OTUs, 

accounting for 68% of total reads was identified. This value was derived from the frequently 

occurring and frequently abundant organisms, subtracting organisms determined to be 

abundant but non or slow growing, whose abundance is due to immigration. 

The effect of immigration on the population dynamics was determined by the mass balance of 

microbial populations. By determining the required replacement rate of microorganisms from 

SRT and comparing this with influent flow rate and the proportion of incoming organisms, it 

is possible to determine if the abundance of a population within a treatment plant can be 

accounted for by the introduction via influent.  

Analysis of the influent from three treatment plants indicated these sewer systems were similar, 

sharing 157 genera OTUs accounting for 93% of the reads. The organisms arriving from the 

sewer appear to affect the diversity of activated sludge, 35% of OUTs in activated sludge (62% 

of reads) were also observed in the incoming wastewater. Immigration analysis indicated that 

most organisms where growing within the treatment plant, having abundance in the activated 

sludge that cannot be accounted for by the mass balance of the incoming population and sludge 

wastage. Six organisms where identified as non-growing and another six as slow growing, 

accounting for 3% and 8% of reads respectively. Of these organisms, only Acinetobacter was 

included as a member of the core population accounting for 0.3% of total reads.  
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Transient organisms were defined as organisms that were abundant in at least one but less than 

ten samples. In total 252 genera where identified as transient. Among transient organisms were 

filamentous organisms as well as the nitrite-oxidizing organisms (NOB) Nitrospira, and 

Nitrotoga, which were both common in activated sludge but not as abundant as core organisms. 

The relative abundance of the two NOBs was not stable across the two years of samples and 

tended to switch between the dominant NOB. This was also observed in a time series 

comparison conducted in Saunders et al. (2016)170, with NOB dominance observed to switch.  

The time series comparison was made in one treatment plant across 13 quarters over six years. 

This analysis found 93% of reads from 190 genus level organisms were observed in every 

sample across time. This result suggests that diversity within treatment plants over time is more 

stable then between treatment plants. 

Despite the potential explanatory power of CMG, it is currently unclear if the theory is relevant 

to WWTPs and if so the boundaries of the phenomena are unclear. To date, no study has 

compared more than 15 plants, and other studies are reporting CMG has not performed an 

analysis on the impact of immigration. Moreover, no comparison of the CMG identified in each 

study has been made to determine to what degree they correlate with one another. Two recent 

studies have failed to identify CMG across the treatment plants they examined and propose that 

functional redundancy may account for the lack of an obvious CMG17,176.  

 

 The difference in population structures 

Despite the notion of a CMG, the microbial population structure of WWTPs differ significantly 

between plants within studies. One of the most pronounced examples of treatment plant 

variability involves research demonstrating that influent characteristics determine a 

population’s structure and that high throughput population data can be used to determine if a 

plant treated municipal, industrial influent171. 



55 
 

Except for one study comparing Polish and Danish treatment plants18, studies comparing 

multiple treatment plants show clustering of microbial population structure at the genus level 

by site35,174,176,180,184,185. This site-specific clustering suggests treatment plants may each 

harbour microbial communities unique to the specific treatment plant. When considering the 

complexity and number of variables that may differ between treatment plants, it is unsurprising 

that the examination of the literature suggests that WWTPs possess distinct microbial 

populations. This notion is further supported by the large number of studies showing that 

changes in a variety of WWTP operation parameters alter microbial population 

structure8,28,34,94,118,156,157,161,168,171,173,178,186–202. Operation parameters that have been shown to 

affect microbial population structure include, reactor configuration34,156,161,178,196,197, Solids 

retention time (SRT)118,190,194,195,200, pH28,94,173, salinity201, dissolved oxygen 

concentrations94,173,187,189,192,199, carbon to nitrogen ratio173,188,191, carbon type8,118,156,168,202, and 

influent characteristics157,171,198. 

Given WWTPs differ with regards to their microbial population, there are likely significant 

differences between the abundance and diversity of denitrifying microbial populations given 

the importance of the relative abundance of denitrifying genes in predicting N2O production. 

This suggests that there is room for large differences in denitrifying abundance and diversity, 

which is likely to affect N2O emissions rates.  

 

 Denitrifying Functional markers 

Despite the increasing number of studies examining the microbial ecology of WWTPs, most 

of the research focuses on 16S rRNA analysis or the nitrifying population, with only a few 

studies examining the abundance and diversity of denitrifying functional markers. Review of 

this literature shows a clear pattern of nirS dominance of nirK and nir (nirS+ nirK) dominance 

over nosZ in the majority of WWTPs sampled16,27–29,31,33,34,136. Due to limited studies, there is 
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no clear pattern discernible for nosZI and nosZII. However, while there is a pattern of 

dominance, functional marker abundance and their ratios are not consistent across studies. 

Table 3-2 provides a summary of the approximate counts of nirS, nirK, and nosZ and their 

ratios for studies where the data is available.  

 

 nirK and nirS 

Most studies measuring the abundance of nirK or nirS in WWTPs find the microbial population 

is dominated by nirS. Approximately 64% of all treatment plants surveyed for nir abundance 

reported nirS as the dominant nir type, 20% reported nirK to be dominant, and 16% reported 

nirS and nirK to have similar abundance. Across the papers reviewed nirS abundance ranges 

from ~28% of total bacteria to less than 1%. Likewise, nirK range from ~26% to less than 

1%.16,27–35,136,155,203. The majority of studies examining denitrifying functional markers use 

qPCR to determine gene abundance16,28,29,31,34,136,155. As discussed above, primer bias can lead 

to missing abundance and diversity of a microbial community as was the case with the classic 

nosZ primers missing nosZII. While nirK is commonly found to be dominated by nirS, nirK is 

genetically the more diverse of the two nir types and can be split into two groups. This diversity 

makes nirK more likely to suffer from primer bias. A recent examination of its diversity 

confirms that nirK is split into two groups and suggests that traditional primer-based methods 

are likely to under report the abundance and diversity of nirK organisms109. 
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Table 3.3 Summary of studies measuring the abundance of denitrifying functional markers (nirS, 
nirK, and nosZ) in full-scale WWTPs or lab scale WWTP sludge 

16,27–29,31,33,34,136,198 

 

Studies using primer free methods have reported nirS dominance over nirK, although their 

number is limited. A metagenomics and qPCR analysis of two tannery WWTPs found nirS to 

be three times more abundant then nirK30. Similarly, the sludge used in Conthe et al. (2018)26 

taken from two municipal treatment plants in the Netherlands showed nirS to be two orders of 

magnitude of abundance greater then nirK via metagenomic analysis27. 
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Of the limited instances of nirK dominance, a study of eight wastewater lagoons processing 

swine effluent reported that nirK was constantly found to dominate the microbial population, 

being 5% of the total bacterial population. Additionally, nirS and nosZ represented 1.3% and 

0.3% of the total bacterial population respectively. Examination of functional marker 

correlation with environmental conditions showed nirK as having a positive correlation with 

free ammonia and carbonaceous oxygen demand (COD)155. Other instances of nirK dominance 

have been observed in a municipal sewage treatment plant28, while a mine drainage treatment 

system reported approximately the same abundance of nirK and nirS136. The mine drainage 

study also observed an increase in both nir types with depth indicating oxygen sensitivity; 

however, nirK and nirS showed different trends with distance from the inlet. 

A study of three industrial, four municipal and five anammox WWTPs showed environmental 

conditions and denitrifier abundance correlated, with nirS and nirK abundance decreasing as 

the concentration of free ammonia and nitrite increased. While, across the WWTPs surveyed 

nirS consistently dominated nirK and nosZ by two orders of magnitude, the ratios between the 

denitrifying genes varied markedly33.  

 

 nosZI and nosZII 

Prior to the identification of nosZII, a wide range of nosZ abundance and community proportion 

(% of total bacteria defined by 16S rRNA) were reported ranging from 98% to less than 1% of 

total bacteria28,30,33,155,204,205. It is unclear if this range in abundance and proportion of the 

community is the result of an underestimate in total nosZ due to nosZII due to the original 

primer design not capturing the truncated version of nosZ (nosZII) or a genuine representation 

of the breadth of denitrifying community compositions. However, while there is an increasing 

number of studies examining the ecology of nosZII organisms in soil and aquatic environments, 

analysis of nosZII ecology in wastewater treatment is extremely limited. To the best of the 
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author’s knowledge, only five studies have been published that examine the relative abundance 

of nosZII in wastewater systems26,27,136–138. 

Herbert et al. (2014)136 examined the function and microbial ecology of a pilot scale fixed-bed 

bioreactor, 27 m3, processing mine drainage with high levels of NO3
-, designed to treat hot 

spots of NO3
- discharge. Real-time PCR showed the abundance of nosZI (~10^4.2 count/ng 

DNA) to be approximately 1000-fold nosZII (~10^3.3 count/ng DNA). Counts of nirS and nirK 

were similar (~10^4.5 count/ng DNA). Comparing total nir and total nos suggest this treatment 

system has a high genetic potential for N2O production as the abundance of nos is on average 

~40% that of nir. The spatial distribution of functional markers across the reactor was not 

heterogeneous, 16S rRNA, nirS, nirK, and nosZI all increased with depth, while nosZII count 

did not vary with depth. 

Additionally, nirS decreased with distance from the inlet while nirK abundance peaked at the 

midpoint of the system. The spatial distribution of the functional markers suggests both nirK 

and nirS and nosZI and nosZII have differing niche preferences. The author further suggests 

that denitrifying conditions may select for nosZI organisms and against nosZII. They note, the 

majority of identified nosZII organisms are non-denitrifiers and show a trend of increasing 

nosZI with depth (as denitrifying conditions increase) while nosZII remained consistent.   

Song et al. (2015)137,138 published two studies using a lab scale Modified Ludzak-Ettinger 

(MLE) process to examine the effect of carbon type138, and aeration and internal recycle rate137 

on system performance, N2O emissions, and microbial ecology. Reactors fed with methanol or 

acetate showed significant shifts in microbial population structure from seed sludge and each 

other. Performance of both systems was statistically similar; however, the methanol feed 

system emitted more N2O. Relative abundance of denitrifying functional genes and N2O 

reduction rates were higher in acetate-fed systems, while the abundance of nirS and nirK was 

comparable between carbon types. The authors suggest that carbon type selection may play a 
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role in N2O mitigation by increasing the proportion of nosZ organisms in a population. While 

not discussed directly in the paper, nosZII abundance for both carbon types is higher than 

nosZI138. For the second study, the reactor was fed with glycerol and exposed to differing 

aeration conditions and internal recycle rates. Emission rates of N2O decreased as the relative 

abundance of nosZ (nosZ / (nirK +nirS)) increased . Throughout the aeration experiment, nosZI 

abundance increases from 1. E+04 to 1. E+06, while nosZII remains relatively static at 

approximately 1. E+04 giving nosZI between a 0-2000-fold abundance over nosZII. Relative 

abundance of nosZI and nosZII was not reported for the internal recycle flow rate experiments; 

however, relative expression was. The emission rate of N2O decreased with increased internal 

recycle flow due to increased denitrifying activity, resulting from a lowering of dissolved 

oxygen concentrations. Expression of nosZI and nosZII increased as internal recycle increased.  

Comparison of expression rate showed that the initial expression is similar between both 

clades; however, nosZI increases more than nosZII, and substantially so at the higher recycling 

rate. The expression is normalized to copy of each gene. Thus the results suggest that the 

reduction in dissolved oxygen increases the expression of both clades; however, the increase 

is more marked in nosZI, suggesting its regulation may be more sensitive to oxygen 

concentrations137. 

Samples that were taken from municipal treatment plants in the Netherlands showed 

contrasting nosZI and nosZII profiles. One treatment plant exhibited similar levels of nosZI and 

nosZII abundance while in the other nosZI was 1.5-time orders of magnitude more abundant 

then nosZII. The diversity of the populations showed the majority of nosZ clade I OTUs were 

similar to nosZ in Betaproteobacteria of the Comamonadaceae and Rhodocyclaceae families 

in both samples but differed in the composition of nosZII. In the site possessing more nosZI 

than nosZII, the main nosZII OTUs were among Rhodocyclaceae, while the site with similar 

nosZI and nosZII, had a much more diverse nosZII community with many nosZII related to 
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nosZ in Caldilineaceae (Chloroflexi) and Gemmatimonadaceae. As described above these 

samples were used to test competition between nosZI and nosZII under carbon limiting and 

N2O limiting conditions in systems fed with only N2O and acetate. Under all test conditions 

nosZI dominated; however, reduction in nutrient availability allowed for one order of 

magnitude growth of nosZII at the expense of one order of magnitude decrease of nosZI.  

While there is not a clear trend across these studies, initial observation suggests that the 

wastewater treatment environment may preferentially select for nosZI over nosZII organisms. 

However, these results should be taken with caution as studies have relied heavily on qPCR 

and as discussed above qPCR primers from nosZII have been demonstrated to have poor 

amplification efficiency and underestimate nosZII abundance when compared to primer free 

methods132. Further investigation with primer free methods is essential to determine if 

wastewater treatment environments preferentially select for nosZI over nosZII. If this is indeed 

the case, and nosZII organisms do play a major role as N2O sinks, then WWTPs may present 

an environmental bias towards N2O emissions. 

 

 Population structure and N2O in WWTPs 

Very little research has examined the ecology denitrifying functional markers in WWTPs. 

Moreover, even less research has focused on correlating population dynamics, such as 

functional marker abundances and N2O emission. To date, six studies have been published in 

which N2O emissions and denitrifying functional marker abundance have both been measured 

in WWTP sludge63,137,138,205–207. The sludge source, environmental conditions examined, 

functional markers measured, and notable trends are summarized in table 3-4. 

Two of the studies measuring both N2O emissions and denitrifying functional markers take 

measurements from full-scale WWTPs, one of four treatment plants in Spain205, and the other 

of three WWTPs in Japan63. Analysis of N2O emissions and microbial community composition 
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of four full-scale treatment plants in the south of Spain showed average N2O emissions ranged 

from 0.1- 6.49 mg N2O-N/h/L activated sludge and was strongly correlated with lower counts 

of nosZ gene copy number205. 

The remaining studies are from lab scale137,138,206. Zhu et al. (2013)206, examining the effect on 

Cu2
+ demonstrate a decrease in aqueous N2O concentrations and N2O emissions with the 

addition of Cu2
+ The addition of Cu2

+ (10-100 µg/L) reduces N2O emissions by 55-73% at the 

same time as increasing the rate of N2O reduction and copies of nosZ from 7.66 x106 copies/g 

MLVSS under control conations to 9.03 x106 copies/g MLVSS.  The two remaining studies 

are conducted by Song et al. (2015)137,138 detailed above and correlate the production of N2O 

with activity and abundance of nosZI and nosZII organisms137,138.  The study examining the 

effect of internal recycle rate and aeration effect of N2O emissions showed a link between 

increasing nosZII populations and a reduction in N2O emissions and a negative correlation 

between nosZ/ (nirS +nirK). 

 

Table 3.4 Summary of studies correlating N2O and denitrifying functional markers (nirS, nirK, 
nosZ, nosZI, and nosZII) WWTP sludge 

Only denitrifying functional markers have been summarised 63,137,138,205–207. 
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Additionally, higher internal recycling rate resulted in decreased N2O emissions assumed to be 

the result of lower DO concentrations. This reduction corresponded with an increase in the 

transcription of both nosZI and nosZII137. Study of the effect of acetate or menthol fed systems 

showed acetate fed systems produced significantly less N2O than methanol fed systems and 

increased the abundance of both nosZI and nosZII organisms, without affecting the abundance 

of nirS or nirK organisms138.  

While the research is limited, similar trends between denitrifying functional markers and N2O 

emissions can be observed in the WWTP literature. Firstly, just like in other processes and 

environments the literature correlating N2O emissions with denitrifying functional markers is 

patchy (table 3-2). of the limited studies examining both the denitrifying functional markers 

and N2O, only four managed to establish a correlation between N2O and the denitrifying 

microbial community structure 137,138,205,206, while other studies reporting on both functional 

markers and N2O do not establish any correlation63,207 (Table 3-4). Where a correlation is 

found, like other environments, N2O is observed to decrease as the abundance of nosZ 

increases, or (nosZ / (nirS + nirK)) increases indicating that like other environments the activity 

of nosZ activity may be the factor governing N2O emissions. This observation aligns with the 

hypothesis put forward by Bakken and Frostegård79, that as N2OR is the only sink of N2O, N2O 

emissions are governed by the activity of N2OR. Thus, management of N2O is achieved by 

promoting environments that increase N2OR activity. 

However, the patchiness of the correlations observed both in WWTP (table 3-4) and other 

environments and processes (3-2), suggests the correlation between denitrifying functional 

markers and N2O may lack explanatory power. If the relationship existed it would be expected 

to more consistent across studies. The patchy ness, however, may be due to the methods of 

analysis. Most studies which examine the correlation between N2O emissions and denitrifying 
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functional markers, measure the markers abundance using qPCR (table 3-2, and 3-4). However, 

the primers used for qPCR analysis have frequently been found to exhibit primer bias109,132 as 

well as missing entire clades98. As more results are produced using analytical techniques like 

metagenomics, which lack the problems associated with primer bias and design, the 

consistency of the correlations observed may improve. 

 

3.5. Conclusion 

From the extensive work conducted in soils, denitrifying microbial ecology plays a causal role 

in a system’s production of nitrous oxide. Co-occurrence patterns demonstrate that organisms 

harbouring denitrifying genes can be genetically obligate nitrous oxide producers or non-

denitrifying nitrous oxide sinks. Manipulation of microbial communities demonstrates a direct 

causal relationship between the structure of the microbial community and emissions of nitrous 

oxide. Unfortunately, due to the complicated evolutionary history of the denitrifying pathway 

and the patchy relationship between the phylogenies of functional markers and taxonomic 

phylogenies traditional approaches to microbial ecology are less informative than is usual. The 

distribution of co-occurring denitrifying gene functional markers can act as proxies for 

denitrifying guilds, such as N2O producers and non-denitrifying N2O sinks. For example, nirK 

organisms are far more likely to lack nosZ then nirS organisms and thus the ratio of nirK to 

nirS organisms is a good indicator of the proportion of N2O producers in the community. 

Likewise, nosZII organisms are far more likely to lack the proceeding denitrifying genes, and 

their proportion in a population is a good indicator of its N2O sink potential. Genetic and eco-

physiological observations suggest nirS and nirK organisms and nosZI and nosZII organisms 

possess different environmental strategies and thus exhibit preferences for different niches. 

This hypothesis seems to be supported by the observation of the environmental distribution of 
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these markers. This, however, indicates that environments that favour nirK over nirS and limit 

nosZII abundance are likely to produce a high N2O/N2 ratio.  

In WWTPs microbial population can be affected by a variety of operational parameters and 

numerous studies show site-specific clustering of microbial populations suggesting that 

WWTPS harbour distinct microbial populations. While much research has been conducted on 

the 16S rDNA of wastewater, relatively little has looked at the distribution of functional 

markers, and even less have considered the distribution of nosZII. What research has been 

conducted shows nirS to be significantly dominant over nirK in most WWTPs studies, while 

no specific trend between nosZI and nosZII is yet apparent. However, physiological data and 

recent studies examining competition between the clades under WWTP like conditions 

suggests that WWTPs will favour nosZI over nosZII. If this is indeed the case, then WWTPs 

may be likely to produce and emit higher levels of N2O than other environments due to the 

limited number of N2O sink organisms. Further research is required to elucidate the role of 

denitrifying functional markers in N2O production in WWTP sludges. 

From this literature review the following research gaps, hypothesis, and methodological 

approaches have been identified or developed. 

 

Research Gaps: 

1. It is unclear if denitrifying community composition is a major driver of N2O in 

environmental samples. 

The studies which show denitrifying ecology drives N2O are either of databases of fully 

sequenced organisms which may not represent organisms in the environment13 or from 

manipulation studies using high concentrations of a known organisms14,15,24,149–151. 

Studies examining the correlation between denitrifying functional markers and N2O 

provide variable results which can be seen in Table 3-2. This patchiness in correlating 
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denitrifying functional markers might suggest: A) the markers are poor proxies for the 

composition for the denitrifying community, and functional guilds need to be directly 

measured. B) in the environment denitrifying ecology is not a major driver of N2O. C) 

primer design and primer bias problem with qPCR has led to undersampling of the 

denitrifying community and primer free methods will provide better results. 

 

2. Denitrifying microbial ecology of WWTP is understudied 

The denitrifying community composition of WWTP is understudied. In particular little 

is known about the abundance of nosZII in WWTP sludge. Additionally, the proposal 

of a core microbial community suggests there may be a core denitrifying community. 

As the denitrifying ecology of WWTPs is understudied, it is unclear if there are distinct 

communities of denitrifiers between WWTPs. 

 

Hypothesis: 

1. Denitrifying microbial ecology will be site-specific: 

WWTP 16S rRNA populations show distinct site-specific clustering. We propose that 

the denitrifying ecology will follow the same trend and show site-specific denitrifying 

populations. 

 

2. WWTPs will harbour denitrifying microbial populations predisposed to N2O emissions. 

Given the niche preference and ecophysiology studies showing nosZII to be more suited 

to oligotrophic environments25,27, we propose WWTPs will show a dominance of nosZI 

over nosZII. 
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3. N2O production of WWTP populations will correlate with denitrifying community 

composition. Specifically, populations with a higher abundance of nosZII should 

produce less N2O. 

 

Method development: 

1. Primer free methods are preferential for denitrifying community analysis. 

Given the problems observed with primer bias resulting in the under amplification of 

some functional markers109,132, and primer design missing entire clades98, we intend to 

use the primer free methods of metagenomics for our analysis on denitrifying 

community composition. 

 

2. Efficient methods for measuring functional marker co-occurrence is needed. 

As the strongest evidence for denitrifying community composition affecting N2O 

comes from studies using or identifying functional guilds, and the denitrifying 

functional markers only acting as proxies for these guilds, it is imperative to identify 

methods that can easily show the co-occurrence of the functional markers within the 

populations. To this end, we will attempt to determine the co-occurrence of functional 

markers by identifying their co-occurrence of metagenome scaffolds. This approach 

has not yet been tried. 

 

3. Environmental conditions need to be controlled, and environmental stress needs to be 

measured alongside population dynamics. 

If N2O production is not driven by denitrifying ecology, one of the alternate causes may 

be environmental conditions. Studies examining N2O and population structure have 

shown environmental conditions affect both N2O (table 3-2 and 3-4), however no 
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studies have conducted these tests with more than one population type. Examining the 

population under controlled laboratory conditions with multiple populations, and under 

different environmental conditions should elucidate the effect environmental conditions 

may have. 

 



69 
 

4. New Zealand Wastewater 
Treatment plants harbour microbial 
communities genetically 
predisposed to N2O production 

 

4.1. Abstract 

Nitrous oxide (N2O) is a potent greenhouse gas and ozone-depleting compound emitted by 

wastewater treatment. Results from soil microbial ecology have demonstrated a direct causal 

connection between denitrifying population structure and N2O emissions. Currently little is 

known of the denitrifying ecology of wastewater treatment plants (WWTPs). In our study, a 

metagenomic analysis was used to investigate the denitrifying ecology of three New Zealand 

WWTPs. Ecology was elucidated by quantifying the abundance and diversity of functional 

denitrifying markers nirK, nirS, nosZI, and nosZII. The NZ treatment plants studied are 

dominated by nirK with minimal nirS, which is opposite to what is currently reported in the 

literature and may suggest a regional bias in denitrifying ecology. Consistent with other reports, 

nosZI is dominant over nosZII. The high abundance of nirK and low abundance of nosZII and 

nirS suggests NZ WWTPs have a genetic predisposition toward N2O emissions. Additionally, 

the co-occurrence of nirK with nirS was observed in all treatment plants. Analysis of 

reproducibility between biological replicates suggests sampling randomness may result in the 

poor quantification of low count organisms and suggests potential difficulties for beta diversity 

comparison between studies.  
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4.2. Introduction  

Nitrous oxide (N2O) is a potent greenhouse gas and ozone-depleting compound, produced by 

the microbial transformation of reactive nitrogen (N)1,11. N2O is emitted by natural systems and 

engineered processes such as wastewater treatment40. Denitrifying population structure has 

been shown to determine N2O emissions14,15,24,149–151. The only known terrestrial sink is the 

denitrifying enzyme N2O reductase (N2OR), encoded by the nosZ gene67,79,99. The rate of N2O 

emission is controlled by the activity of N2OR; emissions are inversely proportional to N2OR’s 

activity relative to N2O production79. The most fundamental determinant of a population’s 

N2OR activity is its abundance within the population. A population’s genetic potential for N2O 

emissions can be addressed by assessing the abundance of N2OR relative to the preceding 

denitrifying enzymes.  

A recently discovered group of non-denitrifying N2O reducing organisms have been shown to 

play an important role in N2O emissions14. Sink organisms are typically members of a recently 

identified atypical clade of nosZ (nosZII) and lack the preceding denitrifying enzymes. In this 

manner they are true N2O sinks, possessing only the genetic capability of reducing N2O without 

the capacity for its production98. Recent studies have shown a strong negative correlation 

between nosZII abundance and N2O emissions. For example, inoculation of soil samples with 

non-denitrifying organisms resulted in a reduction of N2O emissions up to 189% of pre-

inoculated levels24. 

As denitrification is modular, where organisms possessing one denitrifying gene may not 

necessarily possess the entire pathway, other denitrifying genes have also been shown to work 

as good markers of N2O emission potential. Nitrite reductase is encoded by either the copper-

containing nirK or the cytochrome cd1 containing nirS. Like nosZI and nosZII, nirK and nirS 

show niche differentiation and genetic differences. Organisms possessing nirK 

disproportionally lack nosZ, while organisms with nirS typically also possess nosZ. 



71 
 

Environments which favour nirK, select for denitrifying populations which are more likely to 

produce N2O without the genetic means to reduce it13. Studies have shown a positive 

correlation between nirK abundance and N2O emissions21,120,143, while the  opposite is observed 

with nirS20. 

Our understanding of WWTP microbial ecology primarily focuses on the analysis of 16S rRNA 

and studies examining the diversity and abundance of denitrifying functional markers in 

WWTP sludge is limited. Our understanding of nosZII diversity and abundance is particularly 

limited. Preliminary results from analysis of nosZII in WWTPs suggest the environment of 

WWTP’s selects against nosZII organisms in favour of the typical nosZ clade I organisms 

(nosZI)27. This hypothesis is supported by observations of niche differentiation, and differing 

ecophysiology between nosZI and nosZII13,99,106. Reports suggest nosZI, and nosZII organisms 

inhabit differing niches, with nosZI favouring nutrient-rich environments where it’s typically 

faster but less efficient growth generates a selective advantage, while nosZII favours an 

oligotrophic environment where slower but efficient growth offers a selective advantage. 

WWTPs are nutrient replete systems and support higher growth rates when compared to the 

soil environments nosZII has recently been described to dominate25,27. 

As non-denitrifying N2O reducers act as sinks, scavenging N2O produced by other organisms, 

selection against nosZII by the WWTP environment could favour populations with a genetic 

inclination towards N2O production and its subsequent emission. To date, most studies 

examining nosZII in activated sludge have been conducted using qPCR136–138, with primers 

which have been observed to underreport the prevalence of nosZII132. Analysis of the 

distribution of nosZII across multiple treatment plants with methods such as metagenomics, 

which avoid primer bias, are necessary to determine if the selective disadvantage of nosZII in 

WWTPs is typical. 
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A Core Microbial Genera (CMG) of WWTPs has been proposed by studies examining 16S 

rRNA microbial diversity across multiple treatment plants170. This hypothesis arises from the 

observation that certain genera are reported to be present in all treatment plants sampled and 

are typically among the most abundant. The hypothesis proposes that CMG conduct most of 

the functional work within treatment plants. Thus, microbial analysis can be simplified to the 

analysis of the CMG as they dictate ecosystem characteristics. Nitrogen (N) cycling organisms 

essential to the functional transformation of reactive N, while present in some plants are not 

included in the CMG as they are not present in all plants170. To date, no comparison of CMG 

across studies has been conducted. Additionally, studies have failed to find some commonly 

shared genera in surveys of multiple treatment plants and have proposed functional redundancy 

as a possible explanation. It is therefore unclear if a CMG truly exists and if it contains a subset 

of core denitrifying genera (CDG)17,176.   

This current study identifies the patterns of diversity and abundance of denitrifying organisms 

and the wider microbial population by metagenomic analysis of the denitrifying functional 

markers nirK, nirS, nosZI and nosZII, and 16S rRNA from WWTPs sludge. Three 

geographically close WWTPs were surveyed to determine if variation in denitrifying 

populations can be observed in operationally similar WWTPs. Moreover, the study determined 

if a CMG and CDG can be observed across the WWTPs surveyed. 

 
4.3. Methods 

 Sludge sources and DNA extraction 

Triplicate samples were collected in November of 2015 from three BNR treatment plants 

performing BNR and running a bardenpho configuration, serving a population of, 60,000, 

220,000, 67,200 people for S1, S2, and S3 respectively.  

All samples were collected from the Return Activated Sludge (RAS) line, to have a sample 

which approximated the microbiome of the entire plant as closely as possible. Upon collection, 
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all samples were stored in airtight double lined containers and shipped overnight. Upon 

collection of the sludge samples, DNA was extracted immediately, using 1g of sludge with 

PowerSoil® DNA Isolation Kit as per manufacturer’s instructions. DNA from each sample 

was stored frozen until being sent for analysis. 

We gratefully acknowledge the co-operation of WWTPs in the collection of samples for this 

project. Unfortunately, each was unable to provide N2O emission data, plant performance 

parameters, or plant schematics showing the sampling locations, as such this data is not able to 

be included. 

 

 Illumina Sequencing and Bioinformatic analysis 

Illumina sequencing and Bioinformatic analysis were conducted on contract by New Zealand 

Genomics limited (NZGL). DNA samples (10 𝞵g each) were subject to high-throughput 

sequencing using Illumina Hiseq 2500 with v4 chemistry. Nine Thruplex DNA-seq libraries 

were constructed as per manufacturer’s instructions and run on one lane with 2x125 paired end 

sequencing. 

Read quality was assessed using FastQC208, to see if any problems occurred during sequencing. 

Each sample was assembled individually using IDBA-UD209 default settings. IDBA-UD 

assembler was designed for use in cases where a set of sequence reads are likely to contain 

several different genomes with different coverage levels. This step resulted in nine different 

genome assemblies. Assembled genomes contained a large proportion of contigs shorter than 

1000 base pairs (1 kb). Fragments were composed of unassembled reads or contigs of less than 

ten reads. The analysis was conducted on the reads >1 kb. 

Coverage was calculated for every contig longer than 1 kb. An index for each genome was 

created using Bowtie2210. Reads were mapped to each index and depth of coverage was 

calculated using Samtools211. 
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The species present in each sample were taxonomically identified using the 16S region of the 

bacterial genome. This was done by using an adaptation of the 16S amplicon sequencing 

approach. The Silva212 ribosomal database was BLASTed213 against the contigs produced by 

each assembly and the results returned in XML format. A custom Python script was used to 

extract the hit region from each contig, resulting in a FASTA file containing 16S gene 

sequences. The sequences are then dereplicated using vsearch214 to produce a FASTA file 

containing unique 16S sequences. The sequences were clustered using vsearch. The first 

sequence joining a cluster was used as the representative sequence for that cluster. Candidate 

sequences had to share at least 97% identity with the representative sequence to join a cluster. 

Raw reads were mapped back onto the representative sequences and an OTU table giving the 

number of sequences per OTU was created. Taxonomy was assigned to each representative 

sequence using BLAST. To be recorded as a hit, the e-value of the hit had to be at least 0.001.  

Quantification of functional marker abundance and assignment of taxonomy was adapted from 

the approach of Wang et al. (2014)30. In brief, sequences of nirK, nirS, nosZI and nosZII 

deposited in NCBI Nucleotide database were downloaded to construct a local database. 

BLASTn was used to align all sequences against the local database and was identified as a 

candidate mark if it at least 97% sequence identity was recognised. Taxonomy was assigned to 

each representative sequence using BLAST. To be recorded as a hit, the e-value of the hit had 

to be at least 0.001. 

Each gene was then checked to see if it occurred on the same scaffold as any other gene of 

interest. Each OTU table was made more parsable with the script fix_tables.txt. A custom R 

script was then used to check for co-occurrence of the genes amoA, nosZ, nirK, and nirS. 

Analysis tools and version information: FastQC v0.11.5, IDBA-UD, Bowtie2 v2.2.9, Samtools 

v 0.1.19-44428cd, BLAST v2.4.0+, Vsearch v2.0.2, R v3.2.3 

 



75 
 

4.4. Results and Discussion 

 Sequencing, bioinformatics, and sampling variation 

Sequencing and bioinformatic analysis were conducted in triplicate from each WWTP and 

generated high-quality reads (tables 8.1 and 8.2). Replicate samples showed a large degree of 

difference in Operational Taxonomic Units (OTUs) identified and their abundance. This was 

the case for OTUs identified for 16S rRNA, nirK, nosZI, and nosZII, while nirS showed poor 

taxonomic identification with most OTUs identified as bacterial environmental samples and 

was excluded from the analysis.  Pearson’s chi-squared test for all markers, across all WWTPs 

and all taxonomic levels, showed samples were significantly different (p <0.001). This was the 

case for many of the N cycle functional markers, indicating that metagenomic analysis without 

biological replicates may not be an effective means of quantitatively assessing the abundance 

of N cycling organisms.  

In an analysis of open and closed approaches to microbial community analysis Zhou et al. 

(2015) 215, states that differences in DNA extraction, limited technical or biological replicates, 

or a lack of coverage are the key problems associated with sample reproducibility in 

metagenomic analysis. In our study, these confounding factors are unlikely to explain the 

variability observed. All samples were processed with the same DNA extraction methods and 

instruments, generating high-quality DNA (table 8-3), with three biological replicates per 

sample, and representative coverage of over 10 million reads per sample (table 8-2).  

Zhou et al. (2011)216 examined the reproducibility of amplicon sequencing and found its 

reproducibility low, showing average OTU overlap was 17% between two replicates and 8% 

among triplicates. Zhou et al. (2011)216 suggests that this result is due to random sampling 

processes and amplicon sequencing techniques that may not be quantitative, posing a problem 

for β diversity analysis with this method. The observation that randomness within the sampling 

process accounts for the poor reproducibility in amplicon sequencing is a major concern not 
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limited to that form of analysis. Randomness in sampling processes will affect all forms of 

population analysis and will most likely affect low copy number organisms. Sampling 

randomness most likely accounts for the variability between replicates observed in our study. 

Further investigation is required to determine if sampling randomness occurs across population 

analysis techniques.  If this is indeed the case, results of low count organisms from any study 

lacking biological or even technical replicates should be taken with caution. 

Due to the poor agreement between replicates, OTUs for each marker (nirK, nirS, nosZI, 

nosZII, and 16S rRNA) were pooled and values reported are the mean reads across the 

replicates. Further research needs to be conducted to confirm if randomness in sampling can 

lead to this degree of variation. If this is the case caution will be needed when making 

comparisons between populations, particularly between studies and with low copy number 

organisms.   

 

 Taxonomic population structure 

Diversity indices including, Good’s coverage, OTU number, Chao1, and Shannon parameters 

are presented in table 8-4. The highest richness based on OTU number was found in S1, 

followed by, S2 and then S3. This result was confirmed by rarefaction curves (figure 8-1). As 

the results of Shu et al. (2016)33 rarefaction analysis showed curves of all treatment plants did 

not plateau indicating rare species will continue to emerge after 7000 sequences33. Shannon 

and Choa1 indices showed the same trend, with richness and evenness decreasing from S1 – 

S3. Principal coordinate analysis (PCoA) was conducted and showed no clustering of treatment 

plants (figure 8-2).  
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 Phyla level structure 

Spearman’s rank coefficient indicated that the distribution of phyla were significantly different 

(all p values <= 0.002). Relative abundance of identified phyla is presented in figure 8-2. 

Approximately 24 phyla were identified in each treatment plant, with 17 phyla shared between 

them estimated to account for 96-99% of total bacteria (reads as a % of 16S rRNA). Dominant 

and sub-dominant phyla were consistent across the treatment plants. The dominant phylum was 

proteobacteria, making up 47-58% of the total bacteria. The sub-dominant phylum was 

Bacteroidetes, making up 16-25%. Across reports of wastewater microbial populations, 

Proteobacteria and Bacteroidetes are frequently the dominant and subdominant phyla. 

Wastewater is commonly reported to have consistent major phyla, the major phyla (>1%) in 

our study are consistent with those previously reported153.  

 

 Genera level structure and Core microbial community 

A total of 165 genera were identified as having an abundance > 0.1% and 40 with > 1% in at 

least one treatment plant. The difference between plants is demonstrated in figure 4-1 taken 

from the > 1% with Bray-Curtis cluster analysis applied. Comparison between the treatment 

plants identified 47 genera with > 0.1% abundance and was shared across all treatment plants 

(table 8-5).  

Reporting on the shared genera across WWTPs assumes that organisms forming the bulk of 

the population perform the majority of metabolic activity that characterizes the ecosystem. The 

core microbial hypothesis has been proposed due to the repeated observation of genera 

consistent across treatment plants. Five research papers have published lists of genera shared 

across surveyed treatment plants, in total these five lists collectively survey 61 WWTPs, 

comparisons of the shared genera observed in our study with these lists showing no genus is 

repeated across all WWTPs sampled 35,162,165,170,176. Of the 47 shared genera observed in our 

study 28 were shared in at least one of the  shared genera lists; 16 genera were shared with one 
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list, eight genera, in two lists, one genus, with three lists and three genera were shared across 

four lists(table 8-6).  

Of the frequently shared genera, Dechloromonas, Nitrospira, and Thauera were shared four 

times, and Acinetobacter was shared three times. The result of this study and our comparison 

with previously reported attempts to identify a CMG suggest the ecology of WWTPs may not 

be as simple as an easily identifiable group of core genera. Several other papers have also 

reported a failure to identify common genera shared across all treatment plants. It has been 

proposed that this may be due to functional redundancy of the organisms comprising the 

CMG17,176. In other words, the CMG is not comprised of a list of organisms that can be found 

in every treatment plant but a set of organisms that are likely to be found in most treatment 

plants. Moreover, a set of organisms can be grouped functionally, and are interchangeable in 

their performance of that functional role. This wider notion of the CMG is plausible. However, 

extensive sampling and comparison across many WWTPs will need to be conducted to 

determine which organisms comprise the wider CMG and which organisms generate metabolic 

redundancy.  
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Figure 4.1: Heat map illustrating the abundance of all major genera (with relative abundance over 
1% in at least 1 sample).  

The colour intensity in each panel indicates the relative abundance of the genus in each sample. The dendrogram 
indicates the similarity of each sample. The phyla of each genus is colour coded. 
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 Denitrifying population structure 

 Functional marker abundance 

4.4.3.1.1. Denitrifier abundance 

Raw marker reads (nosZI, nosZII, nirK, and nirS), and each marker’s proportion of the total 

population (represented by reads of 16S rRNA) was compared between treatment plants by 

Pearson correlation. Results indicated that all marker abundances are statistically similar (p 

values can be found in table 8-7). 

However, while not statistically significant, treatment plants showed marked differences in 

marker abundance and proportion of the total population. For examples, the copy number of 

each marker (except for nosZI), shows a decrease in abundance from S1, through S2, to S3. 

When expressed as a proportion of the total bacterial population the trend of decreasing 

abundance of denitrifiers becomes more apparent. Total nir (nirS + nirK) accounts for 45% of 

all bacteria and total nosZ (nosZI + nosZII) for 55% in S1, while in S3 nir and nosZ account 

for only 14% and 23% respectively (table 4-1, figure 4-2 and table 8-8).   

In the literature, the abundance of nosZI, nosZII, nirK, and nirS have all been associated with 

N2O emissions. Specifically, high nirK21,120,143, low nirS20, and low nosZII126,132,148 abundance 

have been correlated with increased N2O emissions. If these correlations are predictive, then 

the three New Zealand treatment plants sampled show denitrifying community abundances 

with the propensity for N2O production. However, the ratios between denitrifying markers have 

also been correlated with N2O production21,23,145,146, and it is unclear from the literature whether 

the raw abundance of functional marker or the inter-marker ratios is important for N2O 

production. 
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Table 4.1: Relative abundance of nirK, nirS, total nir, nosZI, nosZII, total nosZ, as % of 16S rRNA 
for three WWTP samples 

Total nir = nirS + nirK, total nosZ = (nosZI + nosZII) 

 

 
Figure 4.2: Abundance of nirK, nirS, nosZI, and nosZII genes in three WWTPs samples. 

A: Relative abundance of the genes (including 16S rRNA) normalised to the mass of extracted DNA; B: relative 

abundance of the genes (including total nir (nirK + nirS) and total nosZ (nosZI + nosZII)) as a percentage of 16S 

rRNA. 

 

4.4.3.1.2. Inter-marker ratios nirS/nirK 

The genes encoding nitrite reductase, nirS and nirK are functionally redundant111, and 

organisms possessing these genes are believed to have differing niche preferences13. Across 

WWTPs sampled to date nirS is typically observed to have higher abundance than nirK by 1-

2 orders of magnitude16,27–35. While many of these studies were conducted using qPCR with 

reported poor amplification of nirK, the trend of nirS dominance is also observed in 

metagenomic studies27,35.  

A B 
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Analysis of nirS and nirK distribution in our study observed a reverse of the trend. Across all 

plants sampled nirK is 1-1.5 orders of magnitude more abundant than nirS (figure 4-2). The 

abundance of nirS was surprisingly low when examined as a proportion of the total population, 

accounting for 0.8%, 1.7% and 3.6% of total bacteria (16S rRNA) for S3, S2, and S1 

respectively (table 4-1, and figure 4-2). Across all samples, nirK made up more than 90% of 

the nir population (table 4-2) and accounted for 13%, 29%, and 41% of the total population 

(table 4-1, figure 4-2). The nirK count did include the nitrifying Nitrospira; however, this only 

accounted for between 1%-7% of the observed nir populations. The nirS/nirK ratio was varied 

across all plants at 0.6, for S2 and S3 and 0.9 for S1. 

Of the limited number of studies reporting nirK dominance over nirS, three are reported by 

Geets et al. (2007)28, of these, two are experimental reactors, and the other is a municipal 

treatment plant which reported a nirS/nirK of 0.57. Another study reporting low nirS/nirK was 

of eight commercial anaerobic swine wastewater lagoons and reported an average nirS of 

1.8x107 and nirK of 2.3x107 to give a nirS/nirK of 0.78155.  

Denitrifying markers and their co-occurrence in sequenced organisms have been reported as 

non-random and habitat specific. Organisms possessing nirK alone (lacking nosZ) are 

overrepresented in animal habitats while organisms possessing nirS alone, and nirS with nosZ, 

are underrepresented in this category13. Thus, it would appear logical that Swine anaerobic 

lagoons would favour nirK. This explanation, however, does not account for why the municipal 

treatment plants in our study and the one identified by Geets et al. (2007)28, should break the 

trend. Organisms with the only nirK are reported as unrepresented in wastewater13.  

The consistency of the very low nirS/nirK and the remarkably low nirS abundance found in 

our study suggests a regional bias towards low nirS abundance. However further research is 

required to confirm this. 
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Table 4.2: inter-marker ratio of nirK, nirS, nosZI, and nosZII for three WWTP samples. 

Inter-marker ratios are used as a proxy for co-occurrence with nirS and nosZI representing complete denitrifiers, 

nirK representing N2O producers, and nosZII representing N2O sinks. The ratio of nos/nir representing total N2O 

sink over N2O production capacity. 

 

 

Figure 4.3: Inter-marker ratios of nirS, nirK, nosZI, nosZII in three WWTP samples. 

Inter-marker ratios are used as a proxy for co-occurrence with nirS and nosZI representing complete denitrifiers, 

nirK representing N2O producers, and nosZII representing N2O sinks. The ratio of nos/nir representing total N2O 

sink over N2O production capacity. 

 

4.4.3.1.3. Inter-marker ratios nosZI and nosZII 

There is not yet a clear pattern of the nosZI/nosZII across reported studies of wastewater26,27,136–

138. This is primarily due to the limited studies reporting nosZII abundance. Only three full-

scale treatment plants have published reports of nosZII abundance. A pilot scale reactor 

processing mine tailings found nosZI more abundant by approximately one order of 

magnitude136. Sludge from two municipal treatment plants in the Netherlands was used as seed 
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sludge in Conthe et al. (2018)26 study comparing nosZI and nosZII ecophysiology27. One of the 

treatment plants reported nosZI to be more abundant by two orders of magnitude while the 

other reported nosZI and nosZII with approximately equal abundance. Laboratory scale studies 

have also reported nosZII to be more abundant by approximately one order of magnitude. 

However, after 194 days of acetate feeding, nosZI and nosZII abundance were approximately 

equal, while under methanol feeding nosZII remained dominant. 

Conthe et al. (2018)26 study of ecophysiology shows nosZI to be dominant over nosZII even 

under nutrient limiting conditions. However, under conditions which reduced the need for high 

growth rates nosZII increased in abundance as a proportion of the total population. The authors 

proposed that nosZII favours slow growing environments, and conditions in wastewater are 

likely to select against nosZII organisms27. 

Across all treatment plants sampled nosZI was more abundant then nosZII; however, the 

difference in the abundance was not as marked as other studies at around half an order of 

magnitude. The ratio of nosZI/nosZII is not consistent across the treatment plants with 4.12, 

2.86 and 1.58 times more nosZI than nosZII in S3, S1, and S2 respectively (table 4-2).  

 

4.4.3.1.4. Inter-marker ratios nir/nosZ 

Functional markers nirK and nosZII are proposed as markers for microbial populations N2O 

production potential due to the observed co-occurrence of other denitrifying genes. Organisms 

possessing nirK tend to lack nosZ and are thus representative of obligate N2O producing 

denitrifiers. Organisms possessing nosZII are overrepresented by organisms lacking the 

denitrifying enzymes and are representative of non-denitrifying N2O reducers13. Examination 

of the nosZII/nirK ratio shows all treatment plants have more organisms that are likely to 

produce N2O than act as sinks, with nirK being between 2-3 times more abundant than nosZII 

(table 4-2 and figure 4-3).  All treatment plants show low nirS/nirK ratios, low nosZII 



85 
 

abundance, and low nosZII/nirK ratios. Of the treatment plants sampled S3 represents the 

denitrifying profile with the greatest genetic potential of N2O production (table 4-2 figure 4-

3). However, while organisms carrying nirK have been shown to be more likely to lack nosZ, 

it is not necessarily the case that the nirK organisms sampled lack nosZ (either nosZI or nosZII).  

Furthermore, due to the modularity and poor taxonomic agreement of denitrifying markers, it 

is difficult to determine which organisms possess which complement of genes. The count ratio 

of nir (nirS + nirK)/nosZ shows each treatment plant has slightly more ability to reduce N2O 

than to produce it (table 4-2 and figure 4-3). It is not clear from the literature which of these 

ratios is more important in determining N2O production. 

Ideally N2O measurements from the full-scale plant would have been used to test the prediction 

made by functional marker abundance and inter-marker ratios. However N2O is not recorded 

by the WWTPs sampled and field studies were not possible. Thus, this data is not available for 

comparison.  

Additionally, it should be noted that accurately determining the average N2O emissions from a 

WWTP is not a trivial matter. Long term emission data from a full covered treatment plant 

revealed that N2O emissions have strong diurnal and seasonal patterns. Diurnal patterns show 

peak N2O occurred around midnight, while seasonal patterns showed periods of zero N2O 

emissions in autumn, and N2O emissions climbing from early winter to peak at the start of 

spring76. Analysis of this long-term data set was used to determine the effects of shorter periods 

of sampling and effect of grab samples vs online monitoring73. Results indicated that short term 

grab sampling had only a 2% chance for providing an accurate estimate of the average N2O 

emissions of a treatment plant. Long term sampling had a better chance of providing accurate 

estimates but was affected by the day of the week sampling was conducted73. Additionally, this 

plant was fully covered, capturing N2O emissions for each possible source. N2O monitoring 

campaigns typically only measure N2O from the aeration tank6,217. It has yet to be determined 
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how accurate this sampling method is at assessing the average N2O emission from WWTPs. 

However, it assumes that most emissions occur at the aeration tank ignoring emissions from 

other processes which may be sizable. For example gaseous N2O emissions from the clarifier 

can account for 5-35% of the total measured emission (Aerated zones + secondary clarifiers)86. 

Additionally examining only the gaseous N2O emissions ignores the direct emissions of 

dissolved N2O discharged in WWTP effluent, which is some cases is the primary point of N2O 

discharge into the environment88.  

Unless derived from long term online measurements of both gaseous and aqueous emission of 

N2O preferably from fully covered WWTPs, accurate estimates of N2O emissions are not 

possible. Moreover, linking the microbial ecology to this emission trend would also require an 

equally intensive microbiome sampling campaign. Neither such N2O monitoring or microbial 

ecology sampling campaigns were feasible in the scope of this study. 

 

 Functional marker diversity 

All functional markers contained a high proportion of OTUs assigned to uncultured or 

environmental samples. All nirS OTUs were assigned as either uncultured or environmental 

samples and were thus excluded from the analysis of diversity. Marker OTU assignments can 

be found in tables 8-9 – 8-12 and are depicted in figure 4-4. The high proportion of OTUs 

assigned to environmental samples of uncultured organisms masks the full diversity of each 

marker, and so these OTUs were removed, and diversity analysis was conducted only on clearly 

assigned genera. Assigned genera for each marker and their relative abundance is shown in 

figure 4-4. 

Comparison between functional marker genera across treatment plants showed all populations 

to be statistically similar except for the nirK populations of S1 and S3, which were significantly 

different (p = 0.03). Diversity indices (table 8-13), of the assigned genera, show nosZI, has the 
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highest diversity with between 8-13 OTUs, followed by nirK 5-8 OTUs and nosZII 6-7 OTUs. 

Rarefaction curves (figure 8-4) follow this same trend as does the Shannon index. 

Comparison of diversity between plants showed S1 possessed the highest diversity of nirK 

followed by S2 and the S3, rarefaction curves and Shannon indices follow this trend (table 8-

13 figure 8-4). S1 was the most diverse for nosZII, with S2 and S3 being equally diverse.  While 

for nosZI, S3 was the most diverse followed by S1 and S2. PCoA analysis shows no clustering 

of treatment plants (figure 8-5) indicating that of the organisms identified each WWTP has a 

distinct denitrifying population.  

After nirS, nirK was the least well-assigned marker, with between 67-87% unassigned OTUs, 

accounting for only between 2-8% of total bacteria. S1 was dominated by two beta-

Proteobacteria, Burkholderia and Ralstonia, while no dominant genus was present in either S2 

or S3 (figure 4-4 and table 8-9).  S2 and S1 shared Alicycliphilus as the dominant genus for 

nosZI. With no clear subdominant genera in S1 and Thauera as being dominant and 

subdominant genus in S3 and S2 respectively. For nosZII S1 showed no clear dominant genera. 

S2 and S3 share Anaeromyxobacter as the dominant genus accounting for 53-57% of the 

nosZII. In S1 Anaeromyxobacter accounted for only 2% of nosZII., Gramella was the 

subdominant genus in S2 accounting for 21% of nosZI. Subdominant genera were not apparent 

in S3. 

Che et al. (2017)35 observed Thauera and Mesorhizobium accounted for 43.8 and 43.5% of 

nirK organisms in their study of 8 municipal WWTPs and suggested the same core bacteria 

may play a role in nitrite metabolism, effectively proposing a core denitrifying genera (CDG)35. 

Comparison across each treatment plant in our study identified genera shared across the 

treatment plants for each marker (table 4-3). In total, one genera of nirK, five of nosZI and 

three of nosZII were identified as being present in each treatment plant sampled. For nirK 

Nitrospira was included in the shared genera but removed from the list as it is a known nitrite 
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oxidizing bacterium. The only other organisms shared across treatment plants assigned as a 

nirK OTU was Tetraspharea and accounted for between 2.8 – 8% of the nirK OTUs and 0.3-

2.7% of the total bacteria count. On the other hand, the organisms shared across treatment 

plants for both nosZI and nosZII accounted for a substantial proportion of their total marker 

counts and the total bacterial population. The dominant genera carrying nosZI and nosZII are 

both members of the CDG. CDG account for between 10 - 41% of total bacteria. 

Comparison of the CDG shared with the CMG in our study and across the literature is 

summarised in table 8-14. Acidovorax, Alicyciphlus, and Thauera are present in both the CDG 

of nosZI and CMG in our study, while Opitutus is shared with the CDG of nosZII and the CMG 

of our study. Comparison of functional marker and 16S counts for these shared organisms show 

a marked disparity in perceived abundance depending on which marker is used. This is likely 

the result of the poor agreement of denitrifying functional markers and 16S rRNA taxonomy99. 

Comparisons with other papers reporting CMG shows each of the CDG identified in our study 

are reported as CMG in at least one other study. Thauera was identified as a member of the 

CMG in our study and four of the five others used for comparison. Such results suggest it is 

likely that a core set of organisms are present across treatment plants. How ubiquitous these 

sets of organisms are, and how important they are for denitrifying function requires further 

investigation. 

Most studies correlating N2O emissions with functional markers demonstrate the correlation 

between marker abundance or a ratio between markers. However, studies have shown a 

correlation between N2O emissions as differences in nosZII and nirK diversity, indicating that 

while marker abundance is a useful predictor of N2O emissions, differences between the 

organisms possessing the markers can have an impact on the population propensity towards 

N2O production. The difference in diversity of functional markers observed in our study 

indicates that while not always significantly different; the makeup of the functional marker 



89 
 

populations across treatment plants shows a marked variation which could have an important 

impact on the population’s potential for N2O production. 

 

Figure 4.4: Relative abundance of nirK, nirS, nosZI, and nosZII assignments at genera level for 
three WWTPs 

 

Table 4.3: Core Denitrifying Genera: counts and relative abundance of, nirK, nirS, nosZI and nosZII 
genera identified in each of the three sampled WWTPs. 

Abundance is presented as raw counts, or as a % of nirK, nirS, nosZI, nosZII, and 16S rRNA. 
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 Functional marker co-occurrence 

Due to the modularity of the denitrifying pathway 13, it can be difficult to discern which 

organisms share denitrifying genes99. Analysis of the co-occurrence of functional markers in 

fully sequenced organisms allowed for the determination of the extent of the denitrifying 

pathway’s modularity and highlighted the relevance of the denitrifying genes as functional 

markers. For example, all fully sequenced denitrifiers possessing nirK are mainly represented 

(~80%) by organisms which also lack nosZ. While a very useful tool, the use of such markers 

only provides an approximation of the genetic potential of the denitrifying population and relies 

on the in-situ co-occurrence distribution to match that of the organisms we currently have 

sequenced. 

Knowledge of the actual co-occurrence pattern of the denitrifying community would be 

invaluable. While techniques such as genome reconstruction provide means of determining this 

pattern, these methods are time-consuming and require multiple metagenomes with contrasting 

extraction methods, and a high coverage to be viable108.   To determine if more affordable and 

less timely methods can be identified, the co-occurrence of denitrifying functional markers was 

examined. Agreement of functional markers and 16S phylogenies was investigated. In line with 

reports of the poor agreement between functional maker and 16S rRNA phylogenies, only a 

few OTUs were identified as sharing functional markers. Additionally, due to a poor 

agreement, it cannot be known if markers that share the same OTU classification are indeed 

from the same organism.  

Identification of co-occurring functional markers was attempted by probing which markers 

could be identified on the same contig or scaffold. The analysis returned few hits, however, for 

every WWTP and in each replicate, nirK and nirS co-occurred on at least one scaffold in the 

assembly. Additionally, at S3, nosZ co-occurred with nirK and nirS. As nirK and nirS are 

functionally redundant, it was presumed that organisms would not possess both nir types. 
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However, in a 2014 analysis of the co-occurrence patterns of denitrifying organisms, Graf et 

al. (2014)13 identified four organisms possessing both nirK and nirS, and six organisms 

possessing nirK, nirS, and nosZ. The occurrence of these organisms was overrepresented in 

wastewater samples. As nir types are considered to occupy differing niches, Graf et al. (2014)13 

suggest that organisms possessing nirK and nirS have a selective advantage in both the oxic 

and the anoxic zones, with one nir for either condition. Our results, while still rare, support the 

observation from Graf et al. (2014)13, identifying nirK and nirS possessing organisms in all 

three treatment plants sampled.  

 

4.5. Conclusions 

 Comparison between biological replicates showed the poor agreement of OTU 

identification and abundance. The analysis suggests randomness in the sampling 

process could account for the variation observed. This being the case caution is required 

when comparing the result of low copy number organisms between samples and studies. 

 Analysis of co-occurrence on scaffolds identified organisms possessing both nirK and 

nirS in each treatment plant. This adds support to the observations suggesting 

wastewater organisms could provide selective conditions favouring organisms 

possessing both nir types. 

 Treatment plants with differing 16S populations can harbour statistically similar 

denitrifying population structures. However, this result may be due to low OTU 

assignment rates for the functional markers, with a high proportion being made up of 

environmental samples, uncultured organisms, and no database hits. 

 The three New Zealand treatment plants sampled did not follow the previously reported 

trend of nirS abundance, rather all plants were dominated by nirK, with nirS accounting 
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for only a minor fraction of the total nir carrying organisms and the total bacterial 

population. 

 Consistent with recent observations nosZI was the dominate nosZ type. However, 

relative proportions of nosZI and nosZII between the treatment plants were not 

consistent. 

 The dominance of nirK and nosZI suggests New Zealand treatment plants may have a 

genetic predisposition to N2O production. However, it is unclear what effect the nosZII 

population and its relative abundance will have on the net N2O production rate; further 

investigation is required to determine its impact. 

 Both CMG and CDG can be identified across NZ treatment plants. CMG shows limited 

agreement to those already reported in the literature. CDG is present in the CMG of our 

study and across those reported in the literature. This result suggests there may be a set 

of organisms with the functional importance that is present across most treatment 

plants.  
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5. Denitrifying populations exhibit 
distinct nitrogen metabolism 
profiles. 

 

5.1. Abstract 

It has been proposed the denitrifying population of a microbial community may govern the 

population’s N2O emissions. While the link between denitrifying microbial ecology and N2O 

is well studies in soils, data on the role of microbial ecology is limited in wastewater treatment. 

Here we profile the denitrifying performance of three municipal WWTP sludge populations, 

which 16S rRNA and denitrifying populations have been previously surveyed by 

metagenomics. In order to determine if a correlation between denitrifying population structure 

and N2O production can be established, the abundance and inter-marker ratios of genes 

encoding key denitrifying enzymes (nirK, nirS, nosZI, and nosZII) were compared with 

denitrifying performance parameters of three WWTP sludges operated in sequence batch 

reactors (SBR) under denitrifying conditions. Each sludge sample possessed distinct and 

reproducible denitrifying profiles, with differing rates of accumulation and maximum 

concentration of intermediary denitrifying compound NO2
- and N2O. As sludge was sourced 

fresh from the WWTPs for each replicate, the distinctness and reproducibility of the profiles 

suggest they are a property of the community composition of each sludge. Emissions of N2O 

have been shown to decrease with increasing nosZII and nirS abundance. The maximum N2O 

concentrations of the initial SBR cycles matched the populations with the lowest proportions 

of these genes. Moreover, for the first cycle increasing maximum N2O concentration correlated 

with a decreasing proportion of nosZII in the nosZ population (nosZI + nosZII). However, 

accumulation of N2O was transitory, and no correlation of population indices and performance 

parameters were repeated across cycles. These results suggest denitrifying functional marker 
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abundance and inter-marker ratios are insufficient to predict denitrifying performance and N2O 

emissions. The reproducible and distinct profiles denitrifying, however, suggest population 

structure plays a key role in denitrifying performance. 

 

5.2. Introduction  

N2O is a potent greenhouse gas and ozone-depleting compound produced by the microbial 

transformation of reactive nitrogen (N)1,11, including those utilized by the biological nitrogen 

removal (BNR) processes of wastewater treatment40. Knowledge of the denitrifying ecology of 

wastewater treatment is limited. Research has demonstrated a causal connection between 

denitrifier population structure and N2O emissions in soils14,15,24. Of interest is the discovery 

of non-denitrifying N2O reducing organisms. These organisms typically lack other denitrifying 

enzymes possessing only Nitrous oxide Reductase (N2OR) encoded by the nosZ genes (nosZI 

and nosZII)14. N2OR is responsible for N2O reduction and is the only known terrestrial sink of 

N2O67,79,99. Non-denitrifying N2O reducers typically possess the nosZII variant of the nosZ 

gene14, and studies have shown a negative correlation between nosZII abundance and N2O 

emissions14,24. Analysis of the differences between organisms possessing the different nosZ 

variants suggests niche partitioning between nosZI and nosZII organisms13,129. Eco-

physiological analysis of nosZI and nosZII suggests selection for nosZII under low nutrient 

available environments25,27, with a recent study suggesting that the environmental conditions 

of WWTPs are selectively disadvantageous for nosZII organisms27.  

In our previous work, we surveyed the denitrifying microbial community of three New Zealand 

(NZ) Wastewater Treatment Plants (WWTPs). Results supported the hypothesis of WWTPs 

being selectively disadvantageous for nosZII organisms, with all plants surveyed showing a 

low abundance of nosZII. Analysis of the distribution of denitrifying functional markers (nirK, 

nirS, nosZI, and nosZII) indicated all WWTPs have a high genetic propensity towards N2O 
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production, with the treatment plants S3, followed by S1 and S2 predicted to have the greatest 

inclination towards N2O production. If denitrifying population structure plays a significant role 

in determining a population’s N2O production, then differences in N2O production should be 

observable from these WWTP sludges with differing denitrifying ecologies. 

In this study, we test the hypothesis that differences in denitrifying population structure 

correlate with differences in N2O production/accumulation. Hypotheses generated in our 

previous study regarding each plant’s propensity towards N2O production are also tested. 

Sludge samples from the treatment plants surveyed were examined in laboratory sequence 

batch reactors (SBRs). Environmental stress, such as low pH218, carbon limitation50,118,219–223, 

and high nitrite (NO2
-)48,51,224–227, have been associated with increased N2O production and 

emissions in WWTPs. To ensure the microbial populations were as close as possible to that of 

the sampled treatment plants, experimental duration was kept as short as possible, and 

replicates were conducted with fresh sludge samples from each treatment plant. The reduction 

and accumulation profiles of Nitrate NO3
-, NO2

- and N2O, were monitored to identify 

differences in NOx metabolism. Maximum accumulation and reduction rates were compared 

for correlation with denitrifying population dynamic indices to identify if differences could be 

associated with observed population differences. 

 

5.3. Methods 

 Sludge sources 

The primary objective of this study was to examine the difference denitrifying population 

structure has on NOx profiles and in particular the accumulation of N2O. One of the challenges 

for determining the effect of population structure is to account for the difference in 

environmental conditions, which can vary between WWTPs. To overcome this complication 

experiments were conducted under controlled laboratory conditions. This, approach, however, 
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adds an additional complication, laboratory experiments are typically seeded from the sludge 

of larger lab scale reactors, which have been shown to have significant population and 

functional drift from the parent WWTP sludge186,228. To ensure the microbial populations were 

as representative of WWTPs microbial consortia, samples were taken fresh from the three 

treatment plants sampled. Moreover, each biological replicate was conducted with a new 

sample obtained freshly from the WWTP. Additionally, to ensure ease of shipping and to have 

samples which approximated the microbiome of the entire plant, samples of thickened sludge 

were collected from the Return Activated Sludge (RAS) line.  

To ensure all samples could be experimented on collectively, weekly delivery of sludge from 

each WWTP was synchronised. Samples were collected by staff from three undisclosed 

municipal WWTPs preforming BNR with bardenpho configurations within New Zealand. 

Samples were stored in airtight double lined containers and shipped overnight. Upon delivery, 

the sludge was washed, and experimentation began the same day. 

Sludge was washed by settling 750 ml of seed sludge, decanting the supernatant, resuspending 

500 ml in 2 L of degassed feed buffer (buffer recipe described below), settling again, decanting 

the supernatant preserving 1.5 L of washed seed sludge for experimentation.  

 

 Feed and buffer solutions 

In order to simulate the conditions of a full-scale WWTP, a synthetic feed recipe designed to 

mimic municipal wastewater treatment229–231 was adapted for denitrifying conditions. The 

adaptation was made by replacing Urea and ammonia of the synthetic feed recipe from Nopens 

et al. (2001)231 with sodium nitrate (NaNO3). The feedstock was prepared in four different 

solutions, feed buffer solution, carbon solution, nitrogen solution, and trace elements solution. 

Stock solutions were prepared at a 100:1 concentration and refrigerated. Working 

concentrations are as follows: Carbon Sources: 147.42 mg/l sodium acetate, 22.48 mg/l 
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peptone, 157.56 mg/l potato starch, 150.06 mg/l milk powder, and 67.47 mg/l yeast extract. 

Feed Buffer: 237.12 mg/l MgBr2_6H2O, 32.05 mg/l CaBr2_2H2O, 87 mg/l KH2PO4. Nitrogen 

sources: 304 mg/l NaNO3. Trace elements: 0.1 mg/l Na2MoO4_2H2O, 2.55 mg/l MnCl2_4H2O, 

1.1 mg/l ZnSO4_7H2O, 0.8 mg/l CoCl2_6H2O, 01 mg/l CuSO4_5H2O, 1.5 mg/l FeCl3, 2.5 mg/l 

EDTA.  

Starting conditions for each experimental cycle were 50mg NO3-N, pH 7.5 and a carbon-

oxygen demand COD: N ratio of 10:1. COD of feed was calculated from theoretical values 

following the methods used in Nopens et al. (2001)231 assuming a Theoretical carbonaceous 

oxygen demand (TCOD) of one for each mg of peptone, potato starch, milk powder and yeast 

extract.  TCOD was tested with soluble carbonaceous oxygen demand (sCOD) as per standard 

methods and determined to have an sCOD of 580 mg/l +/- 6.25. COD: N 10:1 was selected to 

ensure that carbon would be in surplus. 

 

 Reactors operation 

Experiments were conducted in triplicate resulting in 9 reactor runs in total, 3 for each sludge 

source. To avoid reactor bias, sludge type was cycled through each available reactor, resulting 

in a biological replicate being conducted in each reactor for each sludge type. Systems were 

seeded with 1.5 L of washed sludge and 1.5 L of degassed buffer solution. Experiments were 

run as sequence batch reactors in bioreactors with a working volume of 3 L. Sequences 

consisted of 0.25 hrs feeding, 9.75 hrs denitrification, 2 hrs settling and decanting with a 

Hydrolytic Residence Time (HRT) of 0.75 days. Due to the short run time of the experiment, 

no sludge wasting was performed thus Sludge Residence Time (SRT) was the duration of each 

experimental run.  

Experiments were run for a total of 8 cycles/sequences, resulting in a total of 4 days of 

operational time. All reactors were operated exposed to air, at ambient temperature, and mixed 
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with high powered magnetic stirrers. Each cycle, reactors were fed with 2 L of 1.5 x feed 

solution, at the start of each cycle, pH was adjusted at the start of each cycle to pH 7.5 manually 

with 0.1 M HCl and KOH. 

While reactors are exposed to the air, the systems are assumed to be anoxic, and mass transfer 

of N2O from the bulk liquid to the gaseous phase was not considered a sink of N2O. Dissolved 

oxygen measurements were used to confirm anoxia, with readings consistently below the limit 

of detection for the probes (data not shown). Mass transfer from the bulk liquid to the gaseous 

phase was not considered an N2O sink due to its high solubility in water232. As no gases which 

could have stripped N2O were applied to the system, mixing or over-saturation were the only 

mechanisms that would have increased N2O mass transfer233. Analysis from the literature 

supports this assumption, for example, full-scale denitrifying biofilter showed < 1% of total 

N2O flux during the summer campaign with average temperatures of 22.5 oC234. Additionally, 

Foley et al. (2010)6 estimated the mass transfer coefficient of quiescent reactor zones (i.e. 

primary sedimentation tanks, anoxic zones, anaerobic zones, secondary sedimentation tanks). 

The method applied related kLa to volumetric power input (P/V) for mixing. This analysis 

showed kLa values an order of magnitude lower than those in the aerated zones. It was 

concluded N2O concentration in these zones is not sensitive to mass transfer6. Thus, all 

reduction N2O is assumed to result from biological activity. 

 

 Nutrient measurements sampling and performance 
analysis 

Sludge performance was monitored using a combination of online and offline methods. 

Dissolved oxygen (DO), pH, Temperature, N2O, and NO3
- were all monitored online. 

Dissolved oxygen was measured with the OxyFerm FDA ARC 225 (Hamilton Company, Reno, 

NV), pH was measured with the EasyFerm plus ARC 225 (Hamilton Company, Reno, NV), 

probes were connected to a laboratory computer running Hamilton device manager software 
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(Hamilton Company, Reno, NV). Before all measurements, the Hamilton devices were 

calibrated according to the manufacturer’s instructions. Dissolved N2O was measured in real 

time using a Clarke-type N2O-R microsensor (capable of accurately detecting 0.1-500 µM in 

water) connected to a v2.01 microsensor (Unisense, Aarhus, Denmark). Before measurements, 

the Clark type sensors were polarized and calibrated according to the manufacturer's 

instructions. The obtained data was corrected due to temperature fluctuations235. Dissolved 

Nitrate (NO3
-) and temperature were measured online with WTW IQ Sensor Net System 2020 

XT connect data logger, connected with a VARiON® Plus AN/A comp SET, Robust digital 

probe for ion-selective measurement of ammonium and nitrate (in-situ) for use with the IQ 

SENSOR NET system. Equipped with: Probe VARiON®Plus 700 IQ, reference electrode 

VARiON® Ref, measuring electrodes VARiON®Plus NO3
-, and compensation electrode 

VARiON®Plus Cl (WTW, Weilheim, Germany). Before all measurements, the WTW ISE 

were calibrated according to the manufacturer’s instructions. Matrix adjustment was conducted 

regularly, with values determined by spot sampling processed with ion chromatography as 

described below. While a Cl compensation electrode was equipped, Cl concentration in the 

feed solution was replaced with Br where possible. 

Dissolved NO2
- and NO3

- were measured from spot samples by ion chromatography. Spot 

sampling was optimised by trial runs to identify the average duration for each cycle before 

NOx species were completely reduced. As the reduction of NOx species increased over 

successive cycles, sampling frequency was increased to ensure adequate samples were taken 

to capture the NOx profile. On cycles 1, 2, 4, and 8, 10 ml samples were taken from each reactor 

at regular intervals throughout the cycle. Total suspended solids (TSS) and volatile suspended 

solids (VSS) samples were taken from the samples at the end of cycle 1,2,4, and 8, and 

measured by the Standard Methods of the Examination of Water and Wastewater. 
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Mass balance is determined by influent N minus N from the remaining recorded NOx species 

(NO3
-, NO2

- and N2O). As N2O mass transfer to the gaseous phase is assumed minimal, all N 

not accounted for by the mass balance is assumed to be incorporated into the biomass or emitted 

as dinitrogen gas (N2). All performance parameters were calculated using these mass balance 

assumptions. Maximum concentration/value (NO3-N, NO2-N, N2O, pH) was determined by 

identifying the maximum value for each parameter from the average across the biological 

replicates; error bar reported is the standard deviation. Rates (NO3-N, NO2-N, N2O, pH) were 

calculated for each biological replicate independently, corrected for biomass concentration 

using VSS values, and the average rate across the replicates reported, the error reported is the 

standard deviation.  

 

5.4. Results and Discussion 

 Chemical Analysis 

To determine if differing microbial populations show significantly different NOx metabolisms 

each population and replicate were tested under repeatable operating conditions. To confirm 

experimental conditions did not differ between sludges or replicates, operational values were 

analyzed by ANOVA.  Initial pH and initial NO3
- -N, show no significant difference within or 

between replicates and sludge types (table 9-1). pH was set to pH 7.5 at the start of each cycle 

but was otherwise uncontrolled during the experiments. Except for cycle 1, pH in each cycle 

showed an increase in pH while NOx species were metabolized and then a slow decrease to 

equilibrium. Cycle 1 shows an initial increase in pH, which then plateaued without a decrease 

(figure 9-1). The rate of pH change shows no significant difference within or between replicates 

and sludge types. Each sludge type appears to show a distinct pH profile, however linear 

regression analysis comparing the rate of NO3
- reduction with the rate at which pH increased 

showed a strong correlation for each sludge (R2 values >0.9) indicating the rate of NO3
- 
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reduction governed each system’s pH. Initial VSS was not significantly different between 

sludges (p = 0.896). Experimental duration was kept to the minimum to minimize changes in 

sludge population. Dissolved Oxygen concentrations were always below the detection limit for 

the probes, indicating reactors were operated in continuously anoxic environments. Statistical 

comparison of reactor operational parameters shows no significant difference across 

operational parameters indicating variation can be attributed to differences between the sludges 

use to conduct the experiments. 

 

 Sludge type show distinct denitrifying profiles 

NOx profiles were reproducible, with no statistical difference between replicates for the 

maximum concentration (N2O-N and NO2-N), the rate of accumulation of (N2O-N and NO2-

N) or the rate of reduction (NO3-N) (table 9.1). However, a distinct and reproducible profile 

was apparent for each sludge type (figure 5-1).  

Of the three sludge types S3 show the more pronounced difference, accumulating more N2O 

but less nitrite then S1 and S2 during Cycles 1-4. Additionally, nitrate reduction also seems 

slower for S3 than S1 and S2 during the first cycle. This indicates S1 supports a fast-

intracellular nitrite reduction into N2O and a fast N2O extracellular release (and/or a slow N2O 

reduction) 

During Cycle 1 in S1, NO3
- is fully converted into N2O and N2O is only reduced after nearly 

all the NO3
- has been reduced. This quantitative relationship confirms S1 is initially very 

efficient at reducing NO3
- into N2O, but inefficient at reducing N2O until NO3

- is reduced.  

S1 and S2 shows a similar relationship between NO3
- and NO2

-, in cycles 1 and 2, with NO3
- 

being primarily converted to NO2
- and the majority of NO2

- only being reduced once nearly all 

the NO3
- had been utilised. This NO2

- accumulation pattern (S1 versus S2 and S3) remains 

distinct across the cycles.  
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Figure 5.1 Three WWTP sludge types show distinct and reproducible denitrifying profiles across 8 
SBR cycles 

Online measurements of NO3-N, N2O-N, with spot samples of NO2-N during from cycle 1, 2, 4, and 8 of sequence 

batch reactors running three different WWTP sludges, error bars from biological replicates. Sludge type shows 

distinct and reproducible denitrifying metabolic profiles. 

 

While there is a clear trend in the N2O profiles between the sludges, no statistical difference in 

maximum concentration or the accumulation rate of N2O-N between sludge type was identified 

(table 9-1). However, comparing maximum concentration and accumulation rate of NO2-N 

between sludge types shows a significant difference; Pairwise comparison of each parameter 

shows a significant difference between S3 with S1 and S2 (table 9-1). This result indicates that 

the sludges are reproducibly and significantly different in their denitrifying metabolisms. 
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 Adaption to laboratory conditions 

Other than the distinct denitrifying profiles one other trend is obvious, the accumulation of N2O 

was transitory, by cycle 4 all sludge had a maximum N2O-N concentration of less than 0.5% 

of the total nitrogen (Figure 5-2).   

 

Figure 5.2 N2O-N profile from three WWTP sludges 

Online measurements of N2O-N across 8 SBR cycles for three different WWTP sludges. Error bars are standard 

deviation across biological replicates. Each sludge shows distinct and reproducible N2O profiles, while all sludge 

shows a decreasing N2O accumulation over successive cycles. 

 

In every cycle, the accumulated N2O is completely reduced by the end of the cycle. Due to the 

high solubility of N2O, it is assumed no mass transfer loss of N2O to the gaseous phase occurs. 

Thus all N2O is assumed to removed biologically. The decreasing trend in N2O accumulation 

shows that the microbial populations are becoming more efficient at matching the rate of N2O 

production with its rate of reduction. From the data obtained it is not clear what is causing this 

change. Two possible mechanisms could account for the observed adaptation to laboratory 

conditions. 1) Temporary kinetic imbalance in denitrifying enzymes or 2) population drift.  

Temporary Kinetic imbalance between denitrifying enzymes has been proposed to be caused 

by a difference in regulation236–238, or enzyme competition for intercellular metabolites59,224,239. 

Experiments have shown a lag in the expression of denitrifying genes when organisms switch 

to denitrification, with nosZ showing the longest delay in expression52. Other studies have 
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shown that bet-hedging strategies control the transition to denitrification, where only a 

proportion of the population will up-regulate denitrifying enzymes at the onset of anoxia, and 

their metabolic products subsequently recruit other organisms as anoxia persists. This bet-

hedging strategy likewise results in a lagged expression and activity of N2OR236–238. In our 

experiment shock loading of higher than usual concentration of reactive N may cause an 

upregulation of denitrifying genes, resulting in a temporary kinetic imbalance between the 

enzymatic steps of the denitrifying pathway. Carbon limitation, starvation or feast/famine 

cycles have been shown to result in an increase in N2O production59,239. The increase in N2O 

production is due to inter-enzyme competition for a limited electron pool. Starved organisms 

survive using internal electron stores which metabolize at slower rates increasing inter-enzyme 

competition224. In our experiment transport from the WWTP though overnight may have been 

enough for the organism to become starved, resulting in increased N2O production. Changes in 

environmental conditions have also been associated with a change in population structure and 

a reduction in N2O emissions118,196.  

N2O however was not the only analyte to show a change over the duration of the experiment. 

VSS and NO3
- reduction rate of reduction also change over successive cycles (figure 5-3, and 

5-4) . Average NO3
- reduction starts at markedly different rates, with S3 exhibiting retarded 

NO3-N removal in the initial cycle (S1 6.14 +/- 0.86 mg NO3-N/l/h/g VSS, S2 8.88 +/- 0.66 

NO3-N/l/h/g VSS, S3 2.26 +/- 0.00 NO3-N/l/h/g VSS). However, by the final cycle average 

NO3-N removal rates all increase to a very similar rate (S1 13.56 +/- 1.14 mg/l/h/g VSS, S2 

12.4 +/- 1.95 mg/l/h/g VSS, S3 11.93 +/- 0.23 mg/l/h/g VSS) (figure 5-3). Likewise, due to the 

lack of sludge wasting VSS increases over the duration of the experiment (figure 5-4). The 

increase in VSS suggests population growth, while the increase in the reduction rate of NO3
- 

could be the result of population growth or an increase in the expression of denitrifying 

enzymes.  
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Not all the NOx species profiles changed across the course of the experiment. The NO2-N 

profiles for both S2 and S3 remained stable, while the profile for S1’s accumulation of NO2-N 

reduced as the experiment progressed (figure 5-4). This result may suggest that population 

change only occurred in S1, while S3 and S2’s change in N2O-N and NO3-N profiles were the 

result of changes in regulation. Without data verifying changes in the genome or transcriptome, 

it is not possible to make any conclusion. However, what can be concluded is that while NO3
- 

and N2O show adaption to the laboratory conditions, NO2
- does not.  

Any, one or combination of the proposed phenomena may explain the change in the NOx 

profiles observed. With the current data, it is not possible to elucidate which mechanism or 

combination of mechanisms resulted in the reduction of N2O. Samples were collected for 

population and expression analysis over the course of the experiment which would have 

assisted in determining the mechanism which caused the reduction in N2O accumulation, 

however, the samples were not processed due to insufficient funds. Irrespective of the 

mechanisms, the adaption of N2O emissions to the laboratory conditions suggest that under 

stable non-stressed conditions WWTPs are likely to produce only background N2O. However 

operational disruption has been associated with an increase in N2O emissions5,77. Increased 

N2O emissions have been shown in relation to changes in environmental conditions such as; 

pH, dissolved oxygen (DO), high nitrite, and carbon limitation, as well as operational 

conditions such as sludge retention time (SRT) and hydraulic retention time (HRT)4. In general 

N2O emissions are considered to result from changes in environmental conditions4. For 

instance, a long term monitoring campaign of a fully covered WWTP showed the diurnal 

pattern of  N2O emissions which coincided with diurnal trends of NO2
- and NO3

- and N loading, 

while the emission trends corresponded with the daily maximum NO2
- concentration75. Thus, 

it is unlikely for full-scale WWTPs to offer conditions stable enough for minimal N2O 

production. 
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Figure 5.3 Change in NO3-N reduction rate over successive SBR cycle for three WWTP sludges 

The rate of NO3-N normalised to g of biomass for three WWTP sludges over 8 SBR cycles. Online measurements 

of N2O-N across 8 SBR cycles for three different WWTP sludges. Error bars are standard deviation across 

biological replicates. Increase in NO3-N reduction rate indicate sludges are adapting to laboratory conditions 

 

 

 

Figure 5.4 Change in VSS over successive SBR cycle s for three WTTP sludges 

VSS measurements across 8 SBR cycles for three different WWTP sludges. Error bars are standard deviation 

across biological replicates. 
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Figure 5.5 Change in the maximum concentration of NO2-N over successive SBR cycle for three 
WWTP sludges 

Online measurements of maximum NO2-N across 8 SBR cycles for three different WWTP sludges. Error bars are 

standard deviation across biological replicates. Results show maximum NO2-N remains stable for S1 and S2. 

 

 

 Genotype and phenotype correlation 

In our previous work, the denitrifying population structure of each of the treatment plant 

sludges sampled was analyzed. The distribution of the denitrifying functional markers 

suggested NZ treatment plants have a genetic predisposition to N2O accumulation. This result 

was driven by the observation of a low abundance of non-denitrifying N2O reducing organisms 

and a dominance of nirK over nirS. Analysis of the relative abundance of these markers 

indicated, S3, followed by S1 and then S2, had the greatest propensity toward N2O 

accumulation. In each replicate in cycles 1-4 S3, followed by S1 and then S2 accumulated the 

most N2O-N, confirming our hypothesis and suggesting that analysis of functional marker 

distribution can predict N2O-N accumulation.  
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Additionally, maximum concentrations of N2O-N in our study are markedly higher than 

previous reports. Maximum concentrations of N2O-N from studies reporting aqueous phase 

N2O-N range from 0-3.8 mg N2O-N/L. Aqueous N2O-N from full-scale WWTPs range from 

near 0 to a maximum of 0.76 mg N2O-N/L6,53, while laboratory experiments where microbial 

populations were exposed to environmental stressors such as pH, dissolved oxygen and NO2
- 

shocks showed aqueous N2O ranging from near 0 to 3.8 mg N2O-N/L54,239–242.  

This evidence appears to support the hypothesis generated in our previous study, and the 

suggestion that NZ treatment plants have a genetic predisposition toward N2O production is 

correct. However, no clear trend of correlation between population indices and performance 

parameters was found across the cycles. For example, a significant correlation was observed 

between nos/nir ratio and the maximum N2O-N concentration of cycles 3 and 4, and 

nosZII/nirK ratios in cycle 4. While for the rate of NO2-N accumulation a correlation was 

observed with the proportion of the total population containing nirK (p= 0.03) or nir (p= 0.05) 

and during cycle 2 (table 9-2). None of these trends persisted across more than one cycle. If 

the denitrifying population structure indices used were predictive of the population phenotype, 

the indices would be expected to be consistently predictive across the SBR cycles. 

However, as suggested above the populations may have experienced population drift, as the 

population data used is from the parent WWTP it is unclear how representative it is to cycles 

beyond cycle 1. Considering only cycle 1 population indices show a correlation between 

increasing N2O-N and a decreasing nosZII/nosZI ratio in the population (table 5-1).  

 

Table 5.1 Pearson’s correlation statistic and p-values for N2O accumulation correlation and 
population indices 

 

 



109 
 

Increasing abundance of nosZII did not show a significant correlation with decreasing N2O-N. 

Typically a reduction of N2O emissions is correlated with an increase in nosZII 

abundance14,22,132; however inter-denitrifying enzyme ratios are not typically reported. 

Moreover, in each of these studies, nosZII was markedly dominant over the nosZI population. 

The dominance of nosZII may mask the relevance of inter-enzyme ratios. If non-denitrifying 

N2O reducers act as scavengers, consuming the N2O produced by other organisms, then its 

abundance relative to that of the producer community should be a better predictor of rate of 

N2O accumulation. Net marker abundance, while important, may not be as important to N2O 

accumulation as the inter-enzyme ratios, particularly when nosZII abundance is low.  

It is unclear from these results how predictive the abundance or inter-marker ratios of 

denitrifying genes are for the N2O production. As pointed out by Lycus et al. (2017)238 attempts 

to correlated nosZ gene abundance or transcript number with N2O emissions from soils have 

meet variable results. This may be due to an intrinsic issue with the genomic approach, the 

presence of a gene does not necessitate its expression, the successful assembly of the enzyme, 

or that the enzyme is functional238. Additionally, genomic analysis does not consider the effect 

environmental conditions may have on the phenotype of the system, for example, low pH is 

known to inhibit N2O reductase at a post-transcriptional level, lowering N2OR activity while 

not affecting its rate of transcription49,243–245. 

 

5.5. Conclusion 

Differing microbial populations reproducibly resulted in distinct denitrifying profiles, with 

different accumulation of denitrifying intermediaries. This result suggests population structure 

plays a significant role in driving phenotype. However it is unclear from our results what 

population indices correlated with the observed differences in denitrification.  

Results from our previous study suggested NZ WWTP sludge has a predisposition toward N2O 

accumulation, and functional marker distribution suggested S3, followed by S1 and then S2 
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had the greatest potential for N2O production. This trend was observed, and a correlation 

between increasing maximum N2O-N concentration and a decrease in nosZII/nosZI ratio was 

observed. This relationship matches the literature suggesting nosZII primarily had Non-

denitrifying N2O reducers and are frequently correlated with a reduction in N2O emissions. 

However, correlations between population structure and denitrification performance were 

inconsistent across the cycles. 

Additionally, results indicate that under stable conditions microbial populations progressively 

reduce the rate and magnitude of N2O accumulation. It is unclear from our study, whether this 

is the result of changes in microbial population or changes in the regulation of microorganisms 

as they acclimatize to laboratory conditions. Further analysis is required to determine the 

mechanisms that drive microbial population acclimation to stable denitrifying conditions. 
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6. Population structure determines 
response to common process 
perturbations 

 

6.1. Abstract 

Nitrous oxide (N2O) is a potent greenhouse gas and ozone-depleting compound produced by 

the microbial transformation of reactive nitrogen. The production of N2O has been shown to 

be affected by the composition of the microbial population and environmental conditions. It 

remains unclear however what relationship these fundamental variables have regarding the 

potential of a microbial population for N2O production. By exposing sludges from three 

different wastewater treatment plants (WWTPs), with previously identified population 

structures and NOx profiles, to environmental stress from low pH and high nitrite (NO2
-), we 

demonstrate that the response to environmental stress is dependent upon both population 

structure and environmental conditions. Each sludge showed differing profiles of sensitivity to 

environmental stress. S2 sludge was sensitive to pH while resistant to NO2
-, while S3 showed 

the opposite profile and S1 showed sensitivity to both stressors but at a reduced capacity, 

accumulating less N2O than the sensitive sludges. These results indicate that N2O accumulation 

is dependent on both the microbial population and the environmental conditions. This result 

suggests N2O management for both natural and engineered systems needs to be assessed on a 

case by case basis, requiring knowledge of both the population and environmental conditions 

for the development of effective mitigation strategies. Additionally, pH-sensitive sludge was 

shown to accumulate between 7-14% of influent nitrogen as N2O at pH values within the 

operation range of full-scale WWTPs, indicating low pH may result in high N2O emissions for 

WWTP with pH-sensitive populations. 

 



112 
 

6.2. Introduction  

Nitrous oxide (N2O) is a potent greenhouse gas and ozone-depleting compound produced by 

the microbial transformation of reactive nitrogen (N)1,11, including those utilized by the 

biological nitrogen removal (BNR) processes of wastewater treatment40. The mitigation of N2O 

emissions is essential to maintain global temperatures; however, our understating of the 

complex factors that drive N2O emissions are currently insufficient for N2O emissions 

management within natural and engineered systems. 

Microbial population structure14,15,126,132,137,138,148,246 and environmental conditions22–

24,48,49,51,61,65,68,69,89–92,123,124,126,132,148,187,218,219,222,224–226,238,240,242–244,244–248,248–255,255–271 have 

both been shown to govern N2O accumulation and subsequent emission from microbial 

systems. However, it remains unclear how these two fundamental variables interact to govern 

N2O emissions. There is a tendency across the literature to treat either variable as static. 

Research reporting the effect of environmental conditions on N2O emissions tends to assume 

the observed response will be similar across all microbial consortia. Likewise, studies 

investigating the effect population structure has on N2O emissions tend to do so under 

controlled conditions and do not investigate the role of population structure under differing 

environmental conditions. Understanding the relationship between microbial population 

structure and environmental conditions is essential in developing strategies to mitigate N2O 

emissions. 

Nitrous oxide Reductase (N2OR), an enzyme of the denitrifying pathway encoded by the nosZ 

genes (nosZI and nosZII), is the only known biological sink of N2O13. A microbial community’s 

production of N2O is determined by the activity of N2OR in relation to the rate of 

production67,79,99. Denitrification is a modular anaerobic respiratory pathway in which nitrate 

(NO3
-) or nitrite (NO2

-) is reduced to nitric oxide (NO), N2O and N2 in a series of enzymatic 

steps. The modularity of denitrification means organisms do not necessarily possess the 
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complete pathway13. For example, the recent discovery of non-denitrifying N2O reducing 

organisms possessing only N2OR and lacking all other genes encoding denitrifying 

enzymes13,98 illustrates the modularity of the denitrifying pathway and suggests the importance 

of microbial population structure in determining the net N2O emission. Indeed, a causal 

connection between microbial population structure and N2O emissions has been 

established14,15,24. Studies show that an increased abundance of genetically obligate N2O 

producers (organisms lacking nosZ) increases N2O emissions15, while an increasing abundance 

of non-denitrifying N2O reducing organisms correlates with reductions in N2O emissions14,24.  

However, these results have been achieved by the manipulation of microbial populations via 

the introduction of a high concentration of a single organism with a known metabolism14,15,24. 

While these results demonstrate the importance of microbial population structure, they do so 

with metabolically skewed populations that are unlikely to represent the behaviour of 

environmental populations. 

Before the discovery of nosZII and the non-denitrifying N2O reducing organisms, attempts to 

predict N2O emissions from the abundance of nosZ (nosZI at the time of the study) 

demonstrated an incongruity between measured and predicted N2O emissions98. Subsequent 

studies that have included analysis of nosZII and attempted to correlate N2O emissions with 

genetic potential have produced variable results126,132,137,138,148,246. While some studies show a 

negative correlation of nosZII with N2O132, others demonstrate a correlation to the abundance 

of other denitrifying functional markers (such as nirK)246 or correlations with the diversity of 

nosZII rather than any marker abundance126. The inconsistency between predicted and 

measured N2O emissions suggests microbial population structure is not a significant 

determinant of N2O emissions. 

 Alternatively, environmental conditions may supersede the population structure as the major 

determinant of N2O emissions. In experiments attempting to correlate abundance of 
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denitrifying genes or transcripts thereof mentioned above126,132,137,138,148,246, one study found 

that environmental conditions accounted for N2O emissions more than population structure126. 

The study showing increasing nosZII abundance correlated with a decrease in N2O, but also 

demonstrated increasing pH resulted in reductions of N2O, and an increase of nosZII 

abundance, concluding, pH generates a selective pressure on the community which alters the 

N2O emission potential132.  

A variety of environmental conditions have been associated with N2O emissions in both soil 

and wastewater4,11,45,100. Of the environmental stressors associated with increases in N2O 

emissions, low pH and high nitrite concentrations are two of the most well researched for both 

wastewater and soils and have been associated with increased N2O emissions in full-scale 

WWTPs251,252. 

Accumulation of NO2
- is well documented as a cause of N2O production and emissions in 

wastewater4. As an inducer of N2O production, NO2
- is particularly relevant for wastewater 

treatment as NO2
- accumulation is a common occurrence270. Thus, if increasing NO2

- is a 

universal inducer of N2O then any system prone to NO2
- accumulation will likewise be prone 

to N2O production. Moreover, wastewater technologies such as shortcut nitration which use 

pH to prevent the growth of nitrite-oxidizing bacteria (NOBs)225,261 resulting in NO2
- 

accumulation, will always be expected to produce N2O, and any efficiency gains by this 

approach will be offset by increased N2O emissions.  

However, exposure to NO2
- is not always reported to induce N2O accumulation248,252,261. Free 

Nitrous Acid (FNA) (HNO2) is the protonated form of NO2
- and has been proposed as the cause 

of N2O production and the explanation for the observed variability in N2O production in 

response to NO2
- exposure48. The equilibrium between NO2

- and HNO2 is pH dependent, as pH 

decreases the concentration of HNO2 increases. Studies have compared the inhibitory effect of 

NO2
- and HNO2 on NO3

- and N2O reduction by challenging populations with differing NO2
- 
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concentrations across a range of pH.  Results indicate FNA has a stronger relationship with this 

inhibition of both NO3
- and N2O reduction than NO2

- concentration69,258. However, these 

studies were conducted with only one sludge type, and the observed trend may be particular to 

these sludges alone. The uncertainties regarding the ubiquity of N2O production in response to 

NO2
- or HNO2 and its common accumulation in WWTPs make it ideal for examining the effects 

of environmental stress across differing populations.   

Low pH is known to inhibit N2O reductase at a post-transcriptional level, lowering N2OR 

activity while not affecting its rate of transcription49,243–245. However, a large degree of diversity 

of denitrifier response to pH has been observed. For example, organisms have been identified 

that possess two copies of N2OR, which operate at differing pH124, while other studies have 

identified organisms that only reduce N2O under low pH238. With WWTPs typically operated 

at pH between 6.5-8.555 but exposed to pH ranging from 6-949,243,272 pH offers a wide 

operational range to test differing populations to stress conditions. 

This research aims to investigate the relationship between environmental stress and population 

structure on N2O production in denitrifying wastewater consortia and determine which of these 

factors is the predominant driver of N2O production. In our previous work, we used functional 

marker abundances and inter-marker ratios to predict the genetic potential for N2O production 

of three wastewater treatment sludges. Under non-stressed denitrifying conditions, functional 

marker ratios of seed sludge were successful in predicting the N2O production potential of the 

populations relative to each other. However, population indices only showed a negative 

correlation between the portion of nosZII in the nosZ population and the rate of N2O 

accumulation. These results suggest that while the populations shared similar net abundances 

of functional markers, the inter-marker relationships were different and accounted for the 

difference in NOx profiles. Using these populations, with known microbial consortia and 

differing NOx profiles, across a variety of environmental shocks (pH and NO2
-) and differing 
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degrees of stress (pH 5.5, 6, 6.5 and 7, exogenous NO2
- -N 0, 20 and 70 mg/l) will allow the 

relationship between population structure and environmental conditions on N2O emissions to 

be investigated. If environmental conditions are the primary determinant of N2O production, 

then we can expect to see a consistent response to environmental shock across the three sludges 

to each shock. Conversely, if the functional marker distribution is the primary determinant of 

N2O production, then we would expect to see a consistent response between the sludges across 

the environmental shocks.  

 

6.3. Methods 

 Sludge sources 

The primary objective of this study is to examine the interaction of denitrifying population 

structure with environmental stressors and determine what effect these two factors have on 

N2O production. To achieve this, differing microbial populations are exposed to environmental 

stress under laboratory conditions. As described in our previous work (see chapter 5) to avoid 

the population drift of laboratory reactors186,228 each biological replicate was conducted with 

sludge fresh from its parent WWTP. All sludge was collected, delivered and processed as 

described in chapter 5. However, to avoid the confounding results with initial N2O production 

observed upon reactor startup reported in our previous work (chapter 5) and in the 

literature118,193,195,196,273, all sludge samples were acclimatised to laboratory conditions prior to 

experimentation. Acclimation was conducted in the same manner as the experimental 

conditions described in our previous work (chapter 5). In brief, three, 3 L reactors running 8 

SBR cycles of 12 hours, with a synthetic feed of complex organic carbons, 50 mg NO3-N, and 

a COD: N ratio of 10:1. All cycles of the acclimation were recorded as with the methods 

described below (data not shown). The duration of the acclimatisation was kept intentionally 

short to avoid population drift. 
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Acclimatised sludge was washed with degassed feed buffer (details of buffer composition 

below) prior to seeding of the experimental reactors. Washing consisted of settling acclimatised 

sludge in the SBR, decanting 2 L of the supernatant, in a clean vessel 1 L of seed sludge was 

resuspended with 2 L of degassed feed buffer. Sludge was settled for a second time, 2 L of 

supernatant decanted. Finally, 1 L of washed seed sludge was resuspended in 2 L of fresh 

degassed feed buffer, ready for experimentation. 

 

 Feed and buffer solutions 

In order to simulate the conditions of a full-scale WWTP, a synthetic feed recipe designed to 

mimic municipal wastewater treatment229–231 was adapted for denitrifying conditions. The 

adaptation was made by replacing Urea and ammonia of the synthetic feed recipe from Nopens 

et al. (2001)231 with sodium nitrate (NaNO3). The feedstock was prepared in four different 

solutions, feed buffer solution, carbon solution, nitrogen solution, and trace elements solution. 

Stock solutions were prepared at a 100:1 concentration and refrigerated. Working 

concentrations are as follows: Carbon Sources: 147.42 mg/l sodium acetate, 22.48 mg/l 

peptone, 157.56 mg/l potato starch, 150.06 mg/l milk powder, and 67.47 mg/l yeast extract. 

Feed Buffer: 237.12 mg/l MgBr2_6H2O, 32.05 mg/l CaBr2_2H2O, 87 mg/l KH2PO4. Nitrogen 

sources: 304 mg/l NaNO3. Trace elements: 0.1 mg/l Na2MoO4_2H2O, 2.55 mg/l MnCl2_4H2O, 

1.1 mg/l ZnSO4_7H2O, 0.8 mg/l CoCl2_6H2O, 01 mg/l CuSO4_5H2O, 1.5 mg/l FeCl3, 2.5 mg/l 

EDTA. Base feed for each experiment was 50 mg NO3-N, with a carbon-oxygen demand COD: 

N ratio of 10:1. COD of feed was calculated from theoretical values following the methods 

used in Nopens et al. (2001)231 assuming a Theoretical carbonaceous oxygen demand (TCOD) 

of one for each mg of peptone, potato starch, milk powder and yeast extract.  TCOD was tested 

with soluble carbonaceous oxygen demand (sCOD) as per standard methods and determined 
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to have an sCOD of 580 mg/l +/- 6.25. COD: N 10:1 was selected to ensure that carbon would 

be in surplus. 

 

 Reactors operation 

Experiments were conducted in triplicate resulting in 54 reactor runs in total, 3 for each sludge 

source, across 6 experimental conditions (Control, NO2-N 20 mg/l, NO2-N 70 mg/l, pH 5.5, 6 

and 6.5). To avoid reactor bias, in each of the experimental conditions, sludge type was cycled 

through each available reactor. Systems were seeded with 1L of washed sludge suspended in 

degassed buffer solution. Experiments were run as batch reactors with a working volume of 1 

L. All reactors were operated exposed to air, at ambient temperature, and mixed with high 

powered magnetic stirrers.  

Mass transfer from the bulk liquid to the gaseous phase was not considered a sink N2O due to 

its high solubility in water232. As no gases which could have stripped N2O were applied to the 

system, mixing or over-saturation were the only mechanisms that would have increased N2O 

mass transfer233. Analysis from the literature supports this assumption, for example, full-scale 

denitrifying biofilter showed <1% of total N2O flux during the summer campaign with average 

temperatures of 22.5 oC234. Additionally, Foley et al. (2010)6 estimated the mass transfer 

coefficient of quiescent reactor zones (i.e. primary sedimentation tanks, anoxic zones, 

anaerobic zones, secondary sedimentation tanks). The method applied related kLa to volumetric 

power input (P/V) for mixing. This analysis showed kLa values an order of magnitude lower 

than those in the aerated zones. It was concluded N2O concentration in these zones is not 

sensitive to mass transfer6. Thus, all reduction N2O is assumed to result from biological 

activity. 
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 Nutrient measurements, and performance analysis 

Sludge performance was monitored using a combination of online and offline methods. 

Dissolved oxygen (DO), pH, Temperature, N2O, and NO3
- were all monitored online. 

Dissolved oxygen was measured with the OxyFerm FDA ARC 225 (Hamilton Company, Reno, 

NV), pH was measured with the EasyFerm plus ARC 225 (Hamilton Company, Reno, NV), 

probes were connected to a laboratory computer running Hamilton device manager software 

(Hamilton Company, Reno, NV). Before all measurements, the Hamilton devices were 

calibrated according to the manufacturer’s instructions. Dissolved N2O was measured in real 

time using a Clarke-type N2O-R microsensor (capable of accurately detecting 0.1-500 µM in 

water) connected to a v2.01 microsensor (Unisense, Aarhus, Denmark). Before measurements, 

the Clark type sensors were polarized and calibrated according to the manufacturer's 

instructions. The obtained data was corrected due to temperature fluctuations235. Dissolved 

Nitrate (NO3
-) and temperature were measured online with WTW IQ Sensor Net System 2020 

XT connect data logger, connected with a VARiON® Plus AN/A comp SET, Robust digital 

probe for ion-selective measurement of ammonium and nitrate (in-situ) for use with the IQ 

SENSOR NET system. Equipped with: Probe VARiON®Plus 700 IQ, reference electrode 

VARiON® Ref, measuring electrodes VARiON®Plus NO3
-, and compensation electrode 

VARiON®Plus Cl (WTW, Weilheim, Germany). Before all measurements, the WTW ISE 

were calibrated according to the manufacturer’s instructions. Matrix adjustment was conducted 

regularly, with values determined by spot sampling processed with ion chromatography as 

described below. While a Cl compensation electrode was equipped, Cl concentration in the 

feed solution was replaced with Br where possible. 

Dissolved NO2
- and NO3

- were measured from spot samples by ion chromatography. Spot 

sampling was optimised by trial runs to identify the average duration for each cycle before 

NOx species were completely reduced. Total suspended solids (TSS) and volatile suspended 
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solids (VSS) samples were taken from the parent SBR and measured by the Standard Methods 

of the Examination of Water and Wastewater.  

Free Nitrous Acid (FNA) (HNO2) was calculated from measured values of pH, NO2
- and 

temperature using 
×

 with the Ka value determined by 𝑒 /( ) for any given 

temperature T (°C)259. 

Mass balance is determined by influent N minus N from the remaining recorded NOx species 

(NO3
-, NO2

-, N2O and FNA). As N2O mass transfer to the gaseous phase is assumed minimal, 

all N not accounted for by the mass balance is assumed to be incorporated into the biomass or 

emitted as dinitrogen gas (N2). All performance parameters were calculated using these mass 

balance assumptions. Maximum concentration/value (NO3-N, NO2N, N2O, pH, and FNA) was 

determined by identifying the maximum value for each parameter from the average across the 

biological replicates, error bar reported is the standard deviation. Rates (NO3-N, NO2N, N2O, 

pH) were calculated for each biological replicate independently, corrected for biomass 

concentration using VSS values, and the average rate across the replicates reported, the error 

reported is the standard deviation.  

 

 Experimental conditions 

Three experimental types were run, controls, pH shocks and NO2
- shocks. Control experiments 

were seeded with 1 L of washed seed sludge. After mixing was started and pH was manually 

adjusted with the addition of 0.1 M HCl and KOH to pH 7.5 manually. Prior to the start of the 

experiment, reactors were left for 5 mins to ensure no change in pH occurred. Once pH was 

stable, the reactor was fed with 10ml of 100 x nitrogen feed solution and 10 ml of the 100 x 

carbon feed solution, and a time zero sample was taken, sampling was conducted every 15 

minutes for the first hour and every 30 minutes until 2.5 hrs post feeding. 
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NO2
- shocks consisted of sludge challenged with 20 mg/l and 70 mg/l NO2-N shocks. While 

the NO2
- concentration is high, in our previous work (chapter 5) the S2 sludge commonly 

produced 15 mg/l NO2-N peak concentrations. Additionally, previous research showed N2OR 

activity to be inhibited by FNA (HNO2) by 50% at a concentration between 0.0007-0.001 mg/l 

HNO2-N, while complete inhibition occurred at concentrations greater than 0.004 mg/l HNO2-

N69. At pH 7.5 and assuming a temperature of 20°C, 20 mg/l and 70 mg/l NO2-N were 

calculated to result in ~ 0.0018 and 0.0062 mg/l HNO2-N, providing N2OR inhibitory 

conditions of 50% and 100% respectively. These conditions were chosen to compare differing 

sludge populations against previously observed concentrations inhibitory to N2OR. 

Additionally, it was hypothesised that more intensive stress conditions would better highlight 

the inherent difference in different microbial communities. Additionally, the introduction of 

NO2
- altered the COD:N ratio of the experiments to 7.1:1 and 4.2:1 for the 20 mg/l and 70 mg/l 

NO2-N shocks respectively. 

The experiment was conducted in the same manner as control experiments. However, 15 

minutes after the reactor had been fed 20 ml and 70 ml of 1000 x NO2-N stock was added to 

the system for the 20 mg/l and 70 mg/l NO2-N shocks respectively, with samples taken just 

prior and just after the spike. The 15 minutes lag time between feed and NO2
- shock was 

introduced to ensure N2O accumulation was not occurring due to the introduction of the feed 

N but was clearly the result of the introduction of the NO2
- shock. 

Conditions for pH challenge were identical to that of the control conditions, except pH was 

manually adjusted to either pH 5.5, 6, or 6.5 prior to the feeding of the reactor. In wastewater 

treatment, organisms are not typically exposed to pH outside the range of 6.0 – 9.074, thus pH 

5.5 was chosen as the most acidic value in the hope of reaching a physiological limit for 

denitrification. 
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6.4. Results and Discussion 

 Controls 

To ensure this process of washing and separating sludge into batch did not induce stress and 

confound N2O accumulation, a control experiment was conducted under identical conditions 

to SBR operation. Results show control batch conditions (figure 6-1) are comparable to the 

final cycle of sludge acclimation, with similar NO3-N reduction rates and accumulation of N2O-

N and NO2-N (table 6-1).   

Comparison of operational and experimental conditions across replicates show each sludge 

type for each condition was exposed to the same conditions (P values presented in table 10-1). 

These results indicate that microbial population response when challenged can be attributed to 

experimental conditions rather than variation in experimental conditions or other operational 

conditions. 

 

Table 6.1 Comparison of denitrifying performance parameters between control batch and parent 
SBR last cycle. 

N2O-N measured online, and NO2-N from spot samples. Maximum concentration was taken from the average 

maximum concentration across replicates. Accumulation rate determined from online N2O-N profile adjusted to 

g of biomass (VSS). Error (+/-) reported is the standard deviations across biological replicates.  
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Figure 6.1 Response to NO2
-/FNA shock (0, 20, and 70 mg/l NO2-N) for three different WWTP sludges 

Graphs compare N2O-N production and FNA reduction rate in response to 0, 20, and 70 mg/l NO2-N shocks. HNO2-N concentrations calculated from grab samples and online 

measurement of pH, NO2-N, and temperature. N2O-N concentration from online measurements. Error bars are standard deviation across biological replicates. Red and yellow 

lines indicate HNO2-N concentration previously reported to inhibit N2OR 100% or 50% respectivly274. Results show different sludges have reproducibly different sensitives to 

NO2-/FNA shock. 
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Table 6.2 Comparisons of denitrifying performance parameters (maximum accumulation (mg/l), and reduction rate (mg/l/h)) for three WWTP sludges 
exposed to NO2

-/FNA shock (0, 20, 70 mg/l NO2-N) 

N2O-N, NO3-N and DO measured online, NO2-N from spot samples, HNO2-N calculated (from NO2-N, pH and Temperature). Maximum concentration was taken from the 

average maximum concentration across replicates. Reduction rate determined from online profiles adjusted to g of biomass (VSS). Error (+/-) reported is the standard 

deviations across biological replicates. 
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 Nitrite/ FNA shocks 

Free Nitrous Acid (FNA) (HNO2) is the protonated form of NO2
-, it is not clear from the 

literature if the NO2
- and FNA effect a population differently or if they share the same 

mechanisms. This study is not designed to examine the differences between FNA and NO2
- but 

how different populations respond to environmental stress. To this end, FNA, and NO2
- are 

assumed to be the same shock and referred to NO2
-/FNA. 

Sludges were exposed to HNO2 concentrations previously reported to inhibit N2OR activity 

50% (20 mg/l NO2-N) and 100% (70 mg/l NO2-N) at pH 769 (figure 6-1). Exposure to 20 mg/l 

NO2-N did not result in N2O accumulation for any of the sludges (figure 6-1). FNA 

concentrations at the time of the spike were between 0.0021- 0.0023 mg/l HNO2-N above the 

reported range of 0.0007- 0.001 mg/l HNO2-N reported to inhibit N2O reduction activity by 

50%69. At this concentration of NO2
- no retardation of NO3

- reduction rate was observed, 

showing that all sludge from our study were more resistant to NO2
- than sludge from previous 

reports.  

Exposure to 70 mg/l NO2-N resulted in the immediate accumulation of N2O for both S1 and 

S3 sludge (figure 6-1). S2 sludge showed a slight increase in N2O accumulation at this NO2- 

dose, increasing from a maximum accumulation of 0.04 mg N2O-N/L to 0.39 mg N2O-N/L 

(table 6-2).  The maximum accumulation of N2O accounted for 0.3%, 5.7% and 17.5% of the 

total nitrogen for S2, S1, and S3 respectively. Previously, 0.004 mg/l HNO2-N was reported to 

inhibit N2O reduction by 100%69. The maximum HNO2-N concentration of each sludge 

exceeded this value with 0.0047, 0.0046, and 0.0057 mg/l HNO2-N in S2, S1 and S3 

respectively (figure 6-1 and table 6-2).   

Exposure to this high concentration of NO2
-/FNA also resulted in retardation of the NO3

- 

reduction rate (table 6-1). NO3
- reduction dropped from 55.98, 61.65, and 50.31 NO3-N mg/l/h 

under control conditions to 36.98, 21.58 and 6.8 NO3-N mg/l/h for S2, S1 and S3 respectively. 
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Ma et al. (2010)258 observed NO3
- inhibition of approximately 60% with FNA in the range of 

0.01-0.025 mg/l HNO2-N258. The HNO2 concentrations in our study are not close to these 

values; however, a reduction of NO3
- rate between 34% - 87% was still observed.   

FNA reduction rates also changed with increasing NO2
-/FNA concentration; however, the 

response was not consistent across the sludges. Where, S2 showed an increase in NO2
- and 

FNA reduction rate, both S1 and S2 showed a decrease in NO2
- reduction rate with increased 

NO2
-/FNA, while FNA reduction rate decreased in S1 but remained consistent in S3 with 

increasing FNA (table 6-2).  

Another response to the introduction of a high NO2
- dose was an immediate increase in 

dissolved oxygen (DO) concentration for S1 and S3 sludge, while for S2, DO always remained 

below the detection limit (figure 6-2 and table 6-2). This increase in DO suggests that the high 

dose of NO2
- inhibited the respiration of a large portion of organisms in the S1 and S3 sludges. 

Results clearly show NO2
-/FNA is not a ubiquitous inducer of N2O production. Differing 

microbial populations have significantly different responses to increasing NO2
-/FNA 

concentrations (see table 6-2 for p values).  

The mechanisms of NO2
-/FNA  inhibition are not currently clear, and it has been proposed that 

NO2
-/FNA has multiple modes of inhibition48. Observations in our study may support this 

hypothesis; all sludges showed a decrease in NO3
- reduction rate, while only S1 and S3 

accumulated N2O and DO and presented retardation of NO2
- reduction rate. A review by Zhou 

et al. (2011)48 outlines the proposed mechanism of NO2
- /FNA inhibition48.   FNA has been 

shown to function as a protonophore uncoupler, increasing proton permeability through cell 

membranes and counteracting the proton pump effect of ATPase thus inhibiting ATP synthesis.  

FNA has been proposed to interfere with enzyme activity either via direct interaction or down-

regulation due to increased FNA concentration.  The presence of FNA has been shown to cause 

the down-regulation of nirK and effect the posttranscriptional regulation of the gene product 
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nitrite reductase48.  These two mechanisms may explain some of the observed responses to the 

high NO2
- doses. Down-regulation of nitrate and nitrite reductase may be a response to high 

concentrations of NO2
- /FNA to avoid further build-up of toxic compounds, either by limiting 

nitrate reductase activity to prevent further NO2
-, accumulation or by limiting nitrite reductase 

activity to prevent nitric oxide (NO) accumulation. The inhibition of ATP synthesis may 

explain the accumulation of DO. Dissolved oxygen was uncontrolled in the current study; low 

DO was maintained by microbial activity. Thus inhibition of respiration would result in the 

inhibition of the consumption of DO and allow the concentration to climb aided by reactors 

mixing. 

While the mechanistic role of NO2
-/FNA cannot be determined by our study, the differing 

responses for each sludge having a plausible connection to previously described mechanisms 

of inhibition are further indication that NO2
-/FNA is not a universal inhibitor and suggests that 

phenotype is not determined by environmental conditions or population alone but a 

combination of both. 

 

Figure 6.2 Dissolved oxygen concentration for three WWTP sludges exposed to NO2-/FNA shock (70 
mg/l NO2-N) 

Online measurements of dissolved oxygen concentration for three WWTP sludges exposed to 70 mg/l NO2-N. 

Error bars are the standard deviation from biological replicates. S2 which is recalcitrant to NO2
- /FNA shock 
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does not show an increase in dissolved oxygen, while S1 and S3 show a marked increase. This result aligns with 

severe retardation of NO3-N reduction rate in S1 and S3 suggesting the NO2
-/FNA shock inhibited cellular 

respiration.  

 

 pH Shocks 

Exposure to low pH resulted in significant and reproducible differences in N2O accumulation 

(table 6-3, figure 6-3 - 6-5) between sludges, with the difference between sludges becoming 

more pronounced as pH reduced from pH 6 - 5.5. This result shows the response to pH is not 

universal across all microbial populations. However, all sludges show a decrease in NO3
- 

reduction rate with decreasing pH, which was not significantly different across sludges (table 

6-3 and figure 6-4). Thus suggesting that while N2O accumulation in response to pH is not 

consistent across the sludges, the retardation of NO3
- reduction appear to be consistent. These 

results indicate that while some sludge populations are resistant to N2O accumulation at low 

pH, as is the case with S3 sludge, having a maximum N2O-N concentration of  2 mg/l, other 

sludge types are very sensitive to changes in pH. 

Full-scale WWTPs are typically operated with a pH between 6.5 and 8.555 but can be exposed 

to pH ranging from 6-949,243,272. At pH 6.5 S2 sludge which produced no N2O under control 

conditions, accumulated 3.86 mg/l. While this pH is at the low end of the standard operating 

range for full-scale wastewater treatment, it is still within the operational range. Additionally, 

at pH 6.5 all sludges quickly accumulated N2O. These results indicate that the exposure of a 

pH-sensitive population to even slight drops in pH could result in a substantial accumulation 

of N2O. In our study all accumulated N2O was subsequently reduced, however in a full-scale 

continuous flow treatment plant accumulation of N2O has the potential to be carried to aerated 

zones and stripped from the system, under these conditions a pH-sensitive population exposed 

to changes in pH would be expected to result in significant N2O emissions.  
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Figure 6.3 N2O-N production response to pH shock (5.5, 6, 6.5) for three WWTP sludges. 

Graphs compare N2O-N production in response to pH 6.5, 6 and 5.5 for three WWTP sludges. N2O-N concentration from online measurements. Error bars is standard deviation 

across biological replicates. Sludges show reproducible and distinct responses to pH stress, with S2 showing a high sensitivity to pH, while S3 is resistant to pH shock. 
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Table 6.3 Comparisons of reduction rate (NO3-N mg/l/h) and maximum concentration (N2O-N mg/l) 
for three sludges exposed to pH shock (5.5, 6. And 6.5) 

N2O-N and NO3-N measured online. Maximum concentration was taken from the average maximum concentration 

across replicates. Reduction rate determined from online profiles adjusted to g of biomass (VSS). Error (+/-) 

reported is the standard deviations across biological replicates. 

 
 

 

Figure 6.4 Maximum concentration N2O-N mg/L in response to pH shock (5.5, 6, 6.5) for three 
WWTP sludges 

N2O-N concentration from online measurements. Maximum concentration was taken from the average maximum 

concentration across replicates. Error bars is standard deviation across biological replicates. Sludges show a 

distinct difference in N2O accumulation in response to pH which is consistent and proportional to the intensity of 

the shock. Suggests response to pH is a property of the microbial community composition of each sludge.  
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Figure 6.5 Reduction rate of NO3-N mg/h/l in repose to pH shock (5.5,6,6.5) for three WWTP sludges 

NO3-N concentration from online measurements, rate taken from the linear part of the curve and corrected for g 

biomass (VSS). Error bars are standard deviation across biological replicates. NO3-N reduction rate is retarded 

for all sludges proportionally to the intensity of the pH shock. 

 

 Stochastic selection 

A marked amount of variability was observable between biological replicates for each sludge 

and under each condition. This variability was mostly limited to N2O produced under the 

environmental stress conditions. Figure 10-1 and 10-2 in the appendix show the N2O profiles 

for each replicate for the NO2
- and pH shock studies. Variability showed marked differences in 

the accumulation rate and maximum concentration of N2O, and it appears that as the 

environmental stress increases so does the observed variability. 

The variability in the results is likely a direct consequence of the methodology. To ensure 

sludge samples were are as representative of the different WWTP populations as possible fresh 

sludge was sourced from the parent WWTP and acclimated for each replicate. Stochastic 

selection resulting from the sampling and acclimation process is likely to have introduced 

variability in the population structure228,275. Further analysis is required to confirm it, or to what 

extent, population drift between replicates has occurred. Sludge samples have been taken and 

stored for population analysis; however, a limitation of funds has not allowed for the analysis 
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of these samples. If population drift has occurred between the replicates and can account for 

the difference in N2O accumulation observed, this lends further support to the hypothesis that 

phenotype is determined by a combination of population structure and environmental 

conditions. 

 

 Phenotype and Genotype 

Results show sludge types significantly differ in their response to NO2
- and pH. S2 was more 

sensitive to N2O accumulation in response to pH but resistant to N2O accumulation in response 

to NO2
- shock, while S3 showed the inverse response. These results show that differing 

microbial populations show reproducibly different responses to environmental stress, again 

suggesting population structure is a primary diver of N2O production. However, while it may 

be a driver of N2O production it is unclear - as highlighted from our previous study and 

discussed by Lycus et al. (2017)238 - if the current denitrifying population indices (nirK, nirS, 

nosZI, nosZII abundance and inter-marker ratios) can provide any explanatory or predictive 

power for N2O production. It was hypothesised that as the metabolic output of the populations 

became more divergent due to increased population stress (as observed above), population 

indices may provide better predictive power. 

Metagenomic data from the parent WWTPs were compared against denitrifying performance 

parameters by Pearson’s linear correlation (Maximum concentration (N2O), accumulation rate 

(N2O), the rate of reduction (NO2
- and NO3

-)). Metagenomic studies of the parent sludge 

suggested that due to the low abundance of nosZII markers and overdominance of nirK, all 

sludge had a predisposition to N2O accumulation (chapter 4).  Of the three sludge, S3 was 

predicted to show the greatest inclination towards N2O accumulation; however, S3 showed the 

lowest N2O accumulation under pH stress, a result which appears to suggest the abundance of 

functional markers is not predictive of N2O production under pH. A result which would not be 
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surprising as Low pH is known to inhibit N2O reductase at a post-transcriptional level, lowering 

N2OR activity while not affecting its rate of transcription49,243–245, altering the phenotype while 

not correlating with the abundance of the functional markers. However, nosZII containing 

organisms have been suggested to be more sensitive to changes in pH then nosZI 

organisms126,132. Analysis of parent sludge population indices and response to changes in pH 

appear to support the relationship of nosZII sensitive to low pH. Sludges with a higher 

nosZII/nosZI ratio generated a higher maximum N2O concentration higher, suggesting the 

nosZII was more sensitive to pH then nosZI. Thus, the more a population's nosZ community 

was comprised of nosZII organisms, the more sensitive to N2O production at low pH the 

population would be (table 6-4).  

Examination of the NOx profiles of each sludge under ideal denitrifying conditions (chapter 5) 

showed that S3 sludge accumulated N2O during acclimation to laboratory conditions, while S2 

only minimally acclimated N2O in the initial cycles. Additionally, S3 accumulated minimal 

NO2
-, while both S1 and S2 initially accumulated NO2

-, with accumulation remaining 

consistent in S2 and decreasing in S1. Thus, even during ideal denitrifying conditions S3 and 

S2 present opposing net metabolic outputs, which appear to align with the sludges sensitivity 

to environmental conditions, in that sensitivity to NO2
- shock was associated with sludges that 

did not accumulate NO2
-. Analysis of parent sludge population indices show no clear 

correlation with N2O accumulation under NO2
- shocks. 

 

Table 6.4  Pearson’s correlation statistic and p-values for maximum concentration N2O-N mg/l and 
population indices. 
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6.5. Conclusion 

Our study shows differing microbial populations have significantly different responses to 

environmental stress and demonstrates marked N2O accumulation under environmental 

conditions within the standard operating range of WWTPs. One of the objectives of the study 

was to determine whether environmental conditions or microbial population structure is the 

dominant driver of N2O accumulation. Results indicated that differing microbial populations 

are sensitive to different environmental stress, clearly showing that neither microbial 

population nor environmental conditions are the predominant driver of N2O accumulation, and 

that accumulation is determined by a combination of factors. Results indicate that WWTPs 

may produce increased N2O emissions if operational parameters and populations are not 

aligned. 
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7. Discussion and Future 
Research 

 

The primary objective of this thesis was to extend our understanding of denitrifying microbial 

ecology in municipal wastewater treatment and its role in the production of N2O; by the 

examination of the genetic potential for N2O production and its intersection with environmental 

perturbations. To achieve this goal, the thesis was separated into three distinct research 

questions: 

 To what extent do denitrifying population structures differ between similar WWTPs, and 

does the distribution of functional markers indicate a difference in genetic potential for N2O 

production? 

 Does the genetic potential for N2O predicted from functional marker distribution account 

for differences between populations under ideal denitrifying conditions? 

 Do differing populations show differences in N2O accumulation in response to 

environmental shocks? 

This research highlights many areas for further study. However, in the author's opinion, the 

most important contribution of the work is its extension of the discussion of the relationship 

between a population’s genotype and phenotype, and the exploration of the implications this 

relationship may have on N2O management for wastewater treatment. These topics, as well as 

further research, are discussed in the following sections. 

 

7.1. Genotype vs Phenotype 

Results from this thesis show that a population’s genetic potential, as determined by the 

distribution of denitrifying genes, does not show promise for predicting N2O emissions. This  

observation and the identification of functional guilds by Graf et al. (2014)13 suggests more 
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granular levels of population structure that are likely more determinant of a population’s net 

N2O emissions. For example, a population with an identical abundance of denitrifying genes 

may have different distributions of co-occurring denitrifying genes and thus result in differing 

phenotypes. Additionally, results from this thesis (chapter 6) suggest that differences in the 

regulatory mechanisms that organisms possess are likely to have a significant impact on a 

population’s production of N2O in response to environmental stress.    

There has been a long-standing difficulty associating the genotype of a denitrifying population 

with the population’s phenotype. Lycus et al. (2017)238 point out one of the most significant 

problems for this endeavour is that the presence of a gene does not necessitate its expression, 

assembly or subsequent activity238. It is well established that pH inhibitory effects on Nitrous 

oxide reductase are the result of post-transcriptional mechanisms inhibiting the activity of 

N2OR but not reducing its expression49. However, if a response to environmental conditions 

were consistent for each denitrifying enzyme and the organisms that possess them, then the 

disconnect between genotype and phenotype would not be an issue. This suggests that a large 

degree of diversity exists in the regulation of denitrification between organisms. Indeed, reports 

from the literature show a wide variety of phenotypic and regulatory responses in 

denitrification61,89–92,123,124,238,267. For example, organisms have been identified that possess two 

copies of N2OR, which operate at differing pH124, while other studies have identified organisms 

that only reduce N2O under low pH238. Additionally, numerous examples of differences in 

denitrifying rates and sensitivity or resistance to dissolved oxygen have been observed61,89–

92,267. 

Aside from regulatory factors, the physiological state of the cell has also been shown to govern 

the phenotypic output of organisms when exposed to environmental stress. For example, the 

amount of internal carbon storage has been shown to alter a population’s response to nitrite 

shock. Decreased internal storage resulted in a significantly higher N2O accumulation from the 
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same population when compared to nutrient replete conditions224. In this instance analysis of 

the microbial population structure would have provided little predictive ability as the 

populations were assumed identical. However, it is unclear if differences in denitrifying 

functional markers would fare any better with differing populations.  

The results of this thesis (chapter 6) show that differing microbial populations can have 

significantly different responses to environmental stress. The observation that there is a large 

degree of diversity in denitrifier phenotype supports this observation. This result indicates that 

assessment of genetic potential by analysis of the denitrifying functional markers is not likely 

to predict a population’s potential for N2O production under all environmental conditions, as 

the structure of the denitrifying population cannot account for differences in physiological state 

and regulatory structure. These observations, however, do not mean that the genetic potential 

of a microbial population cannot be accurately predicted; on the contrary, observations from 

this thesis highlight the areas of research required to further our ability to develop predictive 

models of N2O production. However, it should be noted that the models required to achieve 

reliable and predictive results are likely to be complex. In a review by Widdler et al. (2016)276, 

the role of microbial communities and the need to develop better-integrated models to 

understand their complexity and predict their phenotypic outputs are discussed. Using WWTPs 

as an example, they describe the level of detail required to begin modelling this process276. The 

development of an integrated model for N2O will require the analysis of numerous populations 

tested across different environmental conditions. These models would integrate genomic, 

proteomic, metabolic and transcriptomic data to accurately understand how the genetic 

potential relates to the interaction of physiological, environmental and population interactions. 
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7.2. Implications for N2O management in wastewater  

It was the initial hope of this thesis that the genetic potential as measured by denitrifying 

functional markers could be used as a simple and efficient means of testing WWTPs sludge 

and determining if the population showed a propensity towards N2O emissions. While results 

show that this is possible, the predictive ability of such an analysis is dampened by the 

variability of such populations to environmental shock. As described by Yoshida et al. (2014)5, 

disruption of operational parameters led to an upwards of 200% increase in N2O emissions5,77. 

Therefore, any management of WWTP N2O would need to be able to accommodate such 

shocks. 

Results from this thesis show (chapter 5) that under stable conditions differences in population 

structure do not result in wildly different N2O emissions. This result indicates that the common 

best practice management approach is still essential advice for N2O management. With best 

practice meaning maintaining stable conditions which should result in minimal N2O emissions. 

However, the stable conditions in these studies were persistent denitrifying conditions. 

WWTPs commonly expose microbial populations to oscillations from aerobic to anoxic 

conditions, and studies have shown that this transition leads to increased N2O production and 

emissions54. Given that responses to environmental stress have been shown to be sludge 

dependant in this thesis, further research is required to determine if this response is typical 

across multiple sludge populations. 

As a sludge population’s response to environmental stress appears to be dependent on the 

microbial population and given that microbial populations appear to be distinct to individual 

treatment plants, management of and research on N2O emissions may need to be undertaken 

on a case by case basis. A recent paper by Zhang et al. (2018)17 provides a good example of 

how WWTPs exhibit distinct populations by site17. The microbial community composition of 

each unit of 4 Chinese WWWTPs was analysed across seasons. Results showed differing 
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populations in each unit of the treatment chain and these differences were attributed to 

dissolved oxygen concentration. Despite the differences between operational units of each of 

the treatment plants, when grouped these showed less difference within the treatment chain of 

each plant than between treatment plants. Moreover, treatment plants with similar influent 

characteristics but different processes, clustered separately.  The author interprets the result to 

suggest that process type is also an important determinant of population structure and these 

results strongly suggest that treatment plants harbour distinct microbial populations. 

Given the hypothesis that WWTPs harbour distinct microbial populations and that the diversity 

of the organisms determine the response to changes in environmental conditions, how best can 

complex and dynamic systems like WWTPs be managed to minimise N2O emissions? Results 

from this research show that while the response to environmental stress is variable between 

populations, it also shows that populations can be resistant to certain types of environmental 

stress, producing minimal or no N2O even under extreme conditions (chapter 6). It may be 

possible to identify and enrich an activated sludge culture that is resistant to the most common 

process perturbations experienced by WWTPs. Studies that have manipulated microbial 

communities have shown that the introduction of microbes with known metabolisms can be 

used to shift the microbial community. Moreover, this has been achieved with endogenous 

organisms and in-field-trials24,151. The development of a sludge designed to be resistant to 

environmental shocks and produce minimal N2O could be enriched and used as a probiotic for 

WWTPs to shift the microbial community to one which minimises N2O emissions.  
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7.3. Future research 

Over the course of this research, several questions have been raised that require further 

research.  

Chapter 4: 

 Sampling variability: 

Variability between biological replicates suggests randomness in sampling may cause 

an issue for the population analysis of large and complex populations, particularly for 

low copy number organisms. This hypothesis requires further research. Determining if 

randomness in sampling is a major cause of variability in population data would require 

multiple sludges to be analyzed with multiple DNA extractions. The application of 

internal standards as performed by Zhou et al. (2011)216 could be used to distinguish 

between sampling and analytic variability.  

 

 NZ WWTP nirK bias: 

The three WWTPs surveyed all showed a low abundance of nirS and populations 

dominated by nirS. These results are significantly different from the trend observed 

across the literature for WWTPs and may suggest a regional bias. More in-depth 

analysis of multiple NZ WWTPs is necessary to test this hypothesis. 

 

Chapter 5: 

 Adaptation to laboratory conditions: 

Results showed that sludge populations initially accumulated N2O but quickly adapted 

to laboratory conditions. As no population or transcriptome analysis was performed, it 

is not clear whether population shift or a change in regulation or upregulation of 
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denitrifying genes was the cause of the change. Genomic and transcriptomic analysis 

of the stored samples may shed light on the cause of this transition. 

Additionally, it is not clear if this adaption to laboratory conditions was the result of 

prolonged anoxic conditions. It may be that populations exposed to aerobic and anoxic 

cycling would not stabilise and continually produce N2O. This experiment should be 

repeated under aerobic and anoxic cycling with multiple sludge types.  

 

Chapter 6: 

 Mechanisms of environmental resistance and sensitivity: 

Results showed that differing microbial populations possess differing resistance and 

sensitivity to environmental stress. While results showed some correlation with nosZII 

abundance and sensitivity to pH, functional markers provided minimal information on 

the cause of the sensitivity or resistance. However, microbial population data was used 

from parent sludge and would not account for any shift in the microbial population. 

Extraction and analysis of stored samples should be tested to see if any correlation can 

be made between functional marker distribution. While analysis of the data and 

literature suggest that functional marker analysis cannot be used to predict regulatory 

or post-transcriptional effect, correlation of the diversity of organisms possessing each 

functional marker may be found. Identifying organisms that correlated with sensitivity 

or resistance to environmental stress would be the first step in research to identify which 

mechanisms offer resistance. 
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Discussion and conclusion: 

 Complex integrated models: 

The lack of ability to track regulatory or post-transcriptional effects with denitrifying 

functional markers significantly limits their use as a predictive tool. Integrated 

modelling of a sludge combining genome reconstruction, transcriptomics, 

metabolomics and proteomics under differing control environmental conditions is 

therefore required. This type of deep study analysis is likely one of the best approaches 

to gaining a comprehensive understanding of the inter-organism relationships that 

govern the population output and links genotype to phenotype. 

 

 Probiotic for N2O minimisation in WWTPs: 

The development of a probiotic for WWTPs is likely a complex and involved research 

task. This is a result of ambiguity around the causes of environmental resistance or 

sensitivity. The utility of a probiotic for N2O minimisation depends on the ability to 

show that a complex microbial population is operationally viable under normal 

operating conditions and is resistant to common WWTP environmental stress. The 

populations would need to be shown to be maintainable in culture without significant 

drift or loss of the desired phenotype due to adaption to culture conditions. Additionally, 

it would need to be shown that regular dosing of a treatment plant with this sludge 

would alter the population and change the operational phenotype of the plant. Finally, 

the practical matters of dose amount, rate and benefit vs cost would need to be 

determined.  
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7.4. Conclusions  

The functional markers nirK, nirS, nosZI, and nosZII are insufficient to predict a population’s 

genetic potential for N2O production accurately. While the distribution of these functional 

markers can provide predictive power for skewed populations, as is the case in this thesis, our 

results suggest that provided with stable conditions microbial communities will stabilize and 

produce minimal N2O. This stabilisation indicates that the analysis of a population’s genetic 

potential by the distribution of functional markers alone is likely to only offer predictive values 

for skewed populations when experiencing environmental stress and even in such instances the 

predictive value is likely to be limited. 

Given the current level of understanding of denitrifying microbial ecology, assessment of a 

treatment plant’s N2O potential by analysis of a microbial population’s denitrifying ecological 

structure is not currently feasible. Accurate estimation of the genetic potential for N2O 

production is likely to require both an assessment of the syntrophic structure of the population, 

the diversity of the denitrify community and the regulatory structure of each of the organisms. 

Essentially a complex microbial metabolic model that includes the regulatory framework of 

differing organisms is required to assess a population’s potential for N2O production 

accurately. 

Results for this research indicate that management of N2O emissions from WWTPs is best 

achieved by providing stable environmental conditions. While further research is required to 

determine if different populations have significantly different N2O emissions when exposed to 

the frequent cycling from aerobic to anoxic conditions, results show that stable denitrifying 

conditions result in quickly minimal N2O accumulation irrespective of the distribution of 

denitrifying genes.  

The observation that microbial populations can be resistant to the extreme environmental stress 

of specific kinds suggests that microbial populations with resistance to common environmental 
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shock experienced by WWTPs could be developed.  While requiring further research to 

confirm this hypothesis, a WWTP probiotic may be an effective means of mitigating N2O 

emissions from WWTPs.
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Supplementary Data Chapter 4 
 

Table 8.1: Illumina Hiseq 2500 with v4 chemistry sequencing results summary for three WWTP 
sludges in triplicate. 

The table summarises the amount of data obtained (Mbase), the number of reads per sample and average for 

sampling site, the and read quality scores. 

 

Table 8.2: Bioinformatics results summary for three WWTP sludges in triplicate 
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Table 8.3: DNA extraction results from summary for three WWTP samples in triplicate 

The concentration of DNA obtained is presented. Ratios represent the purity of the DNA 

 

 

Table 8.4: 16S rRNA Diversity indices for three WWTP sludges   

 

 

Figure 8.1: 16S rRNA Rarefaction curves for three WWTP sludges 

Rarefication curves are determined from the assignment of 16S rRNA marker OTUs. Hight of the curve indicates 

the diversity. The plateau of the curve indicates the likely hood all rear species have been identified.  
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Figure 8.2 16S rRNA PCoA for three WWTP sludges 

PCoA determined from the assignment of 16S rRNA marker OTUs. PCoA is measuring the similarity of the 

populations by clustering, results indicate 16S rRNA populations are distinct between WWTPs. 

 

 

Figure 8.3: 16S rRNA Phyla relative abundance for three WWTP sludges 
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Table 8.5 16S rRNA Core microbial Genera of three WTTP sludges (genera >0.01%) 

The list comprised of all 16S rRNA genera with >0.01% of the total population present in each WWTP sample.  
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Table 8.6: Comparison of Core Microbial Genera across papers 

The table presents the number of instances genera identified in each WWTP surveyed in this study appear in a list 

of core microbial genera reported in the literature35,162,165,170,176. 

 

 

Table 8.7: P values of Spearman’s ranked coefficient for Functional maker abundance (nirK, nosZI 
and nosZII) in three WWTPs (S1, S2, and S3) 
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Table 8.8:Functional marker counts /ng DNA 

Total nir (nirK + nirS), total nosZ (nosZI + nosZII). All values normalised to average ng/DNA of extracted DNA 

for each sample 

 

 

Table 8.9: nirK raw Genera OTUs 

Taxonomic assignment of nirK markers to a local database of nirK organisms generated from NCBI 

 

Table 8.10: nirS raw phyla OTUs 

Taxonomic assignment of nirS markers to a local database of nirK organisms generated from NCBI 
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Table 8.11: nosZI raw Genera OTUs 

Taxonomic assignment of nosZI markers to a local database of nirK organisms generated from NCBI 

 

Table 8.12: nosZII raw Genera OTUs 

Taxonomic assignment of nosZII markers to a local database of nirK organisms generated from NCBI 

 

Table 8.13: Functional marker (nirK, nosZI and nosZII) diversity indices 
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Figure 8.4: Functional marker rarefaction curves of denitrifying functional markers nirK, nosZI, 
and nosZII for three WWTP sludges 

Rarefication curves are determined from the assignment of functional marker OUT s. Hight of the curve indicates 

the diversity. The plateau of the curve indicates the likely hood all rear species have been identified.  

 

Figure 8.5: PCoA analysis of denitrifying functional markers nirK, nosZI, and nosZII from three 
WWTP sludges 

PCoA determined from the assignment of functional marker OUT s. PCoA is measuring the similarity of the 

populations by clustering, results indicate the functional marker populations are distinct between WWTPs. 

 

Table 8.14: Comparison of core denitrifying genera  with 16S rRNA core microbial genera 
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Supplementary Data Chapter 5 

 

Figure 9.1Average  pH profile across 8 SBR cycles for three WWTP sludge under denitrifying conditions 

pH was measured online. Error reported is standard deviation across biological replicates. 
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Table 9.1 ANOVA results comparing denitrifying performance parameters between samples and replicates for three WWTPs sludges operated under 
denitrifying conditions for 8 SBR cycles 
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Table 9.2 Population analysis: Pearson’s linear correlation comparing population indices and performance parameters (p-value and statistic) across the 
WWTP sludges 

Average values for each sludge type were compared with the population indices of sludge from the parent WWTP. Only values which recorded a statistically meaningful 

correlation (<0.05) or at least one parameter are presented. 
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Supplementary Data Chapter 6 
 

Table 10.1 ANOVA results comparing denitrifying performance parameters between samples and replicates for three WWTPs sludges exposed to NO2
-/FNA 

and pH shocks 
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Figure 10.1 N2O-N accumulation comparisons of biological replicates for three WWTP sludges exposed to NO2
-/FNA shock (0, 20, and 70 mg/L NO2-N) 

N2O-N measured online. 
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Figure 10.2 N2O-N accumulation comparisons of biological replicates for three WWTP sludges exposed to pH shock (5.5, 6, 6.5) 

N2O-N measured online. 
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Table 10.2 Population analysis: Pearson’s linear correlation comparing population indices and performance parameters (p-value and statistic) across the 
WWTP sludges exposed to NO2

-/FNA and pH shocks 

Average values for each sludge type were compared with the population indices of sludge from the parent WWTP. Only values which recorded a statistically meaningful 

correlation (<0.05) or at least one parameter are presented. 
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