
  

 

CHARACTERIZATION OF SOIL DENITRIFIER DIVERSITY: 

FROM ISOLATE PHYIOLOGY TO COMMUNITY METAGENOMICS 

 

 

 

 

 

 

 

 

A Dissertation 

Presented to the Faculty of the Graduate School 

of Cornell University 

In Partial Fulfillment of the Requirements for the Degree of 

Doctor of Philosophy 

 

 

 

 

 

 

by 

Constance A. Roco 

August 2015



 

 

 

 

 

 

 

 

 

 

 

 

 

© 2015 Constance A. Roco



 

 

CHARACTERIZATION OF SOIL DENITRIFIER DIVERSITY: 

FROM ISOLATE PHYIOLOGY TO COMMUNITY METAGENOMICS 

 

 

Constance A. Roco, Ph. D. 

Cornell University 2015 

 

ABSTRACT 

 

Denitrification is a part of the global nitrogen cycle in which reactive nitrogen in the biosphere is 

returned to the atmosphere, and is mediated by diverse communities of microorganisms. The work in this 

thesis was undertaken to gain a greater understanding of the ecology of denitrifying microorganisms. A 

combination of bioinformatic analysis of denitrification genes in pure cultures and environmental 

samples, as well as experimental work with denitrifying bacterial cultures and soil microcosms was 

performed to understand the relationship between genes and ecosystems in denitrification.  

First, we examined the diversity of denitrifiers in soil through genome sequencing of microbial 

isolates coupled to denitrification gas kinetic measurements. The results suggest that partial denitrifiers 

are common among soil bacteria and it was demonstrated that nitrogen oxide production could not always 

be predicted by the genetic potential of the isolates. This reveals there are different regulatory effects on 

each step of the denitrification pathway, which dictate the accumulation of denitrification products.  

Secondly, the prevalence of dissimilatory reduction of nitrate under aerobic conditions in soil was 

assessed. Bacteria capable of aerobic nitrate reduction were easily isolated and found to reduce nitrate at 

oxygen concentrations greater than levels associated with the onset of nitrite reduction and the genomic 

analysis of the nitrate reductase genes revealed a wide diversity of physiological controls. 



 

Finally, a soil microcosm study was performed to determine the influence of oxygen on 

denitrification gas kinetics and denitrifier community structure. Comparison of soils exposed to oxic, 

short anoxic and long anoxic conditions revealed the oxic soils had fastest denitrification rates, indicating 

denitrifiers were not hindered by oxic conditions. The genetic community structure, characterized through 

metagenomic and metatranscriptomic analysis, was shown to be an important factor in determining 

denitrification rates and end product ratios.  

In conclusion, denitrification is a complex pathway of ecological importance that is controlled by 

the interaction between genes and environmental factors. In order to develop useful tools to mitigate 

reactive nitrogen and other climate-forcing nitrogen species, a comprehensive understanding of the 

regulatory network of denitrification with respect to microbial physiology and environmental interactions 

is needed.  
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CHAPTER 1 

 

INTRODUCTION 

 

Importance of denitrification 

One of the major environmental challenges of the 21st century is the management of 

nitrogen (N) in natural and engineered ecosystems (Rockstrom et al., 2009). The principal reason 

N has become a major modern pollutant is due to the fact that N2 fixation, both biological and 

industrial, now far outpaces historical rates of denitrification, nearly doubling the global 

circulation of reactive N, defined as ammonium and nitrate (Galloway et al., 2008; Galloway et 

al., 2003). This excessive N has led to ecological consequences spanning from eutrophication of 

aquatic ecosystems, soil acidification, an increase in smog and ozone depletion in the 

atmosphere, to ultimately contributing to climate change (Gruber & Galloway, 2008; Vitousek et 

al., 1997; Erisman et al., 2011; Payne et al., 2013). Interestingly, studies that quantify nutrient 

input/output at the ecosystem level have found that the dynamics of reactive N in soil is quite 

complex, with hydrologic outputs being substantially lower than the total inputs of reactive N 

(which include fertilizer, atmospheric deposition and sewage) (Groffman, 2008; Boyer et al., 

2002; Howarth et al., 1996; Davidson, 2009; Erisman et al., 2011). This puzzle of the missing 

sink of N in the N budgets has been studied across northeastern US hardwood forests more so 

than in other areas largely due to the elevated acid deposition in this region from industrialization 

(Driscoll et al., 2003; Wexler et al., 2014; Burgin & Hamilton, 2007). The demand for growth 

from plants, accumulation of reactive N to soil organic matter, and outputs of N in stream flow 

and/or groundwater do not help account for the missing sink of N (Galloway et al., 2008; Yanai 

et al., 2013). Surprisingly, even as N inputs have remained elevated in the northeast, stream N 
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outputs are declining, therefore increasing the budget imbalance (Yanai et al., 2013; Goodale et 

al., 2003; Bernal et al., 2012).  

This “enigma of the missing N” has led to an increased interest in the microbially 

mediated biogeochemistry of reactive N (Jetten, 2008; van Breemen, 2002). The microbial 

process of denitrification, which converts reactive N to unreactive N2 or to climate-forcing 

reactive trace gases (nitric oxide and nitrous oxide) (Van Cleemput & Baert, 1984) is proposed to 

be the major sink of this missing reactive N (Davidson & Seitzinger, 2006; van Breemen, 2002; 

Morse et al., 2015; Martinez-Espinosa et al., 2011; Kulkarni et al., 2014; Kulkarni et al., 2008; 

Wexler et al., 2014). However, there are few accurate measurements to support this proposal. 

Denitrification is extremely difficult to measure due to the difficulty in directly measuring N2 

fluxes and due to the high degree of spatio-temporal variability in redox conditions and substrate 

sources (Groffman et al., 2006; Pinder et al., 2012). In addition, the diverse environmental 

controllers of denitrification and the diversity of denitrifying microbes has further hindered the 

ability to accurately predict and model the fate of reactive N in the global budget (Groffman, 

2008; Boyer et al., 2002; Howarth et al., 1996; Pinder et al., 2012; Kulkarni et al., 2008). The N-

gas product stoichiometry of reactive N removal is controlled by the ecology and regulatory 

biology of the organisms involved. Therefore, having a better understanding of the soil microbes 

that perform denitrification is a critical factor in the management of ecosystem health and 

productivity. 

The denitrification pathway 

Denitrification is the microbially mediated pathway by which nitrate (NO3
-) is stepwise 

reduced to nitrous oxide (N2O) or dinitrogen gas (N2) via nitrite (NO2
-) and nitric oxide (NO) 

(Zumft, 1997). This process is carried out primarily (but not exclusively) by facultatively 
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anaerobic bacteria that normally respire oxygen (O2) but in its absence respire N-oxides. Most 

denitrifying bacteria are heterotrophs, requiring organic compounds as an energy source. More 

than 60 genera of denitrifying microorganisms have been identified (Zumft, 1997) and 

denitrifiers represent up to 5% of the total soil microbial community (Wallenstein et al., 2006;  

Cheneby et al., 2000; Philippot et al., 2007). The ability to denitrify occurs among a large range 

of organisms from different habitats and phylogenetic groups (Bergaust et al., 2008; Martinez-

Espinosa et al., 2011; Zumft, 1997; Philippot & Hallin, 2005; Nicol et al., 2008; Philippot et al., 

2007).  

The most commonly studied denitrifying species are those from the Proteobacteria and 

denitrifying representatives can be found in each of the different classes of Proteobacteria. 

Accumulating genomic data has indicated an increasing number of species from different 

bacterial phyla as having the genetic capacity to denitrify, which further suggests that denitrifiers 

do not have a close phylogenetic relationship and that horizontal gene transfer is important in the 

acquisition of the capacity for denitrification (Braker et al., 1998). Examples of Archeal and 

several fungal denitrifying species also exist (Shoun et al., 1992; Philippot, 2002). Along with 

phylogenetic diversity, there is also physiological diversity seen within denitrifiers. Pure culture 

work on model denitrifiers has found as much phenotypic diversity within taxonomic groups as 

between them in terms of denitrification potential (Bakken et al., 2012). For example, isolated 

strains of the genus Thauera, which all possessed the necessary genes for complete 

denitrification, showed vastly different accumulation of N-oxide intermediates when grown in 

identical experimental conditions (Bakken et al., 2012; Liu et al., 2013). It has also been seen 

that denitrifiers of the same species, such as Rhodobacter sphaeroides, can vary in the amount of 
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N-oxide genes they possess, with some having all genes necessary for denitrification while 

others only having one gene of the pathway (Shapleigh, 2011). 

The complete denitrification pathway has distinct N-oxide reductases for each step, but 

some of the steps have multiple enzymatic types which are functionally redundant (Figure 1.1). 

The first reaction, the conversion of NO3
- to NO2

-, is catalyzed by either a membrane associated 

nitrate reductase, with the catalytic subunit encoded by the narG gene, or its soluble periplasmic 

homologue, with the catalytic subunit encoded by the napA gene (Yoshimatsu et al., 2000). Both 

catalytic subunits in Nar and Nap contain a molybdenum cofactor and iron-sulfur center 

(Moreno-Vivian et al., 1999).  

The defining step in denitrification, however, is considered the conversion of NO2
- to NO 

via nitrite reductases (Zumft, 1997; Shapleigh, 2007), which is the first step in the pathway that 

produces a gaseous product. This step is carried out by two different NO forming NO2
- 

reductases, which are encoded by the nirK or nirS genes, respectively. Despite having similar 

functional roles and localization in the cell (Glockner et al., 1993), these proteins have dissimilar 

structural features (Philippot, 2002). The NirK protein is a member of the multi-copper oxidase 

family, with copper ions as ligands within the catalytic center. By contrast, the NirS protein is 

encoded by the cytochrome cd1 nitrite reductase and contains two different heme types 

associated with the protein (Zumft, 1997). To date, no organism has been physiologically 

characterized with both Nir types present in the same genome, although several organisms have 

been found with two or three copies of one Nir type (Jones & Hallin, 2010). nirK is present in a 

wider range of phylogenetically disparate bacteria than nirS (Coyne et al., 1989).  

Nitric oxide is an intermediate product in the denitrification pathway, however, due to its 

cytotoxicity it is usually scavenged by Nor immediately after its production. The reduction of 
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NO to N2O is carried out by two distinct forms of Nor: cytochrome c oxidizing cNor and quinol 

oxidizing qNor (Hino et al., 2010; Matsumoto et al., 2012). The ability to reduce NO to N2O is 

not unique to denitrification, as NO is highly toxic and a powerful intracellular signaling 

compound, and thus microorganisms may possess Nor as a means of detoxification (Zumft, 

2005).  

For the terminal step in the denitrification pathway, nitrous oxide reductase, Nos, is a 

copper-containing enzyme and is the exclusive enzyme used for N2O consumption (Spiro S, 

2012). Structural evidence of Nos demonstrates that it has a multi-copper sulfur cluster (CuZ) in 

close proximity to an additional multi-copper center (CuA) (Pomowski et al., 2011). The CuZ 

center has been shown to have a redox-inactive form that can be caused by increased oxygen 

concentrations (Pomowski et al., 2011). It has also been shown in pure culture work that the 

CuA center can also be partly inhibited in low pH conditions with the increase in H+, causing a 

misfolding of the protein (Bergaust et al., 2010; Fujita & Dooley, 2007). 

 

 

Figure 1.1: The organization of denitrification enzymes in a gram-negative bacterial cell (modified from 

(Robertson, G.P.& Groffman, P.M., 2007). 
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Denitrifying bacteria are frequently viewed as being universally capable of reducing nitrate 

to N2, but strains lacking portions of the pathway are common (Graf et al., 2014; Braker, 

G.,Conrad, R., 2011). In fact, ‘incomplete denitrifiers’, those having less than the full complement 

of N-oxide reductases, are more common among bacteria whose genomes have been sequenced 

than complete denitrifiers (Shapleigh, unpublished). These observations indicate that one gene 

cannot serve as a proxy for classification of an organism as a full denitrifier and it is unrealistic to 

model denitrification as a single, tightly linked pathway. As denitrification is not a defining 

characteristic of any microbe, the cascading genes do not necessarily need to be coordinated. 

Denitrification should therefore be thought of as a modular pathway where organisms may have 

different assemblages of denitrification genes depending on their energetic needs or substrate 

availability (Zumft, 1997).  

Viewing denitrification as a modular process can also help elucidate the importance of each 

intermediate product of the pathway. Since the product of each N-oxide reductase is freely 

diffusible, the intermediate products of denitrification can be exchanged with the soil environment. 

As a consequence, denitrifiers make up a significant source of NO2
- in soil solution and important 

sources of the atmospheric gases NO and N2O. This leakage of intermediates has important 

environmental implications. Nitrite is an important source of hydroxyl radicals and nitrous acid in 

the atmosphere (Stemmler et al., 2006; Su et al., 2011) and NO is a highly reactive gas that serves 

as an important source of tropospheric ozone (EPA, 2002) and is readily converted to NO2 and 

deposited back to the earth’s surface in acid precipitation (Groffman et al., 2012). The last 

intermediate, N2O, is a greenhouse gas with a 120 year lifespan that contributes to the destruction 

of the stratospheric ozone layer and global climate change (Ravishankara et al., 2009). The 

concentration of N2O has been steadily increasing (Reay et al., 2012), primarily due to intensive 
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farming practices (Shcherbak et al., 2014) and is one of the reasons that the N cycle has been 

identified as one of three earth-system processes whose ‘planetary boundary’ has been surpassed 

(Rockstrom et al., 2009). Understanding how environmental controllers and the denitrifier 

community affect the amount of leakage of these intermediates into the environment can help us 

understand the overall flux of reactive N.  

Controllers of denitrification in soil 

As a microbially mediated process, denitrification is controlled by both the soil physical 

conditions and the denitrifying community in soils. Soil environments strongly affect the 

distribution and diversity of the denitrifying community, and also the spatial and temporal 

location of denitrification. Thus, it is important to understand that complex and interactive 

factors are involved in regulating the expression and activity of N-oxide reductases and 

subsequent N2O and N2 emissions. Consequently, it is critical to understand the factors that 

regulate the synthesis and activation of the denitrification proteome and drive the wider ecology 

of the microorganisms involved. 

Both the overall denitrification rates and the proportions of N2O and N2 gas produced by 

denitrifying bacteria can vary depending on numerous environmental parameters, such as water-

filled pore space (i.e. O2 availability), nitrate and nitrite availability, available carbon, pH and 

temperature. These factors are not constant and show large variation, leading to spatial and 

temporal heterogeneity of denitrification, which are termed as ‘hotspots’ and ‘hot moments,’ 

respectively (Vidon et al., 2010; McClain et al., 2003). As ‘hot moments’ can be caused by a 

rainfall or flooding events, studies have investigated how varying levels of soil water content can 

influence the N2/N2O ratio. Under laboratory conditions, the overall denitrifying activity and 

N2/N2O ratio increased with increasing soil water content (Colbourn & Dowdell, 1984; Vinther, 
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1984), which was also confirmed in the field (Rudaz et al., 1999). It has also known that lower 

pH can decrease the N2/N2O ratio (Bakken et al., 2012; Simek & Cooper, 2002) and the liming 

of soils to increase their pH has been proposed as a potential N2O mitigation strategy (Barton et 

al., 2013).  

The production of N2O from soil ecosystems has been described using the 'leaky-pipe' 

conceptual model (Firestone & Davidson, 1989), where NO and N2O emissions from soil are 

regulated by the flow of N through the 'pipe', the rate of nitrification/denitrification occurring 

within the soil microbial community, i.e. the amount 'leaking' through the holes, and the soil 

physical parameters that control the diffusion of gases through the matrix. This in turn controls 

the rate at which the gases are consumed by the microbial community (Wallenstein et al., 2006). 

The mechanisms of how microbial diversity is achieved include the usage of numerous 

enzymatic forms and differences in transcriptional regulation (Bothe, H. et al., 2007), which can 

also be applied to denitrifiers. Studies demonstrate that N-oxide reductase abundance and 

activity are governed by abiotic factors inhibiting one or more enzymes (Bateman & Baggs, 

2005), differential transcription of functional genes encoding the enzymes (Bakken et al., 2012), 

or absence of functional genes within genomes (Jones C.M et al., 2014). The transcription of the 

genes coding for the individual N-oxide reductases is controlled by a network of transcriptional 

regulators and ancillary factors (Zumft, 1997; Zumft & Kroneck, 2007). Although it is believed 

that low O2 tension and the presence of NO are the prevailing exogenous signals that induce the 

synthesis of the denitrification system (Braker, G.,Conrad, R., 2011), considerable variability 

exists among strains in their response to these signals (Bergaust et al., 2008; Rodionov et al., 

2005; Ka-Jong et al., 1997), which may account for the different reduction rates between 

neighboring reactions. For example, denitrification activity can persist in the presence of O2 in 
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environments that have shifted from anaerobic to aerobic (Ka-Jong et al., 1997; Morley et al., 

2008). Denitrification is energetically unfavorable compared with aerobic respiration, but a 

minimum expression of denitrification enzymes may be necessary for survival during rapid 

transition from aerobic to anaerobic conditions. Expression of Nir and Nor under hypoxic 

conditions is common among denitrifiers from the environment (Ka-Jong et al., 1997; Lloyd, D. 

et al., 1987), and is generally understood as a protective mechanism against cytotoxic 

concentrations of nitrite and nitric oxide, respectively (Knowles, 1982). The Nar/Nap, Nir and 

Nor enzymes generally have a higher tolerance to O2 compared with Nos, where the catalytic site 

can be irreversibly damaged during transient exposure to O2 (Dendooven, L.,Anderson, J.M., 

1994; Mazoch et al., 2003). 

Having a better understanding of the controllers of denitrification at both the ecological 

and microbial scales is imperative in understanding reactive N dynamics. Ideally, measurements 

of ecological drivers along with microbial community dynamics can together help make the 

connections needed to understand this complex pathway.  

Methods to measure denitrification at the ecosystem to cellular level 

 Denitrification has always been a challenging process to measure (Groffman et al., 2006), 

primarily due to the difficulty of quantifying the flux of N2 from soil against the high natural 

atmospheric background of this gas (Yang & Silver, 2012). Most denitrification methods therefore 

involve alteration of physical or chemical conditions through the use of inhibitors (i.e. acetylene) 

or amendments (i.e. 15N) to permit measurement of gases with lower background levels. These 

techniques often underestimate denitrification rates or are logistically complicated and demanding 

(Groffman et al., 2006; McKenney et al., 1997; Kliewer, B A & Gilliam, J W, 1995; Bergsma et 

al., 2001). Although various techniques have been developed to quantify denitrification fluxes, 
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many fail to account for the escape of intermediates and the scarcity of reliable measurements of 

N2 production at the ecosystem level hinders knowledge of N2O/N2 product ratios which would be 

ideal to target for mitigation strategies (Schlesinger, 2009). 

 Issues of spatial and temporal scale heterogeneity make it difficult to resolve underlying 

causal mechanisms of ecosystem scale denitrification (Jessup et al., 2004; Drake et al., 1996). 

Manipulative microcosm experiments offer more mechanistic explanations (Drenner & 

Mazumder, 1999), as spatial and temporal variability can be controlled and the complexity inherent 

in a natural system is reduced so that only specific factors of interest are being compared. However, 

reduction of ecological complexity in itself is problematic, as factors that prove to be critical in a 

laboratory set-up may have little bearing at larger scales (Carpenter, 1996). Despite this drawback, 

microcosms for soil ecosystems have provided valuable insight into the ecology of denitrification 

through manipulation of environmental parameters such as temperature, water content, salinity, 

and carbon or other nutrient conditions (Philippot et al., 2007; Throback et al., 2007). Microcosms 

also facilitate the use of more sensitive techniques for measuring denitrification activity. One such 

technique which has been developed for microcosms is an automated sampling robot that allows 

for accurate measurement of a variety of gases including O2, NO, N2O, CO2 and importantly N2 

which has been developed by Molstad et al., (2007). This sampling robot allows for the 

quantification of all denitrification intermediates, with a high sensitivity to small fluxes while 

simultaneously manipulating variables, such as O2 concentration. This sampling method is also 

useful in that it measures N2, as without data on N2 formation it is difficult to study the influence 

of environmental parameters on denitrification activity or to find any linkage between the structure 

and function of the denitrifying community. Therefore, this technique will be vital for the work 

described in this thesis.   



 

11 

 Measuring denitrification at the cellular scale poses other issues as well, especially due to 

the fact that the process is carried out by a diverse set of microorganisms. The microbial diversity 

in soils is thought to exceed that of other environments, with one gram of soil containing up to 10 

billion individual microorganisms of thousands of different species (Daniel R, 2004). It has been 

estimated that only ~1% of microbes are readily available by cultivation (Torsvik & Ovreas, 2002; 

Sogin ML, et al., 2006; Pace NR, 1997) and most of the denitrifier diversity in soils is not covered 

by cultured denitrifiers (Braker, G.,Conrad, R., 2011). Prior molecular approaches to target the 

denitrifying community have been to target the individual genes that code the N-oxide enzymes 

(Wallenstein et al., 2006). These PCR-based amplification approaches are subject to biases due to 

targeting a small number of genes at a time and because of primer-template specificity which most 

likely misses uncharacterized taxa (Dalsgaard et al., 2014; Moran M.A., 2009). A technique to 

overcome some of these limitations is the use of high-throughput sequencing, which can be used 

to sequence total DNA and/or RNA from either pure culture organisms or from an environmental 

community.  

Meta-omic analyses allows microbial ecologists the opportunity to study the diversity and 

functional traits of environmental communities across varied environmental factors. Analysis of 

community DNA and RNA (metagenomics and metatranscriptomics, respectively) can identify 

patterns of thousands of genes from diverse community members without requiring a priori 

knowledge of sequence identity. These meta-omic analyses, however, do not yield absolute 

measurements of gene abundances, but, rather, can demonstrate relative gene abundances 

through sample comparisons, allowing one to learn how community abundance and composition 

vary among ecosystems (Dalsgaard et al., 2014). As metagenomics allows one to sequence the 

community DNA, this analysis provides only the potential metabolic functions of a community. 
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Metatranscriptomics, on the other hand, is an approach that provides assessment of expressed 

microbial genes from a particular time and place. This can be used to perform studies of the 

genetic composition and abundance of genes of the active fraction of the community for baseline 

studies and/or in response to rapid environmental changes (Gilbert & Hughes, 2011). However, 

meta-omic analyses do not come without its own problems. With both metagenomics and 

metatranscriptomic analyses, only a small percentage of the vast number of ecologically 

important genes have been correctly annotated (i.e. given a function), with a bias toward genes 

and transcripts which are required for growth (Moran M.A., 2009). Therefore, when assessing an 

entire community many gene functions still remain unknown. However, one can overcome some 

of these issues if targeting a specific known pathway, such as denitrification, by making custom 

databases of the targeted genes of interest that can be used to compare to the large sequencing 

libraries. RNA proves to have a few more challenges, as it easily degrades once isolated, the 

removal of the large ribosomal RNA fraction serves to be difficult and expensive, and there is 

not always a predictable relationship between the sequenced messenger RNA abundance and 

protein activity, since genes can be constitutively expressed and enzyme activities can be 

regulated post-transcriptionally (Moran M.A., 2009; Maron, P., et al., 2007). Regardless of these 

drawbacks, these deep sequencing technologies still provide vastly more information on 

community composition and relative gene abundances compared to prior techniques, overcoming 

constrains of limits on numbers of genes surveyed, a need to select what genes to target, and 

requirements for probes or primers (Moran M.A., 2009) . In this thesis, next generation 

sequencing is used to assess pure culture environmental isolates genomes and soil community 

DNA and RNA in order to help elucidate the biogeochemical activity of denitrification.  

Thesis objectives 
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The work described in this thesis is focused on the modular dynamics of denitrifying bacteria 

in soil. This was studied using genetic and functional analyses of measurements at both the cellular, 

i.e. pure culture, and ecosystem, i.e. soil, scales. The specific objectives of the three research 

chapters are as follow: 

1. Modularity of denitrifying soil bacteria: linking phenotype to genotype :: The aim of this 

study was to address denitrifier diversity through the screening of representative bacterial 

isolates of which measurements of gas kinetics and analysis of genomes and N-oxide gene 

expression was performed. Partial denitrifiers could be isolated from soil as readily as 

complete denitrifiers and it was seen that N-oxide production is not always predicted by 

the isolates’ genetic potential. 

2. Nitrate reduction in the presence of oxygen as a microbial source of nitrite in soils :: 

Assessment of the prevalence of aerobic nitrate reduction (ANR) to nitrite in soil and soil 

environmental isolates was the aim of this chapter. ANR was found to be more prevalent 

than expected in both soil and in bacterial isolates. Phenotypic characterization of microbial 

isolates showed that oxygen regulation was variable for nitrate reduction to nitrite. Nitrate 

reduction occured at nearly atmospheric oxygen concentrations, and could be independent 

of the downstream reactions of denitrification. Genomic comparisons as well as variable 

expression of nitrate reductases also provide evidence of the diversity of physiological 

utilization and controllers of this step.  

3. Determining how oxygen legacy affects the trajectories of denitrifier function and structure 

in soil :: The aim of this chapter was to determine how instilling different legacies of 

oxygen, a major controller of denitrification, in soil would affect both ecosystem scale 

denitrification and microbial community structure. It was seen that soil maintained under 
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oxic conditions favored complete denitrification over soils with pulses of anoxia. The 

length of anoxia was also an important factor in intermediate buildup, especially in regards 

to nitrous oxide accumulation. Bacterial community structure was assessed both through 

metagenomics and metatranscriptomic analysis, which showed distinct differences among 

the treatments that could contribute to the functional differences seen.  

 

 This thesis strives to help increase our understanding of why soil denitrification is so 

complex in nature through experiments with both pure culture and soil. Using methodological 

approaches that link both denitrification rates and product stoichiometry of denitrification with 

nucleic acid analysis it is possible we can more accurately define and predict the fate of reactive 

N.  
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CHAPTER 2 

 

MODULARITY OF DENITRIFYING SOIL BACTERIA: LINKING PHENOTYPE TO 

GENOTYPE 

 

Adapted from: Constance A. Roco, Linda L. Bergaust, Lars R. Bakken, Joseph B. Yavitt, James 

P. Shapleigh. To be submitted to Environmental Microbiology, August 2015.  

 

Abstract 

Model denitrifiers convert NO3
- to N2, but it appears that a significant fraction of natural 

populations are truncated, conducting only one or two steps of the pathway. To better understand 

the diversity of partial denitrifiers in soil and whether discrepancies arise between the presence 

of known N-oxide reductase genes and phenotypic features, bacteria able to reduce NO3
- to NO2

- 

were isolated from soil, N-oxide gas products were measured for eight isolates, and six were 

genome sequenced. Gas phase analyses revealed that two were complete denitrifiers, which 

genome sequencing corroborated. The remaining six accumulated NO and N2O to varying 

degrees and genome sequencing of four indicated that two isolates held genes encoding nitrate 

reductase as the only dissimilatory N-oxide reductase, one contained genes for both nitrate and 

nitric oxide reductase, and one had nitrate and nitrite reductase. The results demonstrate that N-

oxide production is not always predicted by the genetic potential and suggests that partial 

denitrifiers are common among soil bacteria. This supports the hypothesis that each N-oxide 

reductase can provide a selectable benefit on its own, and therefore, reduction of nitrate to 

dinitrogen may not be obligatorily linked to complete denitrifiers but instead a consequence of a 

functionally diverse community.  
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Introduction 

Denitrification is the microbially mediated pathway by which nitrate is reduced to 

dinitrogen gas, acting as a major sink of reactive nitrogen in natural ecosystems (Kulkarni et al., 

2008; Galloway et al., 2008; Gruber & Galloway, 2008). Nitrate reduction via this pathway 

requires four separate nitrogen (N) oxide reductases that successively reduce nitrate, nitrite, nitric 

oxide (NO) and nitrous oxide (N2O) to dinitrogen (N2), enabling microorganisms to sustain 

respiration during oxygen (O2) limitation. There are two dissimilatory nitrate reductases, a 

periplasmic Nap and a membrane-bound Nar; two dissimilatory Nir enzymes, a cytochrome 

cd1 containing form (NirS) and a copper containing form (NirK); two Nor enzymes, a 

cytochrome c-dependent form (cNor) and a quinol-dependent form (qNor); and the exclusive 

enzyme used for N2O consumption, NosZ, which is the terminal step of the denitrification 

pathway. If a microbe has the potential to synthesize all fully functional denitrification enzymes 

under the right conditions, most of the available nitrate can be efficiently reduced to N2 with 

limited accumulation of nitrite, NO or N2O (Bergaust et al., 2010; Liu et al., 2013).  Each 

reductase is controlled by a network of transcriptional regulators that respond to intra- and extra-

cellular signals, such as O2 and N-oxides (Zumft, 1997; Zumft & Kroneck, 2007; Bergaust et al., 

2011; Bakken et al., 2012; Shapleigh, 2012). 

 Soil is an important component of terrestrial denitrification (Wexler et al., 2014; Fang et 

al., 2015) and a leading source of N2O emissions, making it critical to include in any model 

describing the sources and sinks of N2O. Despite the conventional notion that most denitrifying 

organisms contain all four of the dissimilatory N-oxide reductases, the implicit assumption in 

some biogeochemical models is actually the opposite, that most do not contain the ability to 

perform all four steps. When this is the case, each reductase is simulated as if carried by a 
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separate population (Bakken & Dörsch, 2007). Recent research has shown that partial 

denitrifiers, bacteria who are missing the genes for an enzyme in the pathway, are common and a 

diverse assortment of gene arrangements has been found among sequenced isolates (Shapleigh, 

2007; Graf et al., 2014). Most of these partial denitrifiers were not known to be capable of 

dissimilatory N-oxide metabolism before the sequencing of their genome because the standard 

test for denitrification is the ability to produce visible N2 gas from nitrate under anoxic 

conditions. Defining the phenotype in this manner would therefore normally lead to a negative 

result for partial denitrifiers. The frequency of occurrence of partial denitrifiers in particular 

environments is hard to assess using current methods. Amplification techniques target individual 

genes and suffer from primer bias. Metagenomic analysis could potentially provide evidence for 

partial denitrification but analyses are problematic if strain similarity is prevalent. The same 

concerns affect both chip based studies and metatranscriptomics. Even though these types of 

analyses can provide evidence for partial denitrification, current work has been more focused on 

assessing overall gene diversity rather than the diversity of partial denitrifiers.  

Given the common occurrence of partial denitrifiers in the genome databases, notably 

biased for bacteria important in human disease, it is of interest to determine if partial denitrifiers 

are also prevalent in bacteria isolated from natural environments, such as soils. To this end, we 

selected for bacteria from soil that produced nitrite from nitrate under non-denitrifying 

conditions in order to isolate denitrifying bacteria which might lack nitrite reductase. The 

isolates’ capacity to produce gaseous N-oxides was assessed using a robotic gas sampling device 

that measured NO, N2O and N2 production quantitatively. This physiology was then compared to 

their genetic make-up, as draft genomes were assembled for six of the isolates. These isolates 

contained a variety of arrangements of N-oxide reductases indicating that partial denitrifiers can 
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be readily isolated from these soils. Extensive characterization of the isolates also demonstrated 

that phenotypic traits were able to predict the genotypes of most, but not all, of the isolates. 

Materials and Methods 

Bacterial isolation:  

Soil samples were collected in September 2010 in varying environments around Ithaca, 

NY. Soil environments included (local names) McGowen and Smith agricultural fields; 

McGowen wood plot and Smith forest; and Sapsucker Woods and Stewart Park wetlands. 

Bacteria were extracted from two grams of soil on the day of soil collection. Sodium 

pyrophosphate (0.1 M) was used to extract cells off soil particles and serial dilutions were made 

using phosphate buffered saline solution. Dilutions were spread plated on agar plates using 

succinate as the carbon source (Sistrom, 1962). Plates were then incubated aerobically at 30°C 

for 48 hours. Individual colonies from these initial plates were selected and re-inoculated into a 

96-well plate with each well containing Sistrom’s agar medium (Lueking et al., 1978) 

supplemented with 113 mM ammonium sulfate to prevent nitrate assimilation and 10 mM KNO3. 

Each isolate was inoculated into two wells in the 96-well plate, one for a nitrite assay and the 

other for downstream uses. After growth, a nitrite assay was conducted in one of the two wells 

using 20 μl of the Griess reagents (Roussel-Delif et al., 2005). Isolates that produced nitrite after 

aerobic growth, as assessed colorimetrically, were then selected for subsequent phenotypic 

analysis, including anaerobic growth on Sistrom’s media with 10 mM KNO3 in a jar using O2 

scavenging sachets (Becton, Dickinson and Company).  

Gas production by isolates: 
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Strains were raised from frozen stocks at 30°C under aerobic conditions in Sistrom’s 

medium. These cultures were then used to inoculate 120 mL glass vials that contained 50 mL of 

liquid Sistrom’s media. All assays were carried out in triplicate. The vials were crimp sealed 

with butyl septa and made near-anoxic by six cycles of evacuation and helium-filling using an 

automated manifold while vigorously stirring the suspensions with magnetic stirrers to ensure O2 

removal from the liquid (Molstad et al., 2007). Monitoring of gas production during growth was 

conducted using a robotized incubation system developed by Molstad et al. (2007). It consists of 

a thermostatic water bath holding stirred cultures and an autosampler connected to a gas 

chromatograph and a chemiluminescence NO analyzer. Experiments were performed under a 

He/O2 atmosphere allowing for the quantification of the end-product of denitrification, N2, as 

well as O2, CO2, NO and N2O. Nitrite measurements were carried out by transferring 10 µL 

liquid culture to a purged vessel containing 1% w/v sodium iodide (NaI) in acetic acid to reduce 

the injected nitrite to NO (MacArthur et al., 2007). N2 was bubbled continuously through the 

purged vessel to maintain anaerobic conditions and was also the carrier gas transporting NO to 

the connected chemiluminescence detector (Nitric Oxide Analyzer NOA 280i, General Electric). 

Temperatures were maintained at 30°C for most experiments. Experiments involving 

isolates 21 and 26 were run at 20°C in order to slow growth. All cultures were continuously 

stirred at 500-700 rpm to ensure complete dispersal of cells and proper gas exchange between 

liquid and headspace. Samples were run with varying initial concentrations of nitrate (1 or 2 mM 

KNO3) and O2 (0, 1 or 7% v/v). A co-culturing experiment with two isolates was also performed. 

These co-culture incubations were carried out at 30°C, 1% v/v O2 concentrations and 2 mM 

KNO3. Cells were added to sample vials at 50:50, 25:75 or 75:25 ratios based on inoculum 
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volume with the same starting OD600. Controls were also included in the same experiment where 

each isolate was grown axenically.  

The denitrification phenotype of the two complete denitrifiers were characterized by 

estimating several kinetic parameters for aerobic and anaerobic respiration during the batch 

cultivations. Since both O2 and all the N-oxides produced by anoxic respiration were monitored, 

it was possible to estimate the electron flow rate to oxygen (Ve-
O2, µmol e- vial-1 h-1) and to N-

oxides (Ve-
nox) for each time increment between two samplings. In the treatment with 7% initial 

O2 and 2 mM NO3
-, Ve-

O2 increased exponentially until near-depletion of oxygen, and this was 

used to estimate specific growth rate based on aerobic respiration (µox, estimated by nonlinear 

regression). Likewise, the specific growth rate based on anoxic respiration (µanox) was estimated 

by the exponential increase in Ve-
nox in the batches with 0% O2 and 2 mM NO3

- (Table 2.2). 

Alternatively, µox and µanox can be estimated based on the slope of g dryweight per vial as 

estimated by cumulative O2 or N-oxide reduction in the vials with 7% or 0% initial O2, 

respectively. By plotting Ve-
O2,  Ve-

nox and Ve-
tot (Ve-

O2 + Ve-
nox) against time, we were able to 

inspect if the transition from aerobic to anaerobic respiration resulted in a long lasting depression 

of respiratory metabolism, as observed in similar experiments with Paracoccus denitrificans 

(Bergaust et al., 2010; Hassan et al., 2014). 

Since the growth was limited by the electron acceptors available, we were able to 

estimate the yield for oxic and anoxic respiration (Yox, Yanox, g cell dry weight mol electrons-1 to 

oxygen and NOx, respectively) by measuring the initial and final cell dry weight for a range of 

batches with different initial concentrations of O2 and NO3
- (see Bergaust et al., 2010, supporting 

information). Dry weight was determined by harvesting the cells by centrifugation at 8500 rpm 

for 15 minutes, washed by resuspension in Milli-Q water to remove residual salts, dried 
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overnight at 105°C and then weighed. These yield estimates were used to approximate the 

biomass at any time t (Z(t)) throughout each incubation based on the cumulative electron flow to 

O2 and NOx, Z(t)=Z(0)+ʃ(Ve-
O2)*YO2 +ʃ(Ve-

nox)*Yanox, where Z(0) is the initial cell dry weight 

(inoculum; g dw vial-1), ʃ(Ve-
O2) is the cumulated electron flow to O2 at time t, and ʃ(Ve-

nox) is 

the cumulated electron flow to NOx at time t. On this basis, the specific rate of electron flow to 

O2 (ve
-
ox, mol e- g dw-1 h-1)  and NOx (ve

-
anox, mol e- g dw-1 h-1) could  be estimated for each time 

increment; ve
-
ox= Ve-

O2(i)/Z(i) and ve
-
anox = Ve-

nox(i)/Z(i), where Ve-
O2(i) is the rate of electron 

flow to O2 for time increment i, Ve-
nox(i) is the rate of electron flow to NOx, and Z(i) is the 

average cell dry weight (g vial-1) for time increment i. Since ve
-
ox was found to reach stable 

plateaus as long as the concentration of O2 in the liquid was >50 µM, the average ve
-
ox for these 

plateaus were taken to be the maximum specific rate of electron flow to oxygen for the given 

substrate and temperature. Further, we found that ve
-
anox reached stable plateaus under anoxic 

conditions until NO3
- reached below 100-500 µM, thus the average ve

-
anox for these plateaus were 

taken to be the maximum specific rate of electron flow to nitrogen oxides for the given substrate 

and temperature. The ratio ve
-
anox/ve

-
ox was calculated to characterize the organisms’ ability to 

sustain respiration under anoxic conditions.  

16S rDNA sequencing and genome sequencing: 

Eight of the isolates that produced nitrite aerobically were selected for 16S rRNA gene 

sequencing, using universal primers 8F and 1492R. The 16S rRNA gene was amplified from 

bacterial DNA using Hotstar Taq Master Mix from Qiagen following a PCR protocol of 15 

minutes at 95°C for activation of DNA polymerase, 40 seconds (s) at 94°C for DNA 

denaturation, 45 s at 52°C for annealing, and 75 s at 72°C for elongation. This was repeated 34 

times followed by 10 minutes at 72°C for a final extension. ExoSAP-IT (Affymetrix) was then 
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used according to the manufacturer’s protocol for PCR product cleanup. Sanger sequencing was 

performed at the Cornell University Institute of Biotechnology Genomics Facility.  

Six isolates were selected for full genome sequencing based on phenotypic traits. 

Bacterial genomic DNA was extracted using the protocol from Puregene DNA Isolation Kit 

(Gentra Systems, Inc.). Genomic DNA was submitted to the JP Sulzberger Columbia Genome 

Center for 2x100 bp paired-end Illumina HiSeq2000 sequencing. Initial quality assurance/quality 

control (QA/QC) was carried out by the JP Sulzberger Columbia Genome Sequencing Center, 

which included trimming sequencing adapters and bar codes from sequence reads. Additional 

QA/QC was performed using the CLC Genomics Workbench 4.0, which involved trimming low-

quality reads and short reads (<100 bp) and identification of replicate reads. Reads were 

assembled into contigs using the assembly algorithm on the CLC Genomics Workbench 4.0. 

Assembly was performed where length fraction overlap was set to 0.8 and similarity set to 0.95 

and with a minimum contig length of 500 bp. Open reading frames were identified with the 

assistance of RAST (Aziz et al., 2008). These sequence data have been deposited at 

DDBJ/EMBL/GenBank in NCBI under the accession numbers JYOF00000000, JYOC00000000, 

JYOD00000000, JYOA00000000, JYOB00000000, and JYOE00000000 for the six isolates 2, 5, 

16, 21, 26, and 28, respectively.  

RNA extraction and quantitative real-time PCR: 

The six isolates were grown at 30°C in 200 mL flasks with 50 mL Sistrom’s liquid media 

agitated at 250 rpm. Cultures were grown with and without the addition of 10 mM KNO3 with 

foam stoppers, which allowed diffusion of O2, and with 10 mM KNO3 with rubber stoppers, 

which restricted air exchange making the cultures hypoxic due to cellular respiration. Cultures 

with foam stoppers were harvested before reaching an OD600 of 0.4 (AE_LowOD and 
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AE_LowOD_NO3), since no nitrite could be detected in cultures with added nitrate before this 

OD, and at an OD600 of greater than 0.8 (AE_HighOD and AE_HighOD_NO3), since cultures 

with added nitrate reaching this OD showed detectable nitrite accumulation. Cultures grown in 

flasks with rubber stoppers were sampled if they reached an OD600 greater than 0.8 

(AN_HighOD_NO3), at which point they had no detectable nitrite present. Strains unable to 

replicate under anoxic conditions were not analyzed with this growth condition. Cells were 

harvested with RNAprotect Bacteria Reagent (Qiagen) for stabilization of RNA in the bacterial 

cultures. 

RNA isolation was carried out using the RNeasy Mini Kit from Qiagen. DNase treatment 

was performed using the New England BioLabs DNase I (RNase-free) protocol. Quantification 

of the RNA was performed using the Qubit RNA Broad Range Assay Kit. All RNA samples 

were normalized to a similar concentration (about 200 ng/µl) and checked for DNA 

contamination through quantitative PCR on non-reverse transcribed samples. Reverse 

transcription was done using Superscript III First-Strand Synthesis System from Invitrogen for 

real time (rt)-PCR. qPCR primers were designed specifically for the organism and gene of 

interest based on the genome sequence analysis. All denitrification genes that produce a gaseous 

product (nir, nor, and nos) were targeted in each organism. Primer sets were designed using 

PrimerQuest from Integrated DNA Technologies. A list of primers and annealing temperatures 

used can be found in Table S2.2. RT-qPCR was performed on a 7300 Real Time System 

(Applied Biosystems) using the protocol from SYBR Select Master Mix from Qiagen. Standard 

curves were designed using the PCR products of amplified DNA from each isolate using the 

specific primers for each gene (Table S2.1). The expression of nirK, cNor, qNor and nosZ was 

estimated relative to their respective standard curves (log-linear regression of threshold cycle 
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(CT) value against log copy number). The qPCR efficiency values of the standard curves are 

shown in Table S2.1. RT-qPCR reactions were set up in triplicate and the results are given as 

mRNA copies µg-1 RNA.  

Results 

Isolation and 16S rDNA identification 

 We isolated 150 bacterial isolates from forest, agricultural and wetland soils and 

approximately one-third were capable of reducing nitrate to detectable levels of nitrite while 

growing under atmospheric conditions on the surface of solid Sistrom’s medium. This medium 

contained succinate, a relatively oxidized carbon source, as the primary carbon source. Further 

phenotypic characterization of the nitrite producing strains found that 30% grew with nitrate as 

the sole electron acceptor. Eight strains were randomly selected from the nitrite producing set for 

further study, two of which could grow under denitrifying conditions and six that could not. The 

closest relative to these eight strains were determined based on ≥99% similarity to their 16S 

rRNA gene (Table 2.1). 
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Table 2.1: The 16S rRNA gene sequence analysis of eight of the isolates yielded the closest relative 

based on ≥99% nucleotide sequence similarity using the Ribosomal Database Project database. Full 

genome sequencing analysis of six of the isolates allowed for the identification of the denitrification 

genes present and determination of the isolates’ genome sizes. 

Isolate 16S rDNA closest relative Denitrification genes identified Genome size (Mbp) 

2 Pseudonomas putida nar, nap 5.89 

5 Pseudomonas sp. T27 nar, nap 5.61 

16 Ralstonia sp. DIV111 nar, qNor 9.49 

21 Pseudomonas nitroreducens narI, narII, nirK, cNor, nos 6.33 

26 Ralstonia solanacearum/pickettii nap, nirK, qNor, nos 5.69 

28 Terrabacter tumescens nar, nirK multicoper oxidase 4.90 

10 Burkholderia glathei N/D N/D 

54 Pseudomonas putida N/D N/D 

 

Gas phase analysis of denitrification by isolates:  

Isolates 21 and 26 grew as denitrifiers and rapidly reduced nitrate to N2 gas under varying 

levels of starting O2 conditions. Both showed smooth transitions to anoxia with only a marginal 

depression in total electron flow at the time of oxygen depletion (Ve-
total, µmol e- vial-1 h-

1)(Figure 2.1, Figures S2.1 and S2.2). Both isolates accumulated µM levels of nitrite prior to 

complete O2 depletion (~6-160 µM) (Table 2.2). The first gaseous intermediates reached 

detectable concentrations when the [O2] = 3.3 ± 1.8 µM and 1.71 ± 0.19 µM for isolates 21 and 

26, respectively (Table 2.2), where initial [O2] was 19.02 ± 0.15 µM in the treatment with 1% O2 

v/v. In isolate 21, nitrite was below the detection limit (≈ 0.1 µM) during the anoxic phase, while 

isolate 26 had low detectable nitrite concentrations, between 7-14.5 µM, until all the supplied 

nitrate had been reduced to N2. NO production was strictly controlled by both organisms, 

regardless of initial O2 concentration, with average [NO]max during the transition to anoxia 

between 31-131 nM in liquid (Table 2.2), and pseudo-steady states during balanced anoxic 

growth at [NO] between 10-60 nM in liquid. N2O showed transient peaks during the oxic-anoxic 
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transition, reaching 0.2-7.0 µmol vial-1 for strain 21 and 0.06-11.3 µmol vial-1 for strain 26 (for 

comparison, the total NO3
- vial-1 was 100 µmol). For both strains, the N2O peak concentrations 

increased with the [O2] initially available (Table 2.2). 

Figure 2.1: Monitored batch culture incubations of the complete denitrifiers, isolates 21 (A & B) and 26 

(C & D) when treated with 1% v/v O2 and 2 mM NO3
-. O2 depletion, N-oxide and N2 accumulation during 

the semi-aerobic phase, transition to anoxia, and subsequent denitrification and N-oxide depletion are 

shown in panels A and C, electron flow rates (Ve-) to O2 and NOx (µmol vial-1 h-1) are shown in panels B 

and D. Both strains reduced ~100% of the available NO3 to N2, seen as a plateau in N2-N towards the end 

of the incubation. NO2
- measurements were done manually in one repeat per O2 treatment and only those 

cultures are shown. All three replicates with 1% initial O2 are included in Figures S2.1 and S2.2 

(Supporting Information) for isolate 21 and 26, respectively.  
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Although the two complete denitrifiers had very similar phenotypes regarding their 

transient accumulation of nitrite, NO and N2O, they were different with respect to cell specific 

rates of electron flow to oxygen (ve
-
ox) and to N-oxides (ve

-
anox), and growth rates by oxic 

respiration (µox) and anoxic respiration (µanoxic) (Table 2.2). Strain 21 had higher cell specific 

respiration rates and growth rates under anoxia than strain 26. The ratio ve
-
anox/ve

-
ox was 0.84 for 

strain 21; meaning that the respiratory metabolism in this strain was virtually unaffected by 

transition to anoxic respiration. For strain 26, the ve
-
anox/ve

-
ox ratio was 0.62, i.e. the transition to 

anoxic respiration resulted in approximately 40% lower rates of respiration. For both strains, the 

anoxic growth rates were much lower than oxic growth rates, with µanox/µox ~0.5, reflecting a 

lower growth yield per mol electron by anoxic respiration. The estimated growth yields per mol 

electrons (g dw mol-1 e-) were 11.3 and 5.1 for oxic and anoxic growth of strain 21, and 12.6 and 

7.6 for strain 26 (Table 2.2).  
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Table 2.2: Monitored batch culture incubations of the complete denitrifiers, isolates 21 and 26. Initial [O2] was 0, 1 or 7% v/v and initial NO3
- was 

2 mM. Each treatment was set up in triplicate for the two strains, but NO2
- accumulation was only monitored in one replicate at the respective O2 

treatments. Both strains recovered 100% of the added NO3
--N as N2. 

 Isolate 21 Isolate 26 
Initial O2 (% v/v) 0 1 7 0 1 7 

 average stdev average stdev average stdev average stdev average stdev average stdev 

µox (h-1) a     0.332 0.048     0.219 0.007 

µanox (h-1) a 0.165 0.005     0.102 0.002     

µanox/µox 0.497 0.463 

[NO2
-]max (µM) 8.7  154.9  63.6  6.3  57.8  163.1  

[NO]max (nM) 43.6 6.1 100.6 48.7 131.2 194.7 31.4 1.0 75.9 9.9 61.2 48.1 

[N2O]max (nmol vial-1) 208.1 36.2 1293 679.7 6966 2849 58.0 5.2 1652 643 11323 6211 

[O2] (µM at first [NO] > 1nM 0.37 0.18 3.30 1.79 14.59 1.85 0.14 0.04 1.71 0.19 8.55 2.95 

ve
-
ox (mmol e- g-1 dw h-1) b     29.6 2.1     17.2 0.6 

ve
-
anox (mmol e- g-1 dw h-1) b 24.9 1.6     10.6 0.1     

ve
-
anox/ve

-
ox 0.84 0.62 

Yox (g dw mol-1 e-) c     11.3 1.5     12.6 0.6 

Yanox (g dw mol-1 e-) c 5.1 0.2     7.6 0.4     

Yanox/Yox 0.45 0.6 
a µox and µanox: Apparent specific growth rates (h-1) under oxic and anoxic conditions, estimated based on the slopes of total electron flow vial-1 h-1 (Ve-

total) during 

aerobic respiration and denitrification in vials with 7% and 0% initial O2, respectively. 

b ve
-
ox and ve

-
anox: Specific activities based on electron flow rates to O2 and N-oxides (mmol e- g-1 dw h-1) during balanced aerobic and anaerobic growth, 

respectively. Values were derived from observed Ve-
total and yields (Y, mmol e- g-1 dw h-1) under oxic and anoxic conditions, and estimated g dw vial-1 for each 

time increment.  

c Yield estimated based on OD600 measurements 
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Despite the fact that the remaining six isolates were not observed to grow by anoxic 

respiration, they did produce detectable amounts of NO and N2O in response to oxygen 

depletion. None were found to quantitatively reduce nitrate to N2. The results are summarized in 

Table 2.3 and Figure 2.2. Strains 2, 5, 10, and 28 produced marginal amounts of N2O (25-74 

nmol vial-1) and 5-10 times more NO. However, the total (NO+N2O)-N amounted to only 0.78-

1.5 % of the NO3
--N in the medium. In contrast, strain 16 accumulated marginal amounts of NO 

and substantial amounts of N2O, accounting for 7.3% of the NO3
--N in the medium. The gas 

kinetics for four strains are plotted in Figure 2.2, showing that the production of NO and N2O 

was negligible until the O2 concentration reached below 1-3 µM. The NO concentrations reached 

pseudo-stable plateaus after O2 depletion for strains 2, 5 and 28. Strain 16 also produced NO, but 

was evidently able to reduce NO to N2O, and the rate of N2O production was nearly constant 

throughout the anoxic phase. N2 production was below the detection limit of the system (100-200 

nmol N2 for a single time increment), which is much higher than that for NO and N2O due to 

somewhat variable leakage of N2 into the vials (Molstad et al., 2007). Thus, N2 production in the 

same range as the observed NO and N2O production may have taken place without being 

detected. Nitrite measured at the end of the incubation accounted for nearly 100% of the initial 

amounts of NO3
- for strains 2, 5 and 28, and ~90% for strain 16 (data not shown).   
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Figure 2.2: Headspace measurements in batch cultures of isolates 2 (n=2), 5 (n=3), 28 (n=3) and 16 (n=3) 

treated with 1% v/v initial O2 and 1 (isolates 2 and 28) or 2 (isolates 5 and 16) mM KNO3. Only [O2] (µM 

in liquid), [NO] (nM in liquid) and N2O (nmol vial-1) are shown. N2 accumulation did not exceed 

background levels (slight variability in sampling leakage between vials) and was considered negligible. 

For quantitative comparison of N2O and NO, 1 nM NO in the liquid is equivalent to 1.6 nmol vial-1. End-

point measurements showed near 100% recovery of NO3
--N as NO2

--N. 

 

 The measurements for isolates 10 and 54 encountered a loss of NO data during the 8 hour 

timespan covering the transition to anoxia and subsequent initial gaseous N-oxide accumulation. 

The phenotypic profiles are thus shown in the supporting information (Figure S2.3), while N-

oxide maxima and N-recovery as gaseous product are shown in Table 2.3. Strain 10 resembled 

isolates 2, 5 and 28 with respect to NO and N2O accumulation and end-concentrations, while 

strain 54 only accumulated traces of gaseous N-oxides (0.1% of initial NO3
--N). 
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Table 2.3: The NO and N2O maxima and N-recovery as gaseous N-oxides in partial denitrifier isolates: 2 

(n=2), 5 (n=3), 10 (n=3), 16 (n=3), 28 (n=3) and 54 (n=3). The combined batch cultures of strain 5 and 16 

with three different mixing ratios (50:50, n=2; 25:75, n=3; 75:25, n=3) is also included. Initial electron 

acceptor concentrations were 1% v/v O2 (all), 1 mM NO3
- (strains 2, 10, 28 and 54), or 2 mM NO3

- 

(strains 5, 16 and 5 + 16 combined).  

 [NO] max nM N2O max (nmol vial-1) N-recovery as NO and N2O (%)* 

Isolate average stdev average stdev average stdev 

2 395.2 132.5 74.1 14.4 1.53 0.44 

5 443.2 5.6 58.7 1.3 0.85 0.01 

10 351 16.5 25.3 4.1 1.24 0.07 

16 10.7 0.8 3134 253 7.31 0.54 

28 157.2 13.8 49.8 17.9 0.78 0.06 

54 25.4 0.6 3.29 0.01 0.1 0 

5&16_50:50 49.2 16.4 1531 58 3.82 0.16 

5&16_25:75 31.5 11.7 1750 74 4.25 0.21 

5&16_75:25 67.8 23.3 1386 61 3.38 0.17 

* End-point measurements showed that the NO3
--N not recovered as NO or N2O, accumulated as NO2

- 

 

Genome sequencing:  

 Initial attempts to determine the genes encoding downstream N-oxide reductases using a 

PCR based approach proved problematic, as primers designed specifically to target these genes 

were unable to amplify products even though gas production data suggested the genes were 

present. Thus, draft genomes were assembled for six of the isolates to confirm the presence or 

absence of genes and to better understand the divergent gas production phenotypes seen. Table 

2.1 shows the N-oxide genes present and the respective genome sizes of the six sequenced 

isolates. Figure 2.3 shows the comparison of N-oxide gene clusters in the four out of the six 

sequenced isolates (isolates 10 and 54 were not sequenced for logistical reasons due to 

incomplete gas data), focusing on the gas producing N-oxide reductases which were used in RT-

qPCR. 
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Figure 2.3: Comparison of the N-oxide gene clusters and regulators found in four (isolates 21, 26, 16 and 

28) out of the six fully genome sequenced isolates. Only genomes with gas producing N-oxides were 

included in the figure and genes highlighted in grey were used for RT-qPCR analysis (Table 2.4). Sizes of 

the genes drawn are relative to their base pair length and the NCBI gene locus tag of each gene containing 

the catalytic subunit (highlighted in grey) is provided 



 

41 

As expected from the gas production data, genome analysis revealed that isolates 21 and 

26 contained the genes necessary for complete denitrification. Isolate 21’s closest relative was 

Pseudonomas nitroreducens based on 16S rRNA gene sequence analysis and N-oxide reductases 

also show high similarity to previously sequenced P. nitroreducens (Ainala et al., 2013; Huang 

et al., 2014). Isolate 21 contains two clusters of genes encoding membrane bound Nar, as well as 

single genes encoding a copper containing Nir, a cytochrome c oxidizing Nor and a Nos. The 

genes encoding the Nir, Nor and Nos in strain 21 are found in a large cluster. NirK shows limited 

phylogenetic clustering with proteins from most other pseudomonads, but has 97% identity to 

Nir from P. nitroreducens TX1. Interestingly, genes encoding both NnrR and DNR family 

proteins are found adjacent to the region of DNA containing the Nor and Nos clusters. In many 

proteobacterial denitrifiers Nir and Nor are regulated by a member of the Fnr family designated 

either NnrR or DNR (Jarboe et al., 2010). NnrR and DNR are members of the CRP/FNR family 

of transcription factors that transduce an NO signal into gene transcription (Fleischhacker & 

Kiley, 2011). NnrR is typically associated with a copper type Nir and is relatively uncommon in 

pseudonomads, most of which use the cd1-type Nir (Zumft, 2002). The DNR in isolate 21 has 

greater than 70% identity with orthologs occurring in a wide range of other pseudomonads.  

Strain 26 is a species in the genus Ralstonia based on 16S rRNA gene sequence analysis, 

and has genes encoding Nap, Nir, Nor and Nos. The gene encoding a copper type Nir clusters 

with the gene encoding a quinol type Nor. Sequence comparisons demonstrate that both Nir and 

Nor have high >90% identity to orthologs in other Ralstonia. Unexpectedly, there were no 

obvious high identity orthologs of NorA (or DnrN) to control expression of Nir and Nor (Zumft, 

2002). Analysis of available Ralstonia genomes shows that NorR is located adjacent to the Nor 

structural genes in most cases (Zumft, 2002) but no obvious regulatory genes are located in the 
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Nir-Nor cluster in isolate 26. Nos is not clustered with Nir and Nor. Sequence analysis of Nos 

shows that it has on average about 75% sequence identity with NosZ from genomes of other 

sequenced Ralstonia and other members of the Burkholderiaceae family. The highest sequence 

identity, only 85%, is to the NosZ from Albidiferax ferrireducens T118, which is also a member 

of the order Burkholderiales.  

Strain 16 is a member of the Burkholderiaceae family as well, based on 16S rRNA gene 

sequence analysis , and contains genes encoding Nar in the same region of the genome as a gene 

encoding a qNor. Genes encoding the repair protein DnrN and the regulatory protein NorR are 

found downstream of the gene encoding the qNor in 16. Analysis of the region upstream of the 

DnrN-Nor cluster revealed a pair of adjacent GGTN7ACC motifs with the middle region highly 

enriched for A or T. This sequence has been shown to be a binding motif for NorR in other 

Ralstonia (Rodionov et al., 2005). Interestingly, there is a small fragment of a gene encoding a 

copper type nitrite reductase immediately downstream of the Nor encoding gene. The protein 

encoded by this fragment is about 90% identical to a 65 amino acid residue portion of the Nir 

from Polaromonas sp. CF318, also a member of the order Burkholderiales. The Ralstonia 

eutropha H16 genome also contains a truncated NirK immediately downstream of Nor (Roco 

and Shapleigh, unpublished). However, the fragments in R. eutropha H16 and isolate 16 are not 

identical, suggesting the deletion did not occur in a common ancestor.  

Isolate 16 also is noteworthy for its genome size, roughly 9.5 Mbp. Available sequenced 

genomes from members of the genus Ralstonia range from 3.6 Mbp to 8.1 Mbp with an average 

of around 6 Mbp, indicating that this strain is unique among members of this genus. Upon further 

inspection, it is seen that in comparison with other Ralstonia, 16 has more genes associated with 

metabolism of branched-chain amino acids, fatty acids, and carbohydrates. It is also highly 
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enriched in genes for cofactors, pigments, vitamins and ligases. There is no evidence the isolate 

was contaminated since the draft genome only contains a single copy of the genes encoding 

DnaA and FtsZ, which commonly occur in single copy. 

Strains 2 and 5 are pseudomonads and lack genes encoding gas producing N-oxide 

reductases. However, both contain genes for Nar and Nap type nitrate reductases. These isolates 

also contain genes encoding proteins involved in response to exposure to NO including NnrS, 

DnrD and the key regulator NorR (Vollack & Zumft, 2001; Zumft, 2002; Rodionov et al., 2005). 

These genes are tightly clustered in both isolates. Flavohemoglobin, another gene encoding a 

protein involved in NO stress response (Frey et al., 2002; Bonamore & Boffi, 2008), was also 

found in both genomes.  

Strain 28 is the only Gram positive among the isolates and is a member of the order 

Actinomycetales. This strain utilizes a Nar type nitrate reductase. Upstream of the Nar cluster is 

a gene encoding a member of the hemerythrin HHE cation binding domain protein and a 

multicopper oxidase. Hemerythrin related proteins typically contain Fe centers and can bind 

either O2 or NO (Nocek et al., 1988) and the location adjacent to Nar might suggest the protein 

in 28 is involved in N-oxide metabolism. Examination of the multicopper oxidase reveals its C-

terminus has significant identity to known copper containing Nir. Importantly, all the ligands 

required for binding the type 1 and 2 copper are conserved. The N-terminus is a ~500 bp residue 

region that likely is membrane bound. These extended Nir proteins have been described in 

members of the genus Propionibacterium but have not been definitively shown to have Nir 

activity (Nojiri et al., 2009).  

Mixing experiment of two partial isolates: 
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Since strain 16 showed evidence of active reduction of NO to N2O and the presence of a 

Nor in its genome, while strain 5 accumulated primarily NO and lacked a nitric oxide reductase, 

a mixing experiment was done with the two isolates to see if the Nor in 16 was capable of 

consuming NO produced from multiple sources and result in a more efficient reduction of nitrate 

to N2O. The co-culturing was done with different initial proportions of the two isolates (25:75, 

50:50 and 75:25), and the results are summarized in Table 2.3 and Figure S2.4. The N2O 

production increased with increasing proportions of strain 16, but all the co-cultures had lower 

N2O production than the pure culture of strain 16. All the co-cultures accumulated much less NO 

than the pure culture of isolate 5, and the peak NO concentration declined with an increasing 

proportion of isolate16.  

Quantitative RT-PCR: 

The quantification of nir, nor and nos gene transcripts were the focus of the reverse 

transcription qPCR experiments (Table 2.4). Transcription was determined in “aerobic” cultures 

at low and high cell density (OD600 <0.4 and >0.8, respectively), with and without 10 mM KNO3, 

and an anoxic culture with 10 mM KNO3. High cell density was assumed to result in low oxygen 

concentrations in the liquid, which was confirmed by the detection of nitrite for this treatment 

(AE_HighOD_NO3, Table 2.4). 

In the complete denitrifiers, isolates 21 and 26, the expression of nir and nor were high in 

the anoxic treatment with nitrate (AN_HighOD_NO3), but the two strains showed a different 

response to oxygen limitation alone (AE_HighOD). Strain 21 did not induce a significant 

increase in nirK and cnor expression under oxygen limitation alone, but oxygen limitation in 

combination with NO3
- did (AE_HighOD_NO3). In contrast, oxygen alone appeared to be 

sufficient to induce an increase in nirK and qnor transcription in strain 26. nosZ transcription in 
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the two strains was similar to that for nir and nor in strain 26: oxygen limitation alone was 

sufficient to induce some increase in transcription.  

Since strain 16 did not accumulate as much NO as strains 2 or 5, which lack genes for the 

production of Nor, it was of interest to determine if Nor activity accounted for this difference. 

Strain 16 showed a clear increase in qNor expression in response to a combination of oxygen 

limitation and the presence of NO3
- (AE_HighOD_NO3) which can explain the low levels of NO 

found in pure culture of 16 as well as in the mixed cultures containing isolates 5 and 16. Isolate 

28 did not show expression of the gene encoding a multicopper oxidase which carries a Nir-like 

domain under any growth condition. This is consistent with the gas phase results that isolate 28 

accumulated NO to similar amounts to that of other isolates lacking Nir. It should be noted that 

nar transcript levels were found to increase under high cell density conditions in nitrate 

supplemented medium (data not shown), indicating that the method used to extract mRNA was 

effective in this gram positive bacterium. 
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Table 2.4: Quantitative RT-PCR of each gas producing N-oxide gene from four isolates: 21, 26, 16, and 28. The copy numbers are given per µg 

RNA for the four or five growth conditions at which RNA was harvested. 

 
 Isolate 21 Isolate 26 Isolate 16 Isolate 28 

 nirK cNor nos nirK qNor nos qNor nirK multicopper 

oxidase 

Growth Conditions* avg stdev avg stdev avg stdev avg stdev avg stdev avg stdev avg stdev avg stdev 

AE_LowOD 3 1.0 0.2 0.1 0.4 0.2 0.4 0.1 0.01 0.009 0.7 0.6 0.2 0.03 0.02 0.003 

AE_LowOD_NO3 2.5 0.2 0.2 0.002 0.3 0..01 1.0 0.2 0.04 0.005 0.8 0.1 0.1 0.02 0.02 0.002 

AE_HighOD 1.0 0.2 0.1 0.004 1.0 0.07 7.1 0.6 25 4.7 3.0 0.1 0.1 0.01 0.02 0.002 

AE_HighOD_NO3 21 3.0 44 7.0 5.9 0.6 8.3 1.2 38 5.6 3.9 0.7 17.2 0.7 0.03 0.001 

AN_HighOD_NO3 211 30 192 31 196 1.4 18.0 2.6 26 9.5 73 26 N/A N/A N/A N/A 

 

* Growth conditions include 1) AE_LowOD = Aerobic, low OD600 (<0.4), no NO3; 2) AE_LowOD_NO3 = Aerobic low OD, 10 mM KNO3; no nitrite production 

detected; 3) AE_HighOD = Aerobic, high OD600 (>0.8), no NO3; 4) AE_HighOD_NO3 = Aerobic, high OD, 10 mM KNO3, nitrite detected; and 5) 

AN_HighOD_NO3 = Anaerobic, high OD600 (>0.8), 10 mM KNO3, no nitrite detected. 
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Discussion 

This study was motivated by the frequent occurrence of partial denitrifiers, that is, 

bacteria containing at least one but not all of the dissimilatory N-oxide reductases required for 

denitrification, in available genome databases. Analysis of sequenced genomes available from 

the Integrated Microbial Genomes (IMG) of the Joint Genome Institute (JGI) in June of 2014, 

which at the time of analysis contained about 19,000 different strains, found that about 11,000, 

or roughly 60%, had a dissimilatory N-oxide reductase (Shapleigh, unpublished). Of those, many 

were found to only contain one N-oxide reductase. Specifically, of the strains with at least one 

dissimilatory N-oxide reductase, ~2% only have Nir, ~1% with only Nor, and ~0.4% with only 

Nos. Interestingly, only about 760 strains, or about 7%, were complete denitrifiers. However, 

this latter subset is largely made up of strains of either Brucella, Pseudomonas or Burkholderia. 

Therefore, N-oxide reductases are highly represented in bacteria and archaea and there is 

significant diversity in the distribution of these genes among strains, with the majority of the 

genes not harbored in complete denitrifiers.  

The limited frequency of complete denitrifiers in the IMG database suggests that 

denitrification is mostly a modular process (Graf et al., 2014), implying that there is no obvious 

selection against having a single reductase or selection towards having all four of the reductases 

required for complete denitrification. Modularity means that each nitrogen oxide reductase is 

best viewed as a distinct functional module that can provide selectable benefits independent of 

other denitrification enzymes. While the work described here does not define the role of the N-

oxide reductases in the isolates, it is not unreasonable to suggest their benefits may be similar to 

those in other more well defined model organisms. In some cases the role of an individual 

reductase is clear. For example, nitric oxide reductase will play a role in mitigating NO toxicity 
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(Kwiatkowski et al., 1997; Shapleigh, 2012). In other cases the role is not as obvious. For 

instance, there are strains with only Nir, and specifically only nirK, suggesting it is not strictly 

coupled to denitrification. The role of this protein has not been defined, but previous work on a 

Rhizobium strain suggests it might be involved in metal detoxification (Toffanin et al., 1996; 

Basaglia et al., 2007).  

Gene content matched quite well with phenotypic-based activity predictions in the 

majority of the isolates. As expected, both 21 and 26 have all the genes needed to grow as 

complete denitrifiers. The nitrite accumulation in these strains was likely due to a temporary 

imbalance in nitrate and nitrite reducing activities. It has been observed in other bacteria that 

nitrate reductase activity is the rate limiting step in the pathway, therefore only once Nir becomes 

active will nitrite be kept at below detectable levels (Bergaust et al., 2014). In both isolates the 

NO pulse was likely due to Nir activity preceding Nor (Bergaust et al., 2008). While N-oxide 

production of these two isolates has gross similarities, there are more subtle variations that likely 

are caused by regulatory and enzymatic differences which demonstrates the fact that even strains 

with the same capacity for denitrification can have quantifiable differences. For example, 

enzymatic differences may account for the higher cell specific anaerobic respiration rates of 

isolate 21 relative to isolate 26 due to 21 utilizing Nar while 26 uses Nap (see Table 2.2; the ratio 

between electron flow during anoxic and anoxic conditions (ve
-
anox/ve

-
ox) was 0.84 for isolate 21, 

and 0.62 for isolate 26).  

Isolates 2, 5 and 16 lacked a dissimilatory Nir, which is consistent with their nitrite 

accumulation. Interestingly, they also all produced NO despite the absence of a Nir. This NO 

production is likely a consequence of nitrite accumulation to mM levels. Previous work has 

suggested NO can be produced as a result of nitrite reduction by Nar (Vine et al., 2011) and 
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genome analysis indicated that all these isolates contain a Nar. Chemical production of NO from 

nitrite is doubtful since this requires acidic conditions (Van Cleemput & Baert, 1984) versus near 

neutral pH in the experiments reported here (data not shown). Even though all isolates produced 

NO, NO accumulation in isolates 2 and 5 is consistent with a lack of NO reductase. Likewise, the 

limited accumulation of NO and production of N2O in isolate 16 is consistent with its genome 

containing a gene encoding a quinol oxidizing Nor. Isolates 2 and 5 do, however, produce very 

minuscule amounts of N2O, amounting to less than 0.15% of the initial NO3
--N added. Since 

these bacteria lack Nor it is unclear exactly how N2O is produced. It is possible that NO 

reduction by heme-copper oxidases may produce a small amount of N2O (Cooper, 2002).  

Isolate 28 showed a pattern of gaseous accumulation that did not entirely match its 

genotypic expectations. There was no evidence that the Nir gene was expressed under the 

conditions used in these experiments, suggesting the NO production is therefore due to nitrite 

reduction by Nar as seen in the other partial denitrifiers. Strain 28 also produced relatively 

limited amounts of both NO and N2O under hypoxic conditions, which may be reflective of its 

slow growth rate. As in isolates 2 and 5, the N2O produced in isolate 28 is very limited and does 

not make a significant contribution in the total N recovered.  

The common occurrence of partial denitrifiers is consistent with the idea that only those 

genes that provide a benefit will be maintained, with the acquisition and loss of non-essential 

genes over time likely a consequence of changes in environmental conditions. Isolate 16 

provides evidence for this since it has a remnant nirK fragment. Deletion of nirK, leaving a gap 

in the denitrification pathway, has been observed in other bacteria as well (Kwiatkowski et al., 

1997). However, if nirK has been lost, why not the nor genes as well? Previous work has shown 

that NO produced by denitrification can activate the NO stress regulon in co-cultures (Choi et 
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al., 2006). Gas phase analysis shows that Nor activity in 16 is effective in limiting NO 

production in pure or mixed cultures (Figure 2.2 bottom right, Figure S2.4), suggestive that Nor 

provides a benefit by detoxifying reactive NO. Among the sequenced organisms in the DOE 

IMG database about 1,000 strains contain either cNor or qNor as the sole gas producing or 

consuming N-oxide reductase, thus suggesting these enzymes provide a selectable benefit in 

mitigating stress and detoxifying NO that is independent of the other denitrification N-oxide 

reductases.  

The fact that denitrification genes can be easily lost and gained can lead to similar strains 

having different denitrification gene complements. A good example of this is isolate 21 versus 

the two other sequenced P. nitroreducens strains (TX1 and HBP1)(Huang et al., 2014). Isolate 21 

is the only strain of the three without a Nap but the only one with two copies of Nar. In all three 

strains nirK and nor are clustered, but in two, strain 21 and HBP1, nosZ is immediately upstream 

and divergent from the nor cluster. The nosZ cluster is missing in TX1, but, other than this set of 

missing genes, there is synteny in this stretch of the genome, suggesting a deletion. The genes 

that are shared among the three strains, however, do have a high (>95%) identity at both the 

DNA and protein level, consistent with having common ancestry.  

The ready isolation of bacteria with partial denitrification pathways and the common 

occurrence of this phenotype among sequenced strains suggests that partial denitrifiers may 

contain a significant portion of the genes encoding dissimilatory N-oxide reduction in natural 

environments. While complete denitrifiers do occur, it is unclear if there is an added benefit of 

being complete or if they arise as a consequence of the piecemeal accretion of genes. 

Irrespective, any added benefits from a more complete pathway are not so large as to prevent 

loss of reductases even if this leads to a decoupling of the pathway. Taken as a whole, the 
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denitrification pathway consists of enzymes that each appears to provide a selectable benefit and 

that can be further organized into various fragmented or contiguous pathways depending on 

environmental conditions. However, the environmental implications for the common occurrence 

of partial denitrifiers in soil is unclear. Denitrification is a useful sink and mitigation strategy for 

excess N. However, since both NO and N2O are potential products of this pathway which have 

detrimental environmental impacts, denitrification is a useful process only if the production of 

these gases is limited and the pathway goes to completion. Although ecosystems dominated by 

partial denitrifiers might be considered more ‘leaky’ to these intermediates (Firestone & 

Davidson, 1989), the mixing experiments with isolates 5 and 16, as well as in other experiments 

(Van de Pas-Schoonen, K. T. et al., 2005; Choi et al., 2006), suggest that intermediates produced 

by one strain can be effectively reduced by another. These results reveal that the relative 

importance of partial and complete denitrifiers in particular environments is an important 

question to be addressed in future studies on terrestrial denitrification.  
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CHAPTER 3 

 

NITRATE REDUCTION IN THE PRESENCE OF OXYGEN AS A MICROBIAL SOURCE 

OF NITRITE IN SOILS 

 

Adapted from: Constance A. Roco, Linda L. Bergaust, James P. Shapleigh, and Joseph B. Yavitt. 

To be submitted to Soil Biology & Biochemistry, August 2015. 

 

Abstract  

Human activities have greatly increased the input of nitrate to natural and managed 

ecosystems, but the fate of excess soil nitrate is still unclear. Many studies assume that 

dissimilatory reduction of nitrate to nitrite is an anaerobic process, but this first step of 

denitrification can occur in some bacteria at oxygen concentrations that are high enough to 

repress downstream reduction of nitrite to gaseous products. Here, we examine whether 

dissimilatory reduction of nitrate under aerobic conditions is an additional, underappreciated fate 

of nitrate in agricultural, wetland and forest soils. Aerobic nitrate reduction occurred in soils 

when provided with both nitrate and a carbon source, with the greatest nitrite accumulation in 

wetland soils. The addition of a nitrification inhibitor did not significantly reduce aerobic nitrate 

reduction activity, nor did an assimilation inhibitor. Nitrite production in soils with added 

carbon, nitrate, and nitrification inhibitor ranged from 7.5-50% of added N-nitrate in a five-hour 

incubation. Bacteria capable of aerobic nitrate reduction were readily isolated, comprising 

approximately 35% of the isolates retrieved. Of this 35%, 16S rDNA sequencing revealed both 

gram negative and gram positive bacteria, with the majority being gram negative proteobacteria. 

In six of the isolates, onset of nitrate reduction occurred at 45-86% of atmospheric oxygen 

concentrations, which is greater than levels associated with the onset of nitrite reduction. 

However, reduction of nitrate under aerobic and semi-aerobic conditions did not result in 



 

57 

significant enhancements in carbon dioxide production or total electron flow rate to electron 

acceptors. The genomes of these six isolates were sequenced and revealed a wide diversity of 

regulatory controls on the nitrate reductase(s). The results suggest that aerobic nitrate reduction 

is widespread because it can occur in several unrelated bacteria, have multiple types of 

physiological controls, and can occur independently of the gas-forming reactions of 

denitrification. Thus, it is an unappreciated fate of nitrate in soil.  

Introduction 

Anthropogenic nitrogen (N) production has led to new challenges in understanding how 

excess N cycles in natural and managed ecosystems (Schlesinger, 2009; Fowler et al., 2013). 

Excess nitrate presents a particular problem because it has the potential to be transferred from 

soil to small streams and shallow groundwater, to rivers, and ultimately to coastal marine 

ecosystems where it fuels eutrophication (Carpenter et al., 1998). This flow from soil to aquatic 

ecosystems can be mitigated to some extent, since nitrate can be assimilated by plants and 

bacteria or reduced to either ammonium or gaseous end products through microbial dissimilatory 

processes. Microbial denitrification, the stepwise reduction of nitrate to dinitrogen via nitrite, 

nitric oxide, and nitrous oxide, can potentially alleviate the negative effects of nitrate leaching 

from soils.  

Denitrification is frequently viewed as a tightly coupled pathway whose activity is 

inversely correlated with oxygen (O2) levels, and thus has been studied mostly in soils with very 

low O2 concentrations. The typical denitrifier is presented as a facultative anaerobe that will 

preferentially use O2 as an electron acceptor and restrict electron flow towards N-oxides as long 

as O2 is available. However, studies on model denitrifiers have shown that different steps in the 

pathway can be differentially controlled by O2, and the reason that O2 quenches the process may 
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lie as much with chemical constraints as with physiological necessities (Martinez-Espinosa et al., 

2011; Shapleigh, 2011; Bateman & Baggs, 2005). For example, the rapid chemical reaction of 

NO with O2 may be the reason why the production and reduction of NO is the part of the 

pathway most tightly regulated in the presence of O2 (Bergaust et al., 2008; Hartsock & 

Shapleigh, 2010; Watmough et al., 1999). In contrast, nitrate and nitrite do not readily react with 

O2, and thus reduction of nitrate to nitrite is adjusted to best fit physiological necessities 

(Dalsgaard et al., 2014; Hartsock & Shapleigh, 2011; Sears et al., 2000; Martinez-Espinosa et 

al., 2011). 

Given that the multiple enzymes in the denitrification pathway do not necessarily have 

tightly linked expression, it is reasonable to postulate that specific steps in the pathway function 

independently. More specifically, there is no reason to assume that the first step in the pathway is 

obligatorily linked to any of the remaining three steps, and thus, this step could occur under less 

stringent O2 control resulting in a source of nitrite that is underappreciated. This is an important 

consideration because soil nitrite production has substantial environmental impacts. For example, 

Su et al. (2011) and Isobe et al. (2012) showed circumstantially that nitrite production in acidic 

soils is necessary to balance the budget of the chemically converted HONO compound found in 

the atmosphere (Isobe et al., 2012; Su et al., 2011). Oswald et al. (2013) provided evidence that 

neutral-to-basic soils in arid and arable areas show relatively high emission fluxes of HONO and 

NO in nitrite rich soils, accounting for up to 50% of the reactive N release from soil (Oswald et 

al., 2013). Chemodenitrification of nitrite has also resulted in the production of gaseous N-

oxides, with the reactive free radical NO as the major product (Thorn & Mikita, 2000; Davidson, 

1992; Stuven et al., 1992). As chemodenitrification occurs when soil pH is <5 (Chalk & Smith, 

1983), this process is likely significant in soils of the northeastern USA (Kulkarni et al., 2013). 
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Another possible abiotic fate of nitrite is the binding to soil via the so-called nitrosation process 

(Smith & Tiedje, 1979). This fate could explain nitrate fixation onto soil organic matter that has 

been suggested as a sink for added anthropogenic N in some forest ecosystems (Davidson et al., 

2003). 

The production of nitrite from nitrate in soils under oxic conditions has been shown by a 

few other studies. Previous work by Carter et al. (1995) has described heterotrophic bacterial 

isolates from soil capable of nitrate reduction in the presence of atmospheric oxygen, which has 

been to referred to as aerobic nitrate reduction (ANR), and will be the term used throughout the 

rest of the paper (Carter et al., 1995). Also, Vega-Jarquin et al. (2008) demonstrated ANR in soil 

from an alkaline lake bed in Mexico when incubated in 100% atmospheric O2 and in the 

presence of acetylene, a nitrification inhibitor (Vega-Jarquin et al., 2008). Here, we examine 

ANR in a range of soil types using an oxidized carbon source (where Carter et al. (1995) used 

the reduced carbon source of butyrate) with the addition of nitrification and nitrate assimilation 

inhibitors, and we provide a more detailed understanding of the physiological context of ANR, 

including the determination of the O2 concentration at the onset of nitrate reduction in bacterial 

isolates demonstrating the ANR phenotype. With these bacterial isolates, we also investigated 

the diversity of regulation of the dissimilatory nitrate reductase(s), which include the membrane-

associated nitrate reductase (Nar) and a periplasmic enzyme (Nap.). The results of this work 

suggests that ANR is a common, yet underappreciated trait, and this pathway may make a 

significant but still unclear contribution to the soil nitrogen cycle.  

Materials and Methods 

Experimental Sites and Soils 
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Soils were collected in September 2010 from three environments near Ithaca, NY and in 

July 2011 from a forested site at the Hubbard Brook Experimental Forest (HBEF) within the 

White Mountain National Forest, West Thornton, NH (Table 3.1). The soil at McGowen 

agricultural field and second-growth forest woodlot are classified as an Alfisol soil derived from 

sandy outwash with a sandy loam texture (Beatty & Stone, 1986; Castrillo et al., 2007). 

Duplicate agricultural field and second-growth forest samples were collected from Smith Woods 

and adjacent agricultural field. The soil at the Smith sites are Alfisol of glacial lake origin with a 

sandy loam to sandy silt texture (Beatty & Stone, 1986; Marks et al., 1999). The soils in the 

second-growth forest at HBEF are classified as acidic Spodosols derived from granitic glacial till 

which are moderately well drained and sandy-loam to loamy-sand texture (Adams et al., 2008). 

We also collected soil from two forested wetlands located near Ithaca, NY. The soil in the closed 

canopy forest at Sapsucker is classified as an Inceptisol (Miller, 1996; Miller et al., 2004). A 

fragipan soil horizon about 1 m deep prevents drainage and maintains a high water table. Trees 

occur on elevated hummocks surrounded by water-filled pits, which are 0-40 cm deep. The 

Stewart Park soil is classified as a Wayland series that is deep, poorly drained, medium-textured, 

low-humic Gleysol soil formed in recent alluvium. It also had hummock and pit topography. At 

both sites soils were collected separately from the hummocks and pits. Hummocks were 

significantly drier than the pits, with a soil moisture content 30-50% lower, and had a 0.6-0.8 

unit lower pH (Table 3.1).  

Soil samples (roughly 200 g each) were collected from three randomized locations in 

each site from the 0-10 cm depth interval. Samples were stored for <60 minutes in plastic bags 

before being assayed. Soil pH was measured with a glass electrode in a 1:5 soil-water slurry. Soil 

moisture content was calculated as (wet weight-dry weight)/dry weight) x 100.   
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Table 3.1: Descriptions of the seven sites from agricultural, forest and wetland soils which were collected for the ANR assay and for bacterial 

isolation. pH and percent soil moisture content were measured the day of soil collection and show a wide range of variability across sites. 

 
Site Descriptions pH % Soil Moisture Dominant vegetation Soil Classification 

Agriculture: McGowen Field 4.89 43.1% Corn Alfisol (mesic Glossoboric Hapludalf) 

 Smith Field 4.55 22.6% Corn Alfisol (mesic Psammentic Hapludalf) 

Forest: McGowen Woodlot 5.44 40.9% Red oak, tulip poplar, sugar maple, white ash, bitternut 

hickory 

Alfisol (mesic Glossoboric Hapludalf) 

 Smith Forest 4.05 48.5% Eastern hemlock, American beech, sugar maple, white 

ash, tulip tree 

Alfisol (mesic Psammentic Hapludalf) 

 Hubbard Brook Experimental Forest 3.82 106.3% American beech, sugar maple, yellow birch, paper 

birch, red spruce, balsam fir 

Spodosols (Haplorthods) 

Wetland: Stewart Park pits 4.65 80.4% Red maple Wayland series, Gleysol 

  hummocks 4.05 54.1%  

 Sapsucker Woods pits 3.85 161.5%  Inceptisol (mesic Mollic Endoaquepts) 

  hummocks 3.08 80.7% Red maple, grey alder, eastern hemlock 
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Assay for ANR:  

Analysis of ANR activity began within 60 minutes of soil collection. Soil (0.5 g fresh-

weight) was added to a 1 ml solution in a 1.5 ml microcentrifuge tube. The solutions added to the 

soils were: 1) deionized water (W), 2) deionized water with 0.03 mg N-KNO3 g
-1 fresh-weight 

soil (W+N), 3) Sistrom’s medium (Lueking et al., 1978) (SIS); 4) SIS plus 0.03 mg N-KNO3 g
-1 

fresh-weight soil (SIS+N); 5) SIS+N and 300 mM dicyandiamide (DCD) (SIS+N+DCD), and 6) 

SIS+N and 113 mM ammonium sulfate (SIS+N+NH4). Succinate, a relatively oxidized carbon 

source found in soils, was the carbon source in the Sistrom’s media used to provide the 

approximate redox level to cell biomass (McKinlay & Harwood, 2011), DCD was used as a 

nitrification inhibitor (Giltrap et al., 2010; Davies & Williams, 1995), and excess ammonium 

sulfate was used to ensure nitrite production was not a consequence of the assimilatory nitrate 

reductase (Giltrap et al., 2010; Vega-Jarquin et al., 2008). 

All incubations were done in triplicate and agitated continuously by vortex under 

atmospheric conditions for up to five hours. Nitrite accumulation was measured after 30 minutes, 

60 minutes, three hours, and five hours of incubation. Nitrite was determined by adding 50 µl of 

the soil slurry to 900 µl phosphate buffer and 1 mL of Griess reagents A and B (Roussel-Delif et 

al., 2005). Intensity of colorimetric change was measured on the spectrophotometer at an 

absorbance of 540 nm.   

Classification and identification of isolates: 

Bacteria capable of ANR were isolated as described in Roco et al. (submitted). In brief, 

isolates from soil were incubated aerobically for 24 hours at 30°C in a 96-well plate on Sistrom’s 

agar medium supplemented with 113 mM (NH4)2SO4 and 10 mM KNO3 before being tested for 

nitrite production (using 20 μl of the Griess reagents). Approximately 50 isolates capable of 
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nitrite production under these conditions were selected for 16S rDNA gene sequence using the 

8F and 1492R universal primers and a previously described PCR protocol (Roco et al. 

submitted). Amplicons were sent for Sanger sequencing at the Cornell University Core 

Laboratory Center.  

Isolates capable of ANR were also tested for growth in an anaerobic jar on Sistrom’s 

media with 10 mM KNO3. Anoxic conditions were maintained using the GasPakTM system as 

described by the manufacturer (Becton, Dickinson and Company). Six isolates capable of ANR 

were chosen for full genome sequencing based on phenotypic traits (Roco et al. submitted). 

Assembled sequences have been deposited at DDBJ/EMBL/GenBank under the accession 

numbers JYOF00000000, JYOC00000000, JYOD00000000, JYOA00000000, JYOB00000000, 

and JYOE00000000 for the six isolates 2, 5, 16, 21, 26, and 28, respectively.  

Gas and nitrite measurements:  

The six bacterial isolates were raised from frozen stocks and pre-cultured at 30°C under 

aerobic conditions in Sistroms’ medium with no amended nitrate. These cultures were used as 

inocula for two sets of incubation experiments, which were performed in triplicate at 30°C in 120 

mL glass vials with 50 mL liquid Sistrom’s media. The experiments were set up to assess: 1) 

apparent critical [O2] threshold for ANR; and 2) the impact of ANR on apparent growth rates and 

e--flow (isolates 2, 5 and 16 only). For the O2 threshold experiments, aerobic pre-cultures of each 

of the six isolates were transferred to vials to initial OD600 ≤ 0.035, starting at ambient [O2] and 

containing either 1 or 2 mM KNO3. The set-up for the growth rate experiments was similar to the 

first experiment, except that nitrate was added approximately 2.5 hours into the incubations to 

assess whether this had any apparent effect on growth and electron flow rates. After inoculation 

into sealed vials, cultures were stirred continuously at 500-700 rpm to ensure complete dispersal 
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of cells and proper gas exchange between liquid and headspace. Headspace gases (O2 and CO2) 

were monitored by frequent sampling (every ~0.5-1.5 hours) using a robotic incubation system 

(Molstad et al., 2007). This produced rich datasets facilitating assessment of respiration rates, 

apparent growth rates and electron flow to terminal electron acceptors (Bergaust et al., 2010; 

Hassan et al., 2014).  

Nitrite measurements were carried out separately throughout the incubations by injecting 

10 µL of withdrawn liquid culture into a purged vessel containing 1% w/v sodium iodide (NaI) 

in acetic acid, reducing the injected nitrite to NO (MacArthur et al., 2007). N2 was bubbled 

continuously through the purge vessel to maintain anaerobic conditions and was also the carrier 

gas transporting NO to the connected chemiluminescence detector (Nitric Oxide Analyzer NOA 

280i, General Electric).  

RNA extraction and RT-qPCR:  

Genome sequencing of the six isolates allowed for specific primer design for each of the 

nitrate reductase genes within each isolate. Further details of growth conditions, harvesting times 

and real time quantitative PCR protocols can be found elsewhere (Roco et al. submitted). In 

brief, isolates were grown in flasks with either a foam or rubber stopper, for aerobic or hypoxic 

conditions, respectively, in Sistrom’s media with or without 10 mM KNO3 and cells were 

harvested during various growth stages based on detectable nitrite levels. The expression of nar 

and nap was estimated relative to their respective standard curves (log-linear regression of 

threshold cycle (CT) value against log copy number). A list of the specific primers used, their 

annealing temperature, and qPCR efficiencies of the standard curves can be found in Table S3.1. 

Real-time qPCRs were set up in triplicate and the results are given as mRNA copies µg-1 total 

RNA.  
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Results 

ANR activity in soil: 

 An initial soil assay was undertaken as a means to identify soils in which ANR occurred. 

Soil with additions of water, water plus nitrate, or Sistrom’s media produced only trace amounts 

of nitrite (Figure 3.1). In contrast, additions of nitrate plus Sistrom’s media led to nitrite 

production in nearly all the soils examined, with nitrite being detected as early as 30 minutes 

after incubations began (data not shown). The average accumulation of nitrite after 5 hours of 

incubation in samples with nitrate plus Sistrom’s media was 2 to 14 µg N-NO2 g
-1 fresh-weight 

soil (Figure 3.1), which was 7.5-50% of the 28 µg N-NO3 added per gram of fresh soil. 

Additions of either DCD or excess ammonium along with nitrate plus Sistrom’s media did not 

significantly change the amount of aerobic nitrite accumulation (p ≤ 0.05) beyond that exhibited 

by soil with added nitrate and Sistrom’s media alone (Figure 3.1).  

 Aerobic nitrate reduction was greatest in the wetland soils, intermediate in the 

agricultural soils, and lowest in the forest soils (Figure 3.1). In the Stewart Park wetland, nitrite 

accumulation was similar for soil from pits and hummocks, except that the hummock soil had 

greater nitrite accumulation when incubated with Sistrom’s medium lacking nitrate (Figure 

S3.1). In contrast, in the Sapsucker wetland, nitrite accumulation only occurred in the hummock 

soil incubated with Sistrom’s medium, nitrate and ammonium. The pit soils showed similar 

patterns of ANR activity among treatments as those in Stewart Park, but with less nitrite 

production (Figure S3.1). 
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Figure 3.1. ANR activity in three soil types in the northeast (agricultural, forest and wetland soil). Soils 

were incubated in six different media and nitrite was measured after 30min, 1, 3 and 5 hours after 

incubation. Data shown here is an average of triplicate samples collected after 5 hours of incubation. No 

samples accumulated detectable levels of nitrite when incubated with water alone.  

 

 

Isolates with ANR phenotype: 

A total of 250 bacterial strains were isolated under oxic, heterotrophic conditions from 

the forest, agricultural and wetland soils. Approximately 90 of the 250 isolates exhibited ANR, 

and were grouped based on production of relatively low, medium, or high levels of nitrite during 

aerobic growth. Notably, most of the isolates exhibited less nitrite production in well-mixed 

liquid than on solid agar. In general, soils with low ANR activity yielded isolates with a low 

level of nitrite production, e.g., the forest soils (Figure S3.2). In contrast, soils with the greatest 
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ANR activity produced isolates with a diversity of nitrite production (Figure S3.2). Among the 

90 isolates, only about 30% were able to grow with nitrate as the sole electron acceptor. 

Phylogenetic characterization of the isolates found they included Actinobacteria, Firmicutes, and 

alpha, beta and gamma Proteobacteria. Gammaptroteobacteria constituted 42% of the total 

isolates, with pseudomonads as the majority, constituting 31%.  

To gain more insight into the diversity of ANR phenotypes, six strains were examined for 

detailed timing of nitrite production in relation to O2 concentration (Figure 3.2). Among the six 

isolates, the first appearance of nitrite occurred at [O2] levels 45-86% that of atmospheric [O2]. 

Isolate 5 exhibited the most pronounced ANR phenotype, with an average net nitrite production 

rate (initial VNO2-) of 8 µmol mg-1 h-1 at first significant increase in nitrite ([NO2
-] > 0.5 µmol 

vial-1), occurring in the presence of O2 at approximately 86% of ambient concentration. Isolate 

16 also showed a high initial VNO2- at 6.6 µmol mg-1 h-1, with the first detected nitrite at an [O2] 

of 57% of ambient. Both isolates 21 and 26 had lower initial VNO2- values at 0.7 µmol mg-1 h-1 

and 1.3 µmol mg-1 h-1, respectively, but had high [O2] at the first detection of nitrite > 0.5 µmol 

vial-1 at 84% and 60% of ambient [O2], respectively. Isolate 2 showed an apparent stepwise 

induction of nitrate reduction with an initial VNO2- of 0.2 µmol mg-1 h-1, at an average [O2] of 

66% of ambient. VNO2- remained stable until [O2] reached approximately 22% of ambient, at 

which the net rate of nitrite production increased to an average of 0.8 µmol mg-1 h-1.  Isolate 28 

had a VNO2- at 2.0 µmol mg-1 h-1, but showed the lowest [O2] at the first detection of nitrite at 

35% ambient. Four of the isolates, 2, 5, 16, and 28, did not reduce nitrite further and all the 

added nitrate-N was recovered as nitrite (Figure 3.2). Isolates 21 and 26 only transiently 

accumulated nitrite, consistent with their abilities to grow as denitrifiers.  
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Further measurements in isolates 2, 5 and 16 indicated there was no change in CO2 

production or total electron flow with the addition of nitrate to the medium during aerobic 

growth (data not shown). The complete denitrifiers, 21 and 26, were not assessed as they can 

reduce the nitrite which would confound the results, and isolate 28 was a very slow grower and 

omitted for practical purposes.  

Nap and Nar genes: 

To examine whether there is a common nitrate reductase arrangement associated with 

ANR, we compared genomes of the six isolates to previously published genomes in the 

Department of Energy (DOE) Integrated Microbial Genomes (IMG) public database. A diagram 

of the nitrate reductase gene clusters and regulators present in the six isolates is shown in Figure 

S3.3. Genome analysis revealed that isolates 21 and 26 had the genes necessary for complete 

denitrification. Isolate 21 is related to Pseudonomas nitroreducens and has two clusters of genes 

encoding membrane bound Nar. The two respiratory nitrate reductase alpha chain subunits 

(NarG) share 71% identity, indicating they are not paralogous. Each NarG has >90% identity 

with a putative ortholog in Pseudomonas denitrificans. NarG in cluster 1 (gene 3914) has 

significant sequence similarity with proteins from Pseudomonas aeruginosa (90% identity). 

NarG from cluster 2 (gene 5384) is only 70% identical to NarG from Pseudomonas aeruginosa 

but about 80% identical with Nar from various Halomonas species, another γ-proteobacterium 

but a member of the family Halomonadaceae. Isolate 26, classified as a member of the genus 

Ralstonia, contains a single nitrate reductase cluster that encodes a Nap-type protein. This 

protein has high identity to orthologs in other Ralstonia. However, many Ralstonia usually have 

one or two copies of the genes encoding the Nar type enzyme. At this time, there is only one 
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other Ralstonia strain like isolate 26 in having Nap but no Nar, making this particular 

arrangement rare among members of this genus (Roco and Shapleigh, unpublished).  

Isolates 2 and 5 are both pseudomonads and have nitrate reductase as their only 

dissimilatory N-oxide reductase. Interestingly, both strains have gene clusters for both Nar and 

Nap type nitrate reductases. Examination of the genomes of 728 other pseudomonads in the DOE 

IMG database (as of 05/14/2015) found only one other strain with both Nar and Nap that lacked 

all other downstream denitrification N-oxide reductases, making this arrangement extremely rare 

in this data set (Roco and Shapleigh, unpublished). Nearly all the sequenced pseudomonad 

strains contained Nar and <30% contained both Nar and Nap. The orthologous clusters in the two 

isolates described here are identical in gene content and organization. The overall identity of the 

translated protein sequences of the genes in the Nar gene cluster in these two strains is 96%, 

while that of the predicted proteins in the Nap cluster is 91%. These strains are not siblings, 

however, as 492 genes in isolate 5, out of a predicted total of ~5000 genes, do not have obvious 

orthologs, defined as >30% identity, to isolate 2. Likewise, 643 genes in isolate 2, out of a total 

of ~5300 genes, are not found in isolate 5. However, conserved regions are highly similar with 

DNA identity of about 88%. 
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Figure 3.2: [O2] in the liquid (% of ambient, assuming 100% at first measurement) and specific net rate 

of NO2
- accumulation (VNO2- µmol mg-1 dw h-1) in strains 2, 5, 16, 21, 26 and 28 in Sistrom’s medium 

with 1 or 2 mM (isolate 28) initial NO3
- in sealed vials started with initial atmospheric conditions (21% 

[O2]). 1 mM initial NO3
- equals 50 µmol NO3

--N, and thus a potential accumulation of 50 µmol NO2
--N 

vial-1. The decline in oxygen is due to respiration and dilution by sampling. [O2] is given as estimated 

average values for each mid-time increment of nitrite measurements. Specific net rates of NO2
- production 

were estimated based on inferred dry mass (mg) per vial for each mid-time increment of nitrite 

measurements, assuming a conversion factor of 0.4 mg ml-1 OD600
-1. Isolates 5, 16 and 28 reduced all the 

available NO3
- to NO2

-, isolates 21 and 26 reduced nitrite further to N2 (not shown), and in the isolate 2 

cultures, approximately 16% of the available NO3
- was recovered as NO2

- at the end of the experiment. 

Solid black line and open squares: [O2] (% of ambient); dashed line, no symbol: NO2
- µmol vial-1; grey 

diamonds: VNO2- (µmol mg-1 dw h-1).  
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Isolate 16, a member of the Burkholderiaceae family, contains a Nar encoding gene 

cluster. This cluster is identical in organization with most orthologs from other Ralstonia strains. 

The regions of the genome flanking these clusters are not conserved among the strains. Within 

the next eight genes downstream of the cluster in the isolate are four genes likely involved in Nar 

activity including two molybdopterin-guanine dinucleotide biosynthesis genes and a pair of 

genes encoding a sensor regulator two-component system. All these genes are present in other 

Ralstonia strains but not with the same organization as in isolate 16.  

Isolate 28, a member of the order Actinomycetales, is the only gram positive among the 

isolates and has a Nar type nitrate reductase. Nar are fairly common among the order 

Actinomycetales and the predicted Nar proteins from 28 are most closely related to proteins from 

members of this order. As with many of the nar clusters in the isolates, the nar cluster consists of 

genes encoding the alpha, beta, delta and gamma chains as well as a gene for a nitrate/nitrite 

transporter. In most other isolates, the transporters are encoded by either one long gene or two 

smaller copies that together are equivalent in length to the longer version and are found directly 

upstream of the alpha nar subunit. In contrast to the other isolates, isolate 28 has a single copy of 

the smaller transporter gene and it is found four genes downstream of the alpha nar subunit. This 

arrangement is common among members of the Actinomycetales. 

Expression of nitrate reductase(s) in the isolates: 

In order to determine whether the dissimilatory nitrate reductase genes displayed similar 

or contrasting patterns of expression among the six isolates, qPCR was performed on RNA 

isolated from cells growing under various conditions. Results from the nitrate reductase RT-

qPCR are summarized in Table 3.2. The two complete denitrifiers, isolates 21 and 26, were 

found to have dissimilar patterns of nitrate reductase expression. Only one of the two nar clusters 
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in isolate 21, cluster 1, showed changes in copy number, with an increase in expression during 

oxygen limitation in combination with NO3
- (AE_HighOD_NO3), and the highest expression in 

the anoxic treatment with nitrate (AN_HighOD_NO3). The other nar cluster showed virtually no 

transcription under any conditions. The nap in isolate 26 showed significant transcription under 

all conditions. Cells from low density oxic conditions showed the lowest expressions, but this 

increased in higher density cultures, regardless of the presence of nitrate (AE_HighOD). 

Expression in the high density cultures was equivalent to that seen in cells isolated under 

denitrifying conditions. 

Isolates 2 and 5 had dissimilar expression patterns despite their sequence similarities. nar 

in isolate 5 was controlled by the presence of nitrate, regardless of O2, showing high 

transcription in both AE_LowOD_NO3 and AE_HighOD_NO3. Comparatively, nap had low 

background expression levels in isolate 5 under all conditions and increased as [O2] decreased in 

nitrate supplemented medium (AE_HighOD_NO3). nap expression in isolate 2 also occurred at 

high cell density but did not require added nitrate. nar in this isolate had a comparatively low 

level of transcription under all conditions, only showing a limited increase in expression during 

oxygen limitation in NO3
- amended medium (AE_HighOD_NO3).  

Strain 16 showed a clear increase in nar expression in response to oxygen limitation, 

especially in the presence of NO3
- (AE_HighOD_NO3). Transcription of nar was relatively low 

for isolate 28 under all conditions. However, this gene cluster showed a modest increase in copy 

number in late exponential phase with the presence of nitrate (AE_HighOD_NO3). 
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Table 3.2: Quantitative RT-PCR of each dissimilatory nitrate reductase from the six genome sequenced isolates. The copy numbers are given per 

µg total RNA for a range of growth conditionsa. 
 Isolate 21 Isolate 26 Isolate 5 Isolate 2 Isolate 16 Isolate 28 

Growth 

Conditions 

narI narII nap nar nap nar nap nar nar 
avg stdev avg stdev avg stdev avg stdev avg stdev avg stdev avg stdev avg stdev avg stdev 

AE_LowOD 0.1 0.04 0.02 0.02 0.8 0.2 0.6 0.2 2.6 0.4 0.1 0.05 0.03 0.01 0.3 0.04 0.05 0.008 

AE_LowOD_NO3 0.04 0.01 0.02 0.01 1.0 0.2 42 2.1 7.4 1.4 0.3 0.03 0.03 0.01 0.3 0.06 0.05 0.008 

AE_HighOD 0.1 0.01 0.1 0.02 4.6 0.2 6.6 1.9 8.9 0.6 0.4 0.1 0.2 0.01 1.9 0.16 0.08 0.01 

AE_HighOD_NO3 0.3 0.03 4.5 1.0 5.7 0.4 57 21 27 9.2 1.0 0.1 0.3 0.04 25 2.0 0.1 0.01 

AN_HighOD_NO3 0.1 0.01 24 4.0 3.0 0.3 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

 

a The six growth conditions where RNA was harvested from: 1) AE_LowOD = Aerobic, low OD600 (<0.4), no NO3; 2) AE_LowOD_NO3 = Aerobic low OD, 10 mM KNO3; no 

nitrite production detected; 3) AE_HighOD = Aerobic, high OD600 (>0.8), no NO3; 4) AE_HighOD_NO3 = Aerobic, high OD, 10 mM KNO3, nitrite detected; and 5) 

AN_HighOD_NO3 = Anaerobic, high OD600 (>0.8), 10 mM KNO3, no nitrite detected.



 

74 

Discussion 

We examined ANR in some agricultural, forest, and wetland soils in the northeastern 

USA, and our results suggest that ANR is an underappreciated sink for nitrate in soil. Despite 

being mostly ignored in soil science and soil ecological work, a few studies have quantified ANR 

in soils (Russow et al., 2009; Isobe et al., 2012; Müller et al., 2006) and report nitrite production 

rates of <1 µg g-1 hr-1. Here, we found rates from 0.5 to 2.8 µg N-NO2 g
-1 hr-1, which consumed 

7.5-50% of the added nitrate. Our study advances the understanding of ANR in natural 

ecosystems for, at least, two reasons. The first is that we measured ANR within a few hours of 

soil collection, suggesting that enzymes capable of the process are pre-existing in soils. 

Secondly, we isolated several bacteria able to perform ANR and found a diversity of 

physiological controls on the process. This implies that ANR is more diverse than previously 

suspected.    

The highest rate of nitrite production in all of the soils occurred with additions of nitrate 

plus carbon, i.e. Sistrom’s media (Figure 3.1), suggesting that ANR is a heterotrophic process 

associated with respiration. Also, because all of the soils exhibited nitrite production with the 

addition of a nitrification inhibitor (Figure 3.1), we are confident that the process was not simply 

a consequence of nitrification, but rather due to a different group of bacteria. The highest rate of 

nitrite production also occurred in the wetland soils. Soils in forested wetlands have generally 

high levels of available organic carbon (Rosenblatt et al., 2005), which is consistent with the 

notion that heterotrophic metabolism helps to sustain ANR. Wetland soils tend to have greater 

soil water content (Table 3.1), thereby limiting nitrification, which is perhaps a reason why ANR 

has been overlooked in these soils. However, in our case, the hummocks were better drained and 

could support nitrification with subsequent downward leaching of nitrate to the pits. This might 
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explain the finding at Sapsucker Woods, where nitrite production occurred in the hummocks 

when excess ammonium was available (Figure S3.1). In contrast, the pit soil at Sapsucker Woods 

showed nitrite production when amended with DCD, suggesting that the nitrite seen here 

circumvented nitrification.  

Isolation of bacteria capable of ANR from these soils proved surprisingly easy, since the 

phenotype was seen in 35% of the retrieved isolates. Taxonomic identification of the ANR 

strains revealed a diversity of genera. This is similar to what is seen with denitrification (Bakken 

et al., 2012) and indicates these processes are not restricted to particular taxonomic groups but 

can be adapted to fit the physiological needs of many organisms. While ANR has been reported 

previously, this is the first study to accurately measure the [O2] levels at the onset of nitrite 

production. This is an important parameter to measure to ensure nitrite production can occur at 

high O2 saturation, particularly since we were not able to measure O2 saturation during soil 

incubations or initial isolate characterization. The fact that the onset of nitrite production 

occurred between 45-86% atmospheric O2 (Figure 3.2) in the six isolates indicates the isolate 

screen was effective at identifying bacteria capable at reducing nitrate at nearly saturated O2. It is 

noteworthy that this [O2] is much higher than the onset of nitrite reduction in some model 

denitrifiers, which has been reported at ≤ 1.5% atmospheric O2, showing that particular steps in 

the denitrification pathway have very different O2 thresholds (Bakken et al., 2012; Bergaust et 

al., 2011; Bergaust et al., 2008). 

Although the ANR phenotype was common in our soils, and the isolates were 

representative of common soil genotypes, the nitrate reductase genotypes of isolates 2, 5 and 26 

were unlike nearly all of the full genomes available at the DOE IMG database (19,000 strains as 

of June 2014). This demonstrates there is a wide diversity of nitrate reductase arrangements in 
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bacteria and particular assemblages are not restricted to particular taxonomic groups or 

physiological processes. It should be noted, though, that the occurrence of nitrate reductase is not 

rare, since 51% of the isolates in the DOE IMG database as of 06/2014 possessed the genes 

encoding a dissimilatory nitrate reductase. Moreover, surveys of denitrification genes in the 

environment reveal that nar and nap are more prevalent than the genes involved in the 

production and consumption of NO and N2O, suggesting that soils have a high potential for 

nitrate reduction (Henry et al., 2006; Bru et al., 2011).  

This common occurrence of the ANR phenotype in the environment brings into question 

its physiological role to bacteria. This is of particular interest in the four out of the six sequenced 

isolates that lacked the downstream dissimilatory nitrite reductase, requiring that any 

physiological benefit provided by nitrate only arises from its reduction to nitrite. Nitrate 

reduction to nitrite has a ΔG'0 of -161 kJ/mol, making it possible to use this reaction to generate 

ATP. Previous work has shown that a strain with Nar as its only N-oxide reductase is capable of 

growth under hypoxic conditions and this growth was dependent on Nar (Nishimura et al., 

2007). In a previous study investigating ANR, it was suggested that this trait might be used to 

dissipate excess electrons (Carter et al., 1995). However, we used an oxidized carbon source in 

this study, and it is therefore unlikely the disposal of excess electrons is the reason why ANR is 

utilized by the isolates described here. None of the four isolates lacking nitrite reductase in this 

study showed evidence of growth under anoxic conditions nor were respiration rates under oxic 

conditions with and without added nitrate, measured by CO2 production and electron flow, 

significantly different in isolates 2, 5 and 16. These results imply no physiological benefit in the 

co-respiration of O2 and nitrate with these nitrate reductases in our isolates; however, being 
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readily isolated from soil argues otherwise. Therefore, defining the physiological role of these 

proteins likely await more detailed physiological investigations under diverse growth conditions. 

In addition to the diversity of nitrate reductase types found in these isolates, a range of 

regulatory patterns was also observed. For example, the two isolates with both Nar and Nap, 

isolates 2 and 5, had very similar genotypes but very different nar and nap expression patterns. 

Isolate 5 had consistently much higher levels of nar and nap expression than isolate 2, which 

correlated with higher rates of nitrite production. A more subtle difference is seen in a 

comparison of nar expression in isolate 16 versus narII in isolate 21. The fold increase in 

expression seen in cells growing aerobically under low OD versus aerobically under high OD is 

larger in the non-denitrifier isolate 16, likely reflecting the fact that isolate 16 is an aerobe, 

whereas isolate 21 uses its narII to support denitrification. Only when 21 was grown under 

denitrifying conditions did narII expression match that seen in 16 under aerobic conditions 

(Table 3.2). This diversity in expression provides another demonstration that these nitrate 

reductases are being regulated to best support the metabolic needs of the cell even if the rationale 

for these regulatory patterns are not obvious. 

We have developed an isolation protocol for bacteria capable of ANR, demonstrating the 

common occurrence of this phenotype in soil, and have seen that ANR is not ammonium 

dependent, but is carbon and nitrate dependent and oxygen independent. We have also 

demonstrated that the bacterial isolates capable of ANR show a complex phenotypic landscape, 

indicating new types of complexity within the denitrifying community. The research was 

motivated, in part, by observations of nitrate loss from soils that could not be explained by 

anaerobic processes or leaching loss (Davidson et al., 2003; Dail et al., 2001), and by the 

abundant amount of hydroxyl radicals and nitrous acid in the atmosphere of which excess soil 
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nitrite might be a source (Stemmler et al., 2006; Su et al., 2011). Our working hypothesis is that 

ANR is a common, yet underappreciated trait, and that this pathway has the potential to make a 

significant contribution to the soil nitrogen cycle. In terms of future understanding of 

denitrification, it will be important to recognize that this first step cannot be assumed to be under 

tight oxygen control, as there is a wide disparity of oxygen concentrations at the onset of nitrate 

reduction, which, importantly, is higher than the onset of nitrite reduction. Without an adequate 

assessment of aerobic nitrate reduction our understanding of factors controlling nitrate flux in 

soils remains incomplete.  
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CHAPTER 4 

DETERMING HOW OXYGEN LEGACY AFFECT THE TRAJECTORIES OF DENITRIFIER 

FUNCTION AND STRUCTURE IN SOIL 

 

Constance A. Roco, Natalie Y.N. Lim, James P. Shapleigh, Peter Dörsch, Lars R. Bakken and 

Åsa Frostegård. In preparation for submission to ISME J.  

 

Abstract 

 Denitrification is an important environmental sink for nitrate, and a main source of N2O. 

One key environmental controller of denitrification is O2. This study tested how the legacy of O2 

availability in soil influences denitrification kinetics and denitrifier community structure. We 

hypothesized that denitrifying communities that experience frequent anoxia will readily express 

the denitrification reductases and demonstrate faster denitrification rates than those living under 

steady, oxic conditions, but short anoxic spells will disfavor the expression of N2O reductase 

since evidence suggest this enzyme is more sensitive to O2 than the other denitrification 

reductases. For this experiment, grassland soil samples were exposed to either frequent, short 

anoxic spells; long anoxic spells; or fully oxic conditions over a four week period. All 

microcosms then underwent a short-term anoxic incubation during which the kinetics of NO, 

N2O and N2 production were determined. Samples were also taken during the anoxic incubation 

for metagenomic and metatranscriptomic analyses. Significant functional differences were seen 

among the three treatments, especially in regards to N2O accumulation. Surprisingly, the oxic 

treatment had the fastest denitrification rate, completing reduction of nitrate to N2 in 25 hours, 

with the lowest accumulation of intermediates, while the short anoxic treatment took over 100 

hours to complete to N2 with the largest intermediate accumulation. Comparison of the 
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metagenomic data using a principal component analysis showed distinct functional differences 

among the three treatments. In concurrence with the functional data, the oxic treatment 

demonstrated the highest abundance of genes encoding gas-producing denitrification reductases 

compared to the other treatments, while the short anoxic samples showed the least abundance of 

genes encoding N2O reductase. Analysis of the metatranscriptomic data with time reveals that 

the oxic samples increased in abundance of genes encoding denitrification reductases with time 

while the long anoxic decreased. The most highly expressed N2O reductase genes in the long 

anoxic treatment demonstrate diverse assemblages of microorganisms compared to the oxic and 

short anoxic treatments, which may explain the surprising suppression of its denitrification 

kinetics. In all, the reduction of relative N-oxide gene abundance at the DNA level in the short 

anoxic samples appears to drive the large increase of intermediate nitrogen-oxide gases 

witnessed. At the RNA level, the long anoxic samples demonstrate expression of different 

assemblages of bacteria mediating the nitrogen-oxide genes compared to the other two 

treatments, which may give explanation to the surprising suppression of its denitrification 

kinetics. These results suggest that the exposure to frequent anoxic spells can slow denitrification 

and result in a higher release of denitrification intermediates, which may have global 

implications to climate change. 

Introduction 

 Denitrification is the dominant biological source of nitrous oxide (N2O) and terrestrial 

ecosystems account for the majority of N2O emission to the atmosphere, at an estimated 53% of 

global annual N2O emissions (Ciais & et al, 2013; IPCC, 2007). N2O can persist in the 

atmosphere for more than 100 years (Pinder et al., 2012), and therefore contributes to global 

climate change. The production of N2O will continue to increase with the increase in fertilizer 
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application without effective management strategies (Pinder et al., 2012). A soil system's 

propensity to emit N2O is influenced by a series of parameters, such as pH and the availability of 

oxygen and/or NOx (Firestone et al., 1979). These are the key regulators of denitrification rates 

at any particular instant. However, these factors act through a biotic community whose 

composition reflects the soil climate, disturbances, and resource availability. 

 Diverse microorganisms contribute to the process of denitrification (Philippot & Hallin, 

2005; Bergaust et al., 2008; Nicol et al., 2008; Martinez-Espinosa et al., 2011), however, the 

relationship between soil denitrifier community composition and ecosystem functional traits is 

not straight forward. In ecosystem function studies there is a lack of consensus whether 

microbial community composition has any role (Balser & Firestone, 2005; Reed & Martiny, 

2007; Bowen et al., 2011). This is also the case in studies of denitrification (Enwall et al., 2005; 

Boyle et al., 2006; Wallenstein et al., 2006; Attard et al., 2011; Dandie et al., 2011; Wang et al., 

2011; Braker et al., 2012; Chen et al., 2012; Dorsch et al., 2012). A good example of this is 

shown by Chèneby et al., (1998) who found differences in denitrifier community composition 

between two soils with opposing molar ratios of N2O and N2. However, the soil with the highest 

N2O emissions had the greatest proportion of organisms capable of complete denitrification to 

N2. Other studies have reported similar patterns of uncoupled relationships between changes in 

denitrification activity and nosZ community structure from both agricultural and natural soil 

ecosystems (Rich & Myrold, 2004; Enwall et al., 2005; Boyle et al., 2006). However, several 

studies have shown the contrary; Rich et al., (2003) found that differences in nosZ communities 

were correlated with denitrification activity, and Cavigelli & Robertson (2000) also observed a 

strong effect of community composition on denitrification rates and product ratios, which in a 

subsequent study was attributed to physiological diversity among denitrifying isolates in the 
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regulation of nitrous oxide reductase activity in response to oxygen (Cavigelli & Robertson, 

2001). These divergent results highlights the need for further studies combining analysis of 

microbial ecology and quantification of denitrification gaseous end products, to gain better 

insight into the regulation of these processes and the partitioning between different microbial 

populations. 

 One problem that arises is that, in general, denitrification seems to fit into the category of 

processes whose genes can be found nearly everywhere (Bothe et al., 2000). However, the 

possession of denitrifying genes does not necessarily mean that these genes will be expressed in 

the environment or that the gene products will function equivalently. This challenge can be met 

by studying natural communities in microcosm experiments that combine controlled, high-

sensitivity time series rate measurements of nitrogen-oxide gas production with microbial 

nucleic acid collection (and in particular RNA). In the present study, we performed an oxygen 

(O2) manipulation experiment in soil microcosms. Rates of denitrification were quantified over 

three variable oxygen treatments, and the expression of key nitrogen (N)-oxide genes of each 

treatment was analyzed using metagenomics and metatranscriptomics. This comparison between 

contrasting O2 treatments can help identify gene expression patterns suggestive of differential O2 

sensitivity. Patterns of gene abundance and transcription can be analyzed to also estimate the 

taxonomic members of the microbial community and of the individual N-oxide genes, potentially 

providing insight into microbial O2 sensitivity of specific communities. Also, the use of high-

throughput sequencing and analysis of community DNA and cDNA can identify abundance 

patterns and co-expression patterns of thousands of genes from diverse community members 

without requiring a priori knowledge of sequence identity (Dalsgaard et al., 2014). 



 

87 

 The overarching goal of this study was to link the effect of short-term pre-existing 

oxygenation history on denitrification progression and microbial functional diversity. We 

hypothesized that short anoxic spells would select for organisms that either lack or do not readily 

express the gene coding for N2O reductase (nosZ) due to the sensitivity of the nitrous oxide 

reductase to oxygen (Zumft & Kroneck, 2007; Pomowski et al., 2011). In contrast, longer anoxic 

spells, which results in a shortage of electron acceptors, should select for organisms with early 

expression of nosZ. Functional differences seen among the treatments could then be attributed to 

either the rise of different bacterial communities, different denitrification gene pools, and/or 

different transcriptional timing of the denitrification genes. Analysis of N-oxide reductases in the 

community metagenomes and metatranscriptomes should provide an unbiased means of 

determining if conditions favored particular genes or clusters of genes over others and also 

whether conditions for or against particular types of N-oxide reductases. By taking this two-

pronged approach of linking rates and product stoichiometry of denitrification with nucleic acid 

analysis it is possible we can more accurately define how oxygen legacy in soil affects the fate of 

reactive nitrogen and bacterial population trajectories, which may have global implications to 

climate change. 

Materials and Methods 

Soil collection and diagnostic tests: 

Loamy soil was collected from a grassy agricultural site in Ås, Norway in September 

2013 and immediately sieved at 2 mm. Soil was sent for total carbon and nitrogen analysis and 

pH was measured in both a 1:2 soil to 0.01 M CaCl2 slurry and 1:2 soil to water slurry. A subset 

of the original soil was frozen at -80ºC for eventual nucleic acid analysis. Sieved soil was 

divided into 120 mL vials at 8.5 g dry weight soil vial-1 and stored at 4ºC while diagnostic tests 
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were run. Different water holding capacities (WHC), carbon amount, and nitrate (NO3
-) 

concentrations were tested for detectable denitrification N-oxide gas production. Gas analysis 

was performed on a robotic sampling machine that could measure O2, CO2, NO, N2O and N2 in 

vials crimp sealed (more details below) (Molstad et al., 2007). The carbon source used was 

freshly ground clover, a realistic carbon source for the agricultural field in where the soil was 

collected. Fresh clover was collected and milled twice until made into a fine powder. Varying 

levels of NO3
- concentrations were tested by adding a KNO3 solution (2 mM, 4 mM and 11 mM 

per vial tested) on top on the ground clover. This was then allowed to dry overnight before use, 

ensuring that the carbon and nitrate sources were added in unison and that no extra moisture was 

introduced into the vials.  

After these diagnostic tests were completed, it was determined that the 8.5 g dry weight 

soil vial-1 was best run at 40% WHC (fresh weight soil was initially at 19.1% WHC), and that 

each vial be amended with 8.5 mg freshly crushed clover and 5.5 µmol KNO3 (via addition of 2 

mM KNO3 to 8.5 mg clover) to give detectable measurements of each gaseous N-oxides within 

realistic timing regimes. The soils were maintained at this constant soil moisture at 15°C for the 

remainder of the experiment.  

Oxygen Legacy Establishment:  

Over a four week period three distinct oxygen legacies were imposed on the soil in vials: 

samples kept oxic, those pulsed with short periods of anoxia (i.e short anoxic), and those pulsed 

with longer periods of anoxia (i.e. long anoxic). Each treatment had 20 vials to permit destructive 

soil extraction at various time points and for replication purposes. The oxygen legacy 

establishment phase was undertaken for a total of 11 cycles. During each cycle the treatments 

went as followed: 1) Oxic samples were kept oxic after amendment with 8.5 mg crushed clover 
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and 0.55 µmol KNO3; 2) Short anoxic vials were made anoxic after the addition of 8.5 mg 

crushed clover and 5.5 µmol KNO3 and then monitored for N2O accumulation; once N2O 

reached between 100-200 ppm (before detectable N2 accumulation) they were opened to oxic 

conditions; and 3) Long anoxic vials were made anoxic after the addition of 8.5mg crushed 

clover and 5.5 µmol KNO3 and then monitored for N2 accumulation, indicating completion of 

denitrification occurred, which subsequently followed by exposure to oxic conditions (Figure 

4.1).  

All cycles for each of the treatments started at the same time, with the oxic time period 

between each cycle varying from eight hours to 5 days. During periods of oxic exposure the vials 

were parafilmed with small holes puncturing the top to retain moisture while also maintaining 

oxic conditions. Loss of moisture was assessed throughout the oxygen legacy establishment 

phase to ensure vials were not significantly changing in moisture content. At the beginning of 

each cycle, the addition of clover and NO3
- was followed by rolling the vials for 30 seconds to 

ensure dispersal of clover evenly throughout the soil. Oxic samples received 1/10th of the NO3
- 

than the short and long anoxic samples as to not overwhelm the system with toxic levels of 

nitrate and/or nitrite. The short and long anoxic samples were made anoxic for monitoring of N-

oxide gases by crimp sealing the vials with butyl septa and using an automated manifold for six 

cycles of evacuation and helium-filling. A subset of vials from each treatment were monitored in 

the robotized incubation system. Soils were maintained at 15°C during monitoring in a 

thermostatic water bath which was connected to an autosampler, gas chromatograph and a 

chemiluminescence NO analyzer. Experiments were performed under a He/O2 atmosphere 

allowing for the quantification of the end-product of denitrification, N2, as well as O2, CO2, NO 

and N2O (Molstad et al., 2007). The fully oxic vials were also monitored in the automatic robotic 
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manifold, but they were only crimp sealed with butyl septa and not evacuated/He washed. This 

was done to ensure no measurable NO, N2O or N2 was accumulating in the oxic treatment.  

Figure 4.1: Establishment of the three oxygen legacies followed by the final terminal comparative 

denitrification gas production stage. The oxygen establishment phase went for 11 cycles. Oxic time 

periods are represented in white while anoxic time periods are shaded in black. At the beginning of each 

cycle a new dose of 8.5 mg clover and nitrate was added to the soil. During the oxygen legacy 

establishment cycle 0.55 μmol N-NO3
- was added to the oxic vials while 5.5 μmol N-NO3

- was added to 

the short and long anoxic vials. In the final anoxic incubation all vials received 11 μmol 15N-NO3
- and 

were made anoxic. 

 

Final anoxic incubation: 

Prior to final anoxic incubation, nitrate and nitrite measurements of the three treatments 

were performed in order to ensure no excess buildup of either N-oxide. Nitrate and nitrite 

measurements were carried out in duplicate for each treatment, where vials were destructively 

opened and 0.5 g of fresh weight soil was vortexed in 0.5 mL di-water and then centrifuged to 

remove the soil particles. Methods for measurements were followed as described previously 

(Bueno et al., 2015). In brief, [NO3
-] was determined by taking a 10µL aliquot of the soil liquid 

extract and injecting it into a purge vessel containing 1 M HCl and vanadium (III) chloride. Once 

the NO3
- is reduced to NO2

- by vanadium(III), the vanadium (III)/HCl mixture converts NO2
- and 

S-nitrosocompounds to NO and is transported (by N2) to the Nitric Oxide Analyzer NOA 280i 
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which detects NO via chemiluminescence. The approximate detection limit was 1 pmol NO, 

equivalent to 0.1µM (when injecting 10µL). For determination of [NO2
-], another 10µL 

subsample was injected into a purge vessel containing 1% w/v sodium iodide (NaI) in acetic acid 

to reduce the injected nitrite to NO. No significant differences between the treatments were seen, 

therefore similar concentrations of NO3
- were added to each treatment prior to the final anoxic 

incubation. 

The final anoxic incubation involved the addition of 11 μmol 15N-NO3
- on 8.5 mg 

crushed clover to each treatment to induce denitrification. Soil was collected for nucleic acid 

analysis at various time points during the incubation: 0 hr (soil taken right after the carbon and 

nitrate addition and no He wash; T0), 15 min after He wash (T1), 1 hr after He wash (T2), 2hr 

after He wash (T3) and at N2 production (which varied by treatment) (T4). Soil from these time 

points were immediately frozen using a liquid N2 dewar and then stored at -80°C until later 

nucleic acid extraction. At each time point, triplicate vials were sacrificed per treatment. 

Nucleic acid extraction:  

DNA was extracted using a novel method by Lim et al., 2015 (in preparation). In brief, a 

modified method of the Griffiths et al., (2000) soil nucleic acid extraction method (Griffiths et 

al., 2000) was used to co-extract DNA and RNA from all time points during the final anoxic 

incubation as well as the original soil pre- oxygen legacy establishment. This method used 

multiple purification columns to remove inhibitors and get a large quantity of both nucleic acids. 

DNA from this method was used for metagenomic sequencing (see below). 

RNA from the initial extraction deteriorated during sequencing transportation and 

required a second round of extractions. For logistical reasons the RNA PowerSoil Total RNA 

Isolation Kit (MoBio) was used for RNA isolation during this extraction, using 2 g of soil and 
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following the manufacturer’s protocol. The RNA underwent two rounds of DNase treatment 

(Turbo) at 37 °C for 1 hr with shaking. DNA contamination was tested through qPCR of raw 

RNA using primers for both the 16S rRNA gene and the nos gene. No amplification was 

observed using either gene primer set, and therefore the RNA was used for metatranscriptomic 

sequencing (see below).  

Community DNA and RNA Sequencing:  

DNA was sent for metagenomic sequencing at the JP Sulzberger Columbia Genome 

Center in New York City. Triplicate samples from the original soil collected (pre- oxygen 

establishment phase) and oxic, short anoxic, long anoxic treatments from T3, for a total of twelve 

metagenomic samples, were sent. DNA was sequenced using the Illumina HiSeq next generation 

sequencing platform with 2 x 100 bp paired end reads.  

Raw RNA was sent for metatranscriptomic sequencing at the Roy J. Carver 

Biotechnology Center at the University of Illinois. Sixteen RNA samples were sequenced from 

all three treatments from time points T1, T2, and T3 during the final anoxic incubation. 

Duplicate samples were sent of each, with the exception of T1 where the short and long anoxic 

treatments only had one sample sequenced. RiboZero technology was used to remove as much of 

the ribosomal RNA in the samples as possible in order to enrich for the messenger RNA. 

Remaining RNA was converted to cDNA and subsequently sequenced using the Illumina HiSeq 

next generation sequencing platform to generate single end 160 bp reads.  

Initial quality assurance/quality control (QA/QC) was carried out by the respective 

sequencing centers, which included trimming sequencing adapters and bar codes from sequence 

reads. Additional QA/QC was performed using the CLC Genomics Workbench 4.0, which 

involved trimming low-quality reads and short reads (<80 bp for DNA; <70bp for RNA) and 
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identification of replicate reads. Some DNA reads lost their pair after QA/OC analysis, but 

unpaired reads of sufficient quality were combined with the rest of the paired dataset.  

DNA and RNA analysis: 

I. Community analysis with MG-RAST webserver 

For both the DNA and RNA (cDNA) data, open reading frames were identified with the 

assistance of the MG-RAST webserver (https://metagenomics.anl.gov/) (Meyer et al., 2008). All 

reads assigned a function, or annotated, were analyzed through the hierarchical classification 

dataset through the Subsystems database. Default settings for annotation were used (max. e-value 

cutoff = 1e-5, min. % identity cutoff = 60%, and min. alignment length cutoff = 15). From this 

data, principle component analysis (PCA) plots were generated without additional curation using 

the STAMP bioinformatics software (Parks et al., 2014). Reads assigned as being derived from 

genes encoding Nar or Nap were extracted from assignments made by MG-RAST and were 

manually curated to remove reads with identical headers and then blasted against the NCBI 

nucleotide database to confirm correct annotation assignments.  

II. Custom N-oxide database analysis 

Custom databases were used to identify reads derived from all other denitrification genes 

(nirK, nirS, cNor, qNor and nos). Databases consisted of full length protein sequences derived 

from genome sequences from the Integrated Microbial Genomes (IMG) database (as of 

December 2014). These databases were manually curated to contain diverse sequences, while at 

the same time, multiple sequences from the same species were minimized. Sequenced reads from 

both the metagenomics and metatranscriptomic libraries were identified using tblastn in which 

the reads from a particular sequenced library were used as the database (nucleic acid sequences) 

and the custom N-oxide gene databases were used as the query set (amino acid sequences). 

https://metagenomics.anl.gov/
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Identified reads were retrieved from the database and sorted to retain only information from the 

hit with the highest bit score.  

Due to the fact that horizontal gene transfer occurs with the N-oxide genes, it is 

inaccurate to give a taxonomic assignment to these genes. Therefore, to circumvent this problem 

we assigned groupings based on protein sequence similarities instead. Using each of the custom 

N-oxide databases as the query, ClustalW was used to group the sequences by sequence 

similarity. This created a multiple alignment of sequences in each of the custom databases 

described above. MEGA was then used to draw a Neighbor-joining tree based on this alignment 

and the protein sequence databases were reordered to match the tree. A similarity matrix of the 

new database was constructed using BioEdit, which was used to manually place sequences into 

groups based on sequence similarity. Each gene database resulted in different amount of 

sequence similar groupings, which will be subsequently referred to as clades (NirK = 17 clades, 

NirS = 20 clades, cNor = 21 clades, qNor = 13 clades, and Nos = 20 clades). Afterwards, the top 

sequenced reads acquired, based on highest bit score, from each of the metagenomic and 

metatranscriptomic libraries for each of the respective N-oxide genes were assigned within one 

of the clades. This system was used to circumvent assigning a taxonomic assignment to each of 

the N-oxide functional gene reads, as it is seen that within a specific clade (regardless of N-oxide 

gene) there is a breadth of taxonomic sequence assignments, which could be attributed to these 

genes undergoing horizontal gene transfer. 

III. 16S rRNA gene quantification 

In order to determine whether microbial biomass changed between treatments, 

quantitative PCR (q-PCR) was performed on DNA extracted during the final anoxic incubation. 
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The universal 16S rRNA gene primer sets 27F and 518R were used, following a previously 

reported protocol (Brankatschk et al., 2012).  

IV. Carbon metabolism 

Raw reads were submitted to the dbCAN webserver (http://csbl.bmb.uga.edu/dbCAN/) 

for annotation of carbohydrate-active enzymes. Analysis was done using HMMER 3.0 

(http://hmmer.janelia.org/) under default settings, where data generated by dbCAN was searched 

for sequence homologs in the carbohydrate-active enzyme database (CAZy) domains. The CAZy 

database has families of carbohydrate-binding functional domains of enzymes that degrade, 

modify, or create glyosidic bonds. Each hit to a CAZy domain was arranged by abundance of 

each DNA sample sequenced. 

Statistical analysis: 

Two different statistical analyses were performed on the N-oxide gene data retrieved for 

both DNA and RNA data using R (R Core Team, 2013). First, total abundance of N-oxide genes 

was calculated for each library and a pairwise comparison, taking into account read adjustments, 

was done for each sample using a log-linear model. This log-linear model was also used to 

compare abundances of the number of reads assigned to a particular gene within samples. To 

take into account the total read depth from each library, the coefficients were scaled to counts per 

million reads. The use of the quasipoisson option adjusted the standard errors for over dispersion. 

A second form of analysis was undertaken to determine the distribution of reads assigned 

to clades within each N-oxide gene. Each clade underwent a binomial analysis using a log-linear 

fit for the comparison of each clade abundance to the total abundance of that gene. The use of the 

quasipoisson option was used here as well. 

http://csbl.bmb.uga.edu/dbCAN/
http://hmmer.janelia.org/
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Results 

Oxygen legacy establishment: 

The loamy soil collected for this experiment had an original total carbon content of 

2.99% and a total nitrogen of 0.264%, with a pH of 5.2 measured in CaCl2 and 6.04 measured in 

water. The oxygen legacy establishment phase was intended to instill three varying oxygen 

treatments on this soil, and therefore was run for about four weeks. Monitoring of the three 

treatments, oxic (O), long anoxic (LA), and short anoxic (SA), during this time was performed to 

ensure that the oxygen legacy regimes enforced were causing functional changes (n=5 for 

monitoring purposes for the LA and SA treatments, n=2 for the O treatment). The LA treatment 

was monitored until N2 production plateaued. Figure 4.2 shows the N2O accumulation and the 

time it took to fully reduce the N2O dropped drastically as the number of cycles increased. By the 

last two cycles N2O was nearly undetectable. The SA vials were also monitored until N2O was 

between 1-2 µmol N vial-1. The time it took to reach this level of N2O decreased from eight 

hours in the first cycle to only two hours by the eleventh cycle (data not shown). The oxic 

treatment was also monitored under oxic conditions to ensure no detectable amounts of NO or 

N2O was emitted from the soil. Figure S4.1 shows the profile of one oxic vial during the first 

cycle and demonstrates that NO levels fluctuated around detection limits, reaching a maximum 

of only ~3 nmol vial-1, with no detectable N2O seen. This is representative of all the oxic vials 

monitored at each cycling phase (n=2 per cycle). During the oxygen legacy establishment the 

treatments lost an average of only 0.35% moisture by the eleventh cycle. Importantly, no 

significant differences in moisture loss was seen across the treatments (Figure S4.2).   
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Figure 4.2: Measurement of the N2O in the LA treatment (n=5) during the oxygen legacy establishment 

phase. Depicted here is seven of the eleven cycles. Standard deviation is shown for the replication.  

 

Final anoxic incubation: 

 N-oxide gas production showed large variations between the three treatments in the final 

anoxic incubation (Figure 4.3). Surprisingly, the O treatment demonstrated both the fastest 

completion of denitrification, taking ~25 hours to achieve N2 accumulation, and the lowest 

intermediate buildup. It appears that N2 production occurred almost immediately after 

anaerobization. The triplicate oxic samples measured exhibited practically no variation in their 

gas production profiles. The LA treatment took about 75 hours to complete denitrification. There 

was a higher amount of N2O accumulation compared to the O treatments and N2 production did 

not begin until NO was almost fully reduced. The SA treatment performed as expected, taking 
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the longest to complete to N2 production, over 100 hours. A large amount of N2O accumulation 

resulted in a slow reduction to N2, which only began to appear as NO was fully reduced. 

Metagenomic and metatranscriptomic community analysis: 

Tables S4.1 and S4.2 provide data on the total sequenced reads, percentage of reads 

annotated by MG-RAST, and top bacterial phyla distribution for both the metagenomes and 

metatranscriptomes, respectively. On average, the metagenomes had 17.9 million reads per 

library, but only 25.5% of these were annotated by MG-RAST. Compared to the original soil, the 

O treatment increased in abundance of Proteobacteria but maintained similar levels of 

Actinobacteria, while the SA and LA treatments increased in their relative abundances of 

Actinobacteria while maintaining similar abundances of Proteobacteria to the original soil.  

The metatranscriptomic data yielded an average of 11.9 million reads per library, with 

36% of the reads annotated as functional genes. There was also 37% residual rRNA reads that 

was unable to be removed prior to sequencing. Of the reads given a function, an average of 42% 

were bacterial and 57% eukaryotic, demonstrating a large contamination with fungal reads. 

Surprisingly, the LA treatment metatranscriptomes appeared to have superior quality, as they 

yielded a higher percentage of overall reads annotated, a lower percentage of reads assigned to 

rRNA contamination, and a significantly higher percentage of reads assigned to bacteria over 

eukaryotes. In terms of taxonomic distribution, the LA treatment have the highest percentage of 

Proteobacteria and Actinobacteria compared to the other two treatments. The O treatment was 

unique in that it had the highest Bacteriodetes phylum abundance and the lowest in 

Actinobacteria.  
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Figure 4.3: Denitrification gas kinetics during the final anoxic incubation. Standard error is shown for the 

replication of the three treatments: a) oxic (n=3), b) long anoxic (n=2), and c) short anoxic (n=3).  All 

axes are the same scale for comparative purposes, with an inset for the oxic treatment for more detail at 

the earlier hours of the incubation.  
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A PCA analysis of the annotated metagenomes was performed and samples were found 

to cluster by treatment (Figure 4.4). The highest variation was seen in the comparison between 

the original soil and the three treatments, shown by PC1. Between treatments there was less 

variation, as shown on PC2, but distinct community differences were still seen.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Principal component analysis plot of bacterial community metagenomes of the three 

treatments and the original soil. Reads annotated using the hierarchical functional dataset from MG-

RAST was used in STAMP to generate the PCA plot.  

 

 16S rDNA qPCR, which was performed to determine if the treatments varied in bacterial 

biomass, demonstrated no significant changes between treatments at T0 or by T4 (Figure 4.5). 

The average proportion of genes involved in carbohydrate metabolism was not significantly 

different in any of the samples as well (Figure S4.3). Looking at the CAZy domains individually 
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(Figure S4.4), there are two dominant domains, CBM50 and CBM44. For CBM50, which is 

associated with proteins known to cleave chitin and peptidoglycan (Ohnuma et al., 2008), all 

treatments increased in relative abundance compared to the original soil. The oxic sample had 

the lowest abundance of CBM44, which is found within bacteria that encode cellulosomes and 

binds to xyloglucan (Najmudin et al., 2006).  

 

Figure 4.5: Quantitative PCR performed on the 16S rRNA gene. All samples were performed in 

triplicate. Time points refer to the final anoxic incubation: T0 = 0 hr; T1 = 15min; T2 = 1hr; T3 = 2hr; T4 

= N2 production. The original soil is shown at T0.  

 

Influence of Oxygen on the combined denitrification dataset: 

The prevalence of denitrification genes in the treatments was initially analyzed by 

considering the pathway as a whole. To do this, reads assigned as coming from genes encoding 

the catalytic subunits of Nap, Nar, NirK, NirS, cNor, qNor and Nos were combined (to be 

referred to as total N-oxide genes). A PCA plot of the combined metagenomic total N-oxide gene 

dataset revealed distinct separation among all treatments and the original soil (Figure S4.5). 
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Principal component 1 differentiated the original and oxic soil from the LA and SA treatment 

soil, while principal component 2 differentiated the original soil and LA treatment from the other 

two treatments. Assessment of the community DNA revealed that all treatments significantly 

increased (p<0.001) in total N-oxide genes compared to the original soil sample (Figure 4.6). 

With-in treatment comparison revealed that the LA treatment had the highest proportion of total 

N-oxide gene abundance compared to all samples. However, omitting the reads assigned to 

nitrate reductase genes (Nar and Nap) makes the N-oxide gene abundance in the LA and SA 

treatments drop dramatically, therefore making the O treatment the most significantly abundant 

in gas forming N-oxide reads (p<0.05) (Figure 4.6).  

Investigation of the metatranscriptomes showed that the O treatment increased in total N-

oxide read abundance with time, the LA treatment decreased in abundance of total N-oxide 

genes with time, and the SA treatment maintained a relatively constant abundance of N-oxide 

genes with time (Figure 4.7). 
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Figure 4.6: Average abundance of the total N-oxide gene reads with and without nitrate reductase and 

scaled per million reads. Statistical analysis was done only within each group (i.e. total N-oxide reads or 

gas-forming N-oxide reads). Code for statistical analysis: * p<0.05, ** p<0.01, *** p<0.001 and a= O 

treatment, b= LA treatment, c= SA treatment and d= Original soil. Standard deviation is shown for all 

(with n=3 for each O, LA, SA, and Original).  
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Figure 4.7: Average abundance of the total N-oxide gene reads in the metatranscriptomes with and 

without nitrate reductase and scaled per million reads. At T1, SA and LA have n=1 and therefore do not 

have standard deviation shown. All other samples at all time points have n=2. 
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Trends of individual denitrification genes: 

 Investigation of the seven individual denitrification genes was performed in two ways. 

First, the distribution and abundance of each gene was investigated as a proportion of the total 

reads of a given sample (Figure 4.8 and Figure 4.9 for DNA and RNA, respectively). In the 

DNA, SA and LA treatments demonstrated statistically higher abundances of Nar from both the 

O treatment and original soil (p<0.001). The O treatment demonstrated the highest abundances 

of both NirK (p<0.05) and qNor (p<0.05) reads, while NirS was highest in the LA soil (p<0.05). 

Interestingly, the SA treatment showed the lowest Nos abundance (p<0.05).  

Investigation at the RNA level revealed that the relative abundance of Nar, NirS, NirK, 

qNor and Nos increased in the O treatment (Figure 4.9). The LA treatment demonstrated a 

decrease in nearly all N-oxide gene abundances with time, while the SA treatment showed no 

significant changes across the N-oxide genes. Comparing the treatments against one another 

revealed that the LA treatment was statistically the most abundant in Nap (p<0.01), Nar 

(p<0.01), NirS (p<0.05), and cNor (p<0.05). The O treatment demonstrated the highest relative 

abundance in qNor (p<0.05) and Nos (p<0.05), while the SA treatment had the lowest relative 

abundance of Nos (p<0.05). 
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Figure 4.8: Each individual N-oxide gene abundance per treatment scaled per million reads for the 

metagenomic samples. Statistical analysis was only done between treatments within a specific gene. Code 

for statistical analysis: * p<0.05, ** p<0.01, *** p<0.001 and a= O treatment, b= LA treatment, c= SA 

treatment and d= Original soil. Standard deviation is shown for all (with n=3 for each O, LA, SA, and 

Original at each gene).  
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Figure 4.9: Each individual N-oxide gene abundance per treatment scaled per million reads for the three metatranscriptomic time points. 

Statistical analysis was only done between treatments within a specific gene at T2 and T3. Code for statistical analysis: * p<0.05, ** p<0.01, *** 

p<0.001 and a= O treatment, b= LA treatment, and c= SA treatment. At T1, SA and LA have n=1 and therefore do not have standard deviation 

shown. All other samples at all time points have n=2. Note y-axis scale change in T3.  
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 The second analysis of each N-oxide gene distribution was done by comparing each gene 

as a proportion of the total N-oxide genes of a given sample (Figure S4.6). Analysis of the 

metagenomic data in this way revealed that the LA and SA treatments had similar trends in N-

oxide gene proportion, as they both were the lowest in NirK and qNor. Interestingly, the original 

soil had the highest Nos of all samples, while SA maintained the lowest proportion of Nos.  

N-oxide gene clade comparisons: 

 Analysis of each sequenced library (metagenomic and metatranscriptomic) for the 

presence of denitrification genes was undertaken using custom databases of N-oxide reductases 

derived from whole genomes. This analysis focused on the reductases responsible for reducing 

nitrite, nitric oxide and N2O, that is, Nir, Nor and Nos. This group of enzymes will be referred to 

as Nox. Taxonomic analysis of the Nox genes proved difficult for several reasons, including the 

fact that horizontal gene transfer makes taxonomic assignment problematic. To circumvent this 

problem, a method was developed to group reference sequences based on sequence similarity so 

that the read fragments can then be assigned to a particular clade within the reference sequence 

datasets. Since these clades are usually not phylogenetically coherent, this avoids issues arising 

when using taxonomic assignment. Since all soil samples are compared to the same reference 

dataset, the changes in the number of sequences matching a particular clade within a specific N-

oxide gene can provide important insight into shifts in community structure between the 

treatments, even if taxonomic assignments cannot be made with confidence. 

Reads from the DNA and RNA libraries showed high identity matches to the sequences 

in the clades of each gene database. The results below are only from the metagenomes and 

metatranscriptomes collected at T3 for comparative purposes. In some cases, all treatments 

showed similar clade abundance distributions within a specific N-oxide gene, while in other 
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cases there were major differences in the clade distribution DNA to RNA. Any significant 

differences seen were p<0.05. 

NirS had no statistically significant differences between O, LA and SA clade 

distributions in the DNA, but did demonstrate two dominant clades in all treatments (clades 1 

and 2) (Figure 4.10a). Comparison of treatments within the RNA, however, revealed that the LA 

treatment became highly enriched in clade 1 compared to O and SA, while O and SA become 

enriched in clade 3 (Figure 4.10a).  

  cNor showed very similar distribution of clades within the metagenomes, with two 

dominant clades (Figure S4.7a). However, comparison of the RNA revealed the O treatment 

expressed different clades of cNor compared to the LA and SA treatments. Of all the N-oxide 

genes, cNor demonstrated the most variability between most abundant DNA clades to most 

abundant RNA clades. 

Comparison of the Nos DNA clade distribution show that the three treatments are quite 

similar, with three dominant clades (Figure 4.10b). However, RNA clade distribution in Nos 

demonstrates a higher variability between treatments (Figure 4.10b). Interestingly, the O and SA 

treatments are statistically higher in two similar clades (clades 16 and 20) compared to the LA 

treatment, while the LA treatment is statistically higher in abundance in four totally unique 

clades (1, 2, 7, and 14) compared to O and SA treatments. 
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Figure 4.10: The NirS (a) and Nos (b) clade distribution in all three treatments in both DNA and RNA. 

NirS and Nos have unique shading of clades and, within each gene, each shading represents a unique 

clade, with the dominant clades shown in the legend. Stars represent statistically increased clade 

abundance within the DNA or RNA. All statistically relevant differences are p<0.05.  
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Discussion 

The overarching goal of this study was to test how periodic anoxic events would affect 

the kinetics of gas production and the denitrification community of an agricultural soil typical of 

northern latitudes. As rain pulse events occur in nature, we attempted to mimic this phenomenon 

in the lab. Long anoxic pulses would simulate a large rain event where soils would maintain 

anoxic conditions for a few days, while shorter anoxic spells would mimic lighter rain events 

where the soils have the capacity to drain faster and return to oxic conditions. Extrapolating from 

previous work on pure culture isolates and environmental measurements, it was hypothesized 

that short anoxic spells would select for organisms that either lack or do not readily express the 

gene coding for N2O reductase (nosZ) due to the sensitivity of the nitrous oxide reductase to 

oxygen (Pomowski et al., 2011; Zumft & Kroneck, 2007). In contrast, longer anoxic spells 

should enrich for complete denitrifiers and organisms that can utilize NosZ. Soil maintained 

under oxic conditions was also included for comparison since it was hypothesized that the 

microorganisms here would preferentially utilize O2 because it is more energetically favorable 

than nitrate. Therefore, based on these hypotheses, it was predicted that after the O2 legacies 

were instilled, the longer anoxic soil would outperform the other two O2 soil treatments in terms 

of reducing nitrate to N2 efficiently, with low intermediate accumulation, if encountered with an 

anoxic spell. Surprisingly, this was not what was observed.  

 Initially, during the oxygen legacy establishment phase, analysis of N2O consumption by 

the LA treatment demonstrated that the more exposure it received to denitrifying conditions, the 

faster it reduced N2O (Figure 4.2). This indicated that the LA treatment was either enriched for 

denitrifiers and/or the N-oxide genes were more readily expressed. An organism's ability to 

respond to changes in the availability of electron acceptors, and to switch effectively between 
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respiration strategies, can help to maximize energy conservation, and therefore direct electrons to 

O2 whenever possible (Bergaust et al., 2011). However, the ability to switch to denitrification 

before O2 is completely depleted will prevent entrapment in anoxia without the necessary 

denitrification enzymes needed for survival (Bergaust et al., 2011). The long anoxic samples 

were believed to have been enriched for the ability to rapidly switch from aerobic to anaerobic 

metabolism. However, when all the treatments were exposed to the final ‘rain’ event, the LA soil 

was not the most efficient at transitioning to anoxic respiration, and it was seen that the oxic 

treatment reduced the nitrate to N2 in about one-third the time of the LA treatment. Interestingly, 

the second hypothesis did come to fruition, with the shorter anoxic pulses selecting for soils not 

readily expressing nosZ. This treatment accumulated much more N2O than the other two 

treatments and only after about 60 hours under anaerobic conditions was Nos activated.  

It is quite possible that the ‘oxic’ treatment was not fully oxic, as the soil matrix most 

likely contained anaerobic microsites, allowing microorganisms to then respire the added nitrate. 

However, oxic soils were monitored during the oxygen legacy establishment period and did not 

yield any detectable accumulation of either NO or N2O (Figure S4.1). This demonstrated that, 

compared to the SA and LA treatments, no anaerobic conditions were intentionally induced. 

As functional denitrification kinetics differences were seen, it was hypothesized that 

these differences could be attributed to different microbial communities. Therefore analysis of 

the community functional genes was performed and it was seen that all samples diverged from 

one another and did in fact develop into unique bacterial communities (Figure 4.4). The highest 

variation in the PCA plot, shown by PC1, was seen in the comparison between the original soil 

and the three treatments. Between the treatments there was less variation, as shown on PC2, but 

distinct community clustering was still evident. A PCA plot on the total N-oxide genes also 
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demonstrates unique clustering of all the treatments, as PC1, representing 76% of the variation, 

demonstrated the effect of oxic versus anoxic spells (Figure S4.5). These results of drastic 

community shifts, and especially within the denitrifier community, was surprising given the short 

amount of time the soil was manipulated and due to the fact that many studies report microbial 

communities to be resistant to changes (Butterbach-Bahl et al., 2013; Barnard et al., 0211; Boyle 

et al., 2006; Bowen et al., 2011). 

Since differences were seen at the community DNA level, two additional hypotheses 

arose as to potential reasons why the oxic treatment was so efficient at denitrification. The first 

hypothesis was that because this treatment was exposed to oxic conditions for the longest amount 

of time, this allowed for more microorganisms to grow and divide compared to the other two 

treatments. Cell biomass was assessed through 16S rDNA qPCR, which yielded no statistically 

different quantities of the 16S gene between the treatments (Figure 4.5).  The second hypothesis 

tested whether the oxic treatment was enriched in carbohydrate metabolism and could therefore 

mobilize carbon faster and more efficiently than the LA and SA samples. However, again, no 

statistical differences were seen in proportion of carbohydrate-active enzymes in any of the 

treatments (Figure S4.3). 

N-oxide gene abundances were assessed and the LA treatment had the highest relative 

abundance of reads identified from total N-oxide genes when controlled for total number of 

reads. This supports the initial hypothesis that the LA treatment was selected for denitrifiers. 

However, when nitrate reductase is removed and only gas forming N-oxide genes were analyzed, 

the oxic treatment showed to have the highest N-oxide abundance (Figure 4.6). This result 

matches the denitrification gas kinetics seen and implies that the larger gene pool of gas 

producing N-oxides may be an important predicting factor to this community’s functional role. 
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Analysis of each individual N-oxide reveals two other relevant trends. The LA samples 

have the highest NirS gene abundance in both DNA and RNA samples (Figure 4.8 and 4.9, 

respectively). It has been seen that the transcription of nirS can be suppressed by oxygen 

((Bergaust et al., 2010; Bergaust et al., 2011)), but the exact mechanism remains unclear. Also, 

Graf et al., (2014) reported that nirS type denitrifiers are far more likely to have other N-oxide 

genes, especially nosZ (Graf et al., 2014). As the LA treatment was the treatment with the most 

prolonged periods of anoxia, the high abundance of NirS genes is plausible. However, as NirS 

may be a good predictor of the presence of full denitrifiers, this is not corroborated with the 

denitrification activity of the LA treatment. This implies that the high abundance of the NirS 

gene and transcript pool in the LA treatment may either be misleading or some post-translational 

effects on the reductases may be occurring. The second trend seen is that the SA treatment had 

the lowest Nos gene and transcript pool (Figure 4.8 and 4.9), supporting the initial hypothesis of 

an increase in N2O, as the Nos CuZ copper center has been shown to become inactive in the 

presence of oxygen, causing the protein to misfold (Pomowski et al., 2011). 

Comparison of clade groupings at the DNA and RNA level revealed that the clade 

composition differed among the treatments, suggesting that distinct groups of microorganisms 

are being utilized between the treatments for N-oxide reduction. In particular, the LA treatment 

is unique in the N-oxide clades it is enriched for compared to the other two treatments, as seen 

with the metatranscriptomic comparisons. For example, the most highly expressed NirS clade in 

the LA metatranscriptome, clade 1, is unique to LA (Figure 4.10a). This is also seen with Nos, as 

the metagenomes of the three treatments look nearly identical in Nos clade distribution, but the 

metatranscriptomes reveal new dominant clades in the LA treatment (Figure 4.10b).  
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Gene pool and transcript analysis corroborated the denitrification kinetics seen in some, 

but not all, cases. The fact that the oxic treatment had the largest N-oxide gas producing gene 

pool and increased in total N-oxide transcripts with time, while the SA treatment had the lowest 

Nos gene and transcript pool, suggests that nucleic acid analysis is a good predictor of functional 

denitrification. Bergaust et al., (2008) proposed that denitrifiers adapt to recurrent oscillations in 

O2 concentrations through a protection mechanism, which consists of the coordinated expression 

and activity of the denitrification enzymes for survival during the rapid transition from oxic to 

anoxic conditions (Bergaust et al., 2008). Analysis of RNA total N-oxide genes with time in the 

LA treatment (Figure 4.9) suggests this is indeed occurring in the LA treatment, as the transcript 

abundance begins the highest among all the treatments and decreases with time. This would 

suggest that the LA treatment would have had the most coordinated N-oxide expression and 

activity, but this was not the case. Analysis of the protein-coding transcripts identified diverse 

assemblages of microorganisms mediating the N-oxide genes, specifically within the LA 

treatment. This data suggests that the LA treatment may indeed have been initially enriched for 

complete denitrifiers, as seen with the increase in NirS gene and transcript abundance, but may 

have encountered post-translational modifications of the N-oxide reductases which is blocking 

the enzymes from functioning efficiently. Therefore, a future direction to pursue in the analysis 

of this dataset would be to look for evidence of some type of stress response within the 

metatranscriptomes of the LA treatment.  

Of note, comparison of the N-oxide clades observed in DNA to those in the RNA found 

that the highest gene pool in a specific DNA clade did not always correlate to the most actively 

transcribed clade within a specific N-oxide gene. Direct comparisons of nucleic acids from the 

same sample and time point can be extremely important in understanding which community 
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members are driving functional changes, as the most highly represented ones in DNA may not 

always be the most highly expressed, and, by extension, the most active. 

To conclude, large differences in N2O accumulation were observed between the three 

oxygen treatment soils and, surprisingly, the exposure to frequent anaerobic spells resulted in 

slower denitrification rates. The likely cause of the slow N2O reduction in the SA treatment was 

the fact that the SA treatment had a lower nosZ pool. The oxic soil was found to maintain high 

N-oxide gas producing gene abundances, while the LA treatment may be hindered by post-

translational modifications.  

Although it is well established that soils are the dominating source for atmospheric N2O, 

we are still struggling to fully understand the complexity of the underlying microbial 

interactions. As these results were not consistent with our expectations, it elucidates the 

importance of holistic, two-pronged approaches of linking rates and product stoichiometry of 

denitrification with nucleic acid analysis. There are still unappreciated complexities between 

how environmental controllers interact with the multiple steps of denitrification, and this 

experiment made it clear that bacterial communities play a large role in the ultimate fate of 

denitrification kinetics. Therefore, performing more research on the biological controls of 

denitrification will make it possible to more accurately define how environmental controllers in 

soil affects the fate of reactive nitrogen. 
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CHAPTER 5 

 

CONCLUSION 

 

 

“Of all the paths you take in life, make sure a few of them are dirt” 

~John Muir 

  

 The microbial diversity in soils is thought to exceed that of other environments, with one 

gram of soil containing up to 10 billion individual microorganisms of thousands of different 

species. Denitrification is the most poorly constrained terms in the nitrogen (N) budgets of 

northern hardwood forests due to extraordinary complexity in soil, hydrology and ecosystem 

processes.  

 The denitrifying bacterial community is an attractive model system to provide general 

insights into the concept of diversity and the functional role of diversity in soil ecosystems due to 

the high degree of denitrifying bacterial diversity, its integral role in the N-cycle, and the fact 

that it is a facultative trait in bacteria. One of the most important questions microbial ecologists 

face today is whether microbial communities that differ in composition also differ in function.  

 Knowledge about the structure of the denitrifier communities will be of particular 

importance toward understanding its role in nitrite, N2O, and N2 production and whether certain 

denitrifiers are correlated with environmental niches. A greater understanding of the relationship 

between taxonomic diversity, functional diversity, and community structure will be needed. 

Also, interdisciplinary cooperation to apply new approaches for up-scaling processes and fluxes 

from microbial scale to soil micro-sites, fields, entire landscapes and regions are required.  
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 The combination of sophisticated phenotypic analyses and molecular techniques is a 

powerful tool in characterizing denitrifying organisms and there is still place for continuing 

development of current molecular probe based techniques for capturing the true extent of 

diversity and ecological dynamics among denitrifying prokaryotes. This thesis strived to use 

such techniques to increase our understanding of the complexity of soil denitrification in nature 

through experiments with both pure culture and soil communities.  

 The first research chapter addresses the modularity of denitrification by the analysis of 

microbial isolates from soil. This work addresses the importance of the prevalence and potential 

impact partial denitrifiers may have in the natural environment. The ability to easily isolate 

partial denitrifiers and to witness the diversity of denitrification intermediate end-products 

between the isolates brings into light the importance of measuring each intermediate and 

dinitrogen end product of the denitrification pathway. Even more interesting, it was found that 

bacteria phylogenetically assigned to common genera, such as Pseudomonas, did not possess N-

oxide genes that could easily be detected with the universal N-oxide primers used in the 

literature. This demonstrated the level of diversity seen within these N-oxide genes and 

highlights the importance of full genome sequencing. This also demonstrated that one gene 

cannot serve as a proxy for classifying an organism as a full denitrifier, and therefore, target 

based PCR approaches are biased in this assessment. Therefore, this chapter highlighted the 

range of diversity seen in denitrifiers, be it phylogenetically, in gene distribution, and/or in gene 

regulation. For future work it would be interesting to grow these isolates in different conditions, 

to mimic varying environmental conditions, to determine if these partial denitrifier fill a specific 

niche and are selected for under certain environmental controllers. Determining the selective 

pressure for complete denitrifiers would also be important in determining ‘hotspots’ of potential 



 

124 

complete denitrification in the environment, and therefore the reduction of the environmentally 

harmful intermediates.  

 The second research chapter address the underappreciated prevalence of aerobic nitrate 

reduction from both the soil and bacterial isolate perspective. It was surprising that bacteria 

grown aerobically while concurrently reducing nitrate were seamlessly easy to find. As this was 

the first study to quantitatively measure the specific oxygen concentrations at the onset of nitrate 

reduction in bacterial isolates, it demonstrated that aerobic nitrate reduction can occur in a wide 

range of oxygen concentrations which were much higher than the onset of nitrite reduction. This 

oxygen independence of the first step of the denitrification pathway may also have 

environmental relevance. As soil can have conditions of high oxygen concentrations, this may 

stimulate aerobic nitrate reduction and the production of nitrite. Previous work has shown that 

soil nitrite should be higher than expected as to balance atmospheric nitrous acid quantified in 

the atmosphere (see references Stemmler et al., 2006 and Su et al., 2011 in Chapter 3), and 

therefore this process may be an important to balance this missing source of nitrite and should be 

incorporated into N-flux modes. The loose oxygen regulation also brings into question the 

physiological role of this process. As no growth enhancement was seen in isolates grown with 

and without added nitrate under aerobic conditions, it is still unclear what the bacterial isolates 

are gaining by performing this reduction step. It was also seen that there were very different 

expression patterns of the two nitrate reductase genes present in the isolates, demonstrating there 

is not one clear cut gene or regulatory system for aerobic nitrate reduction. Future work in 

assessing microbial growth via carbon dioxide and electron flow measurements and gene 

expression levels under varying environmental conditions will be needed to help answer the 

importance of this process from a microbial physiological standpoint.  
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 The final research chapter explored the role of oxygen on soil denitrification regulation at 

the soil ecosystem and microbial scales. We were able to see large changes in denitrification gas 

kinetics that were surprising, as the oxic soil had low intermediate buildup and very fast 

denitrification rates compared to the anoxic soils (both long and short anoxic). What drove these 

changes was not a simple question to answer. Interestingly, the speed of the oxic soil was not 

explained by cell biomass or carbon metabolism. However, it was seen that the microbial 

communities were able to change rapidly from one another within a relatively short time frame, 

which was surprising as many studies claim microbial communities to be resilient to short term 

environmental changes. Looking more closely to the denitrification community revealed some 

trends corroborating the hypotheses, while others not. The reduction of reads attributed to Nos in 

both DNA and RNA analysis in the short anoxic soil was, for example, hand-in-hand with the 

gas kinetics seen. However, the long anoxic soil demonstrated the highest abundance of reads of 

N-oxide genes and it demonstrated changes in the active denitrifying microbial community, but 

this was not obvious from the gas kinetics. This work has elucidated the many benefits of 

microbial community work, but there are also drawbacks. Pursuing meta-omic analysis has 

revealed the lack of knowledge on many functional genes in nature, as the majority of the reads 

from sequencing are unannotated. The importance of DNA to RNA comparison is also an 

important lesson learned from this study, as the major contributors in a community at the DNA 

level might not be the most active, as seen in this project. For future analysis of this dataset we 

will need to look for evidence of stress responses within the metatranscriptomes in the LA 

treatment to account for the gas kinetics seen. It would also be interesting to explore the 

possibility of metaproteomics, as post-translational regulation on the N-oxide proteins could very 

well be occurring which in turn would slow denitrification kinetics. However, the possibility of 
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metaproteomics from soil is not yet feasible due to the high complexity seen. Developing a tool 

to monitor the protein levels in soil under different conditions would be ideal for this study, and 

studies on microbial ecology in general.  

 Overall, my three research chapters highlight the great complexity that lies in microbial 

biogeochemical processes, and especially in denitrification. Complexity in the regulation, the 

genetics, the phylogeny and the environmental controllers were all seen. As denitrification is 

difficult to measure, understanding this complexity is compounded. As all three chapters utilized 

quantitative measurements of denitrification intermediate and/or the dinitrogen end product as 

well as microbial genetics, we can begin to get a better understanding of the complexity of the 

denitrification pathway. The need for continued pure culture work is necessary to understand the 

controllers on the denitrification genes, while proteomics also becomes much more feasible 

avenue to pursue to understand post-transcriptional and post-translational regulation. Bacterial 

community analysis, however, is necessary to understand how bacteria interact with one another 

and change with environmental conditions, and hence influence ecosystem processes. Therefore, 

exploring questions using both pure culture and environmental communities along with gas 

kinetics and genetic analysis will be the future in elucidating the complexities that denitrification 

has to offer.   
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APPENDIX I 

 

SUPPLEMENTARY MATERIAL FOR CHAPTER 2 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
Isolate Gene Forward (5’-3’) Reverse (5’-3’) Size (bp) Standard curve % efficiency 

21 nirK AGGAAGTGGTACTGCGCTTC TTGTCGTACTTCAGCGCCTT 172 83.9 

 cNor GACGATCACCAAGATGGGCA GCCCATGATCAGTTCCCACA 238 93.8 

 nosZ CGACGGCAAGTACCTGTTCA GTCATTGGGATGCGGGATGA 193 97.6 

26 nirK AAAAGGCCATTGACGAACGC CGTTCTTCTGCACGTTGGTG 210 86.3 

 qNor CTCGATCATCTCGGTGGGTG ACGGTGTTCCAGAATCCCAC 168 89.6 

 nosZ CTCGGGTGAAGTTCGCATCT CGGATTGGTGCCCATGATCT 130 97.2 

16 qNor TGCCCGAGAGCCTTAACTTC AAGGCCAGCAGGTTCTTGTC 172 85.7 

28 nirK GGACGTTCAACGGATCGAGT CATGGTCGAGCAGTGGTACA 224 93.8 

 
Table S2.1 Primers designed for quantitative reverse-transcription PCR of genes encoding gas producing 

N-oxide reductases for each isolate whose genome was fully sequenced. The annealing temperature was 

56°C for the majority of the primer sets, with the exception of nirK from isolates 21 and 26, where it was 

52°C. Standard curve percent efficiencies are also shown for the RT-qPCR reaction.  
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Reproducibility in batch cultures; isolates 21 and 26 

 

The monitored incubations described in the main paper give highly reproducible results with respect to 

overall phenotypic profiles. However, slight shifts in timing of NOx accumulation occasionally lead to 

illegible gas figures if based on average values and standard deviation at each time point. As a result, only 

one repeat (for isolates 21 and 26) of cultures which started with 1% O2 is represented in Fig 1 in the 

main paper. All three repeats are included in Figures S2.1 (isolate 21) and S2.2 (isolate 26) below.  

 

Figure S2.1: Phenotypic profiles in separate batch cultures of isolate 21 with 1% v/v initial O2 and 2 mM 

KNO3. O2, NOx and N2 concentrations (top three panels), and Ve- to O2 and NOx during initial oxygen 

respiration, through the transition to anoxia and subsequent denitrification.  
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Figure S2.2: Phenotypic profiles in separate batch cultures of complete denitrifier isolate 26 with 1% v/v 

initial O2 and 2 mM KNO3. O2, NOx and N2 concentrations (top three panels), and Ve- to O2 and NOx 

during initial oxygen respiration, through the transition to anoxia and subsequent denitrification.  
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Isolates 10 and 54 

 

In addition to the six sequenced strains, we ran monitored batch incubations with isolates 10 and 54 (1% 

v/v initial O2, 1 mM KNO3). However, due to technical problems, NO data was lost during the 6 hours 

spanning the transition to anoxia and initial NOx accumulation. NO and N2O maxima as well as N-

recovery as gaseous NOx is listed in Table 2.2 (main paper) with the other partial denitrifiers, but the 

phenotypic profiles are shown in Fig S2.3, below. 

 

 

Figure S2.3: Headspace measurements in batch cultures of isolates 10 (n=3) and 54 (n=3) treated with 

1% v/v initial O2 and 1 mM KNO3. Only [O2] (µM in liquid), [NO] (nM in liquid) and N2O (nmol vial-1) 

are shown. N2 accumulation did not exceed background levels (slight variability in sampling leakage 

between vials) and was considered negligible. 
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Mixed culture experiment; isolates 5 and 16 

A mixed culture experiment with isolates 5 and 16 was set up in order to test whether the combination of 

these strains would result in a higher recovery of N as N2O. Three mixing ratios were set up in duplicate 

or triplicate and the results are compared to gas profiles in the respective pure cultures in Fig S2.4 below. 

 

Figure S2.4: Top panels from left to right: gas profiles in mixed cultures of isolates 5 and 16 at 75:25 

(n=3), 50:50 (n=2), and 25:75 (n=3) ratios, respectively. The two lower panels show O2, NO, N2O and 

N2-N concentrations in pure batch cultures (also shown in Fig 2.2, main paper). 
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APPENDIX 2 

 

SUPPLEMENTARY MATERIAL FOR CHAPTER 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Isolate Gene Forward (5’-3’) Reverse (5’-3’) Size (bp) Standard curve % efficiency 

21 narI (3914) TGGACAACCTGATCATCGCC GCAGTTTGAAGATCAGCGGC 186 93.1 

 narII (5384) CGCTTCGACCTCTCGCAATA GATCAGGTGCTCGTAGACCG 165 104.4 

26 nap CAAGCACACCGTCTTCAAGC TCCAGAACGACACGACCTTG 275 90.9 

2 nar GCCGACTGGTACAACTCCAA CGAATAGTCGGGGGTGATGG 135 101.3 

 nap TTGTCTCGGACGTTTACCCC ACTGATGCCAGAACTGGGTG 126 97.6 

5 nar GCGATGTCGATGGTCAGCTA AGGGGTAATAGCCACGGTCT 270 91.6 

 nap TGCGCATGAAAAACGGTCAG TTGGGGTCGATGTTGTTGCT 220 87.3 

16 nar ATCTTTGAATCGTCCCGCCA CGGGTGAAGGGGAAGATGAC 176 88.9 

28 nar CTCAAGCCCTTCCACACACT GAGCATGAGCAGGTTGTCCT 231 110.7 

 
Table S3.1: Primers designed for quantitative reverse-transcription PCR of genes encoding the 

dissimilatory nitrate reductases for each isolate whose genome was fully sequenced. The annealing 

temperature was 56°C for all primer sets. Standard curve percent efficiencies are also shown for the RT-

qPCR reaction.  
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Figure S3.1: Wetland soil sample nitrite accumulation in a 5 hr incubation divided by hummock and pit 

from each of the wetland sites.  
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Figure S3.2: Number of isolates retrieved able to perform the aerobic nitrate reduction phenotype. The 90 

isolates that demonstrated ANR activity are grouped by amount of nitrite produced based on colorimetric 

change when grown overnight on Sistrom’s agar media. The three categories of nitrite production 

included low, medium, and high. Soils that had lower ANR activity, as agriculture and forest did, also 

produced more low activity isolates. The wetland soils, which had the greatest ANR activity, produced 

isolates that has the widest diversity of ANR activity.  
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Figure S3.3: Comparison of the dissimilatory nitrate reductase gene clusters and regulators found in the six fully genome sequenced isolates. The 

catalytically active dissimilatory nitrate reductase genes highlighted in grey were used for RT-qPCR analysis (Table 3.2). Sizes of the genes drawn 

are relative to their base pair length. 
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APPENDIX 3 

 

SUPPLEMENTARY MATERIAL FOR CHAPTER 4 

 

 

 

 

 

 

 

 

 
Figure S4.1: Cycle 1 of the oxygen legacy establishment of an oxic treatment vial monitored under 

aerobic conditions. Replicates are not shown here as the standard deviation makes the data hard to 

visualize. Note that the NO is in nmol vial-1 while the rest of the gases are in µmol vial-1. No oxic 

treatment monitored showed significant changes in gas concentrations to the one depicted here throughout 

the entirety of the oxygen legacy establishment cycles. The decrease of N2 is due to leakage from the vial.  

 

  



 

137 

 

Figure S4.2: Percent moisture lost during the oxygen legacy establishment. Before the experiment began 

five vials per treatment were weighted empty and with soil at 40% water holding capacity. At the 

beginning of each cycle the same five vials per treatment were weighted to calculate moisture difference. 

This is the difference by the eleventh cycle.  
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Metagenomics MG-RAST Sequence read data 

 
Sample Total reads % Annotated % Bacterial 

Dominate phylum: 

Proteobacteria (%) 

Dominate phylum: 

Actinobacteria (%) 

T3 O 16,961,468 26.33 98.37 50.67 30.67 

   ± 516553 ± 0.8 ± 0.12 ± 3.1 ± 3.6 

 LA 18,234,941 26.27 98.47 41.67 39.10 

   ± 720553 ± 0.6 ± 0.06 ± 3.7 ± 4.5 

 SA 14021635.67 27.07 98.43 38.80 44.83 

   ± 3923433 ± 0.4 ± 0.12 ± 2.7 ± 3.2 

 Original 18122130.00 22.37 98.00 43.47 32.07 

  ± 1034496 ± 0.21 ± 0.1 ± 0.85 ± 1.17 

 

Table S4.1: Average amount of reads, percent annotation and percent of the top two genera of the 12 

metagenomes analyzed by MG-RAST grouped by treatment (n=3).
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Metatranscriptomics  MG-RAST Sequence read data 

  Sample Total reads % Annotated % Ribosomal RNA % Bacterial % Eukaryotic 
Dominate phylum: 

Proteobacteria (%) 

Dominate phylum: 

Actinobacteria (%) 

Dominant Phylum: 

Bacteriodetes (%) 

T1 O 
12774083 ± 

1151579 35.15 ± 0.64 40 ± 0.28 35 ± 4.24 64.3 ± 4.1 13.5 ± 1.13 8.2 ± 0.28 
7.45 ± 2.75 

 LA 12,333,156 39.3 22.6 69 29.7 28.5 28.7 2.2 

  SA 12,610,348 33.2 36.7 41.6 57.8 19.3 15.1 1.8 

T2 O 
12063812 ± 

509848 37.05 ± 1.1 33.4 ± 2.98 32.3 ± 0.42 67.1 ± 0.57 14 ± 0.0 6.85 ± 0.49 
6 ± 0.28 

 LA 
12181815.5 ± 

229329 39.45 ± 1.9 31.05 ± 7.56 64.55 ± 4.03 33.95 ± 4.31 26.8 ± 0.28 28.35 ± 4.3 
1.15 ± 0.07 

  SA 
11695786 ± 

992297 
28.85 ± 1.77 47.85 ± 2.05 27.8 ± 7.9 71.65 ± 7.84 11.5 ± 6.4 12 ± 0.42 0.4 ± 0.49 

T3 O 
12126267 ± 

832626 
37.2 ± 1.1 40.7 ± 3.99 36.8 ± 0.44 66.1 ± 3.57 14.5 ± 1.1 7.5 ± 0.39 8.6 ± 0.28 

 LA1 
10279927  ± 

1876366 42.8 ± 0.56 29.4  ± 2.3 57.5 ± 4.5 41 ± 4.7 35.65 ± 7.9 14.7 ± 1.9 
0.9 ± 0.14 

 
SA1 

11608759 ± 

1078378 31.4 ± 4.2 40.9 ± 6.9 34.2 ± 9.6 65.05 ± 9.8 13.55 ± 5.4 14.1  ± 1.7 
1.55 + 0.8 

 

Table S4.2: Average amount of reads, percent annotation and percent of the top three genera of the 16 metatranscriptomes analyzed by MG-RAST 

grouped by treatment (n=2, except T1_LA and T1_SA are n=1). 
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Figure S4.3: The average proportion of all CAZy domains annotated by the dbCAN webserver in the 

metagenomes for carbohydrate-active enzymes normalized to the total reads (n=3 per treatment). No 

statistical differences are seen.  
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Figure S4.4: A distribution of all CAZy domains analyzed with the metagenomes (n=3 per treatment) normalized to the total CAZy domain 

abundance. 
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Figure S4.5: A PCA plot of the total N-oxide gene dataset from the metagenomes using STAMP (refer to 

Parks et al., 2014 in Chapter 4).  
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Figure S4.6: Proportion of each individual N-oxide reads within the total N-oxide gene database for the 

metagenomics samples (n=3 per treatment).  
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Figure S4.7: The cNor (a), qNor (b), and NirK (c) clade distribution in all three treatments in both DNA and RNA. The three genes have unique 

shading of clades and, within each gene, each shading represents a unique clade, with the dominant clades shown in the legends. qNor and NirK 

are shown here for comparative purposes. Stars represent statistically increased clade abundance within the DNA or RNA. All statistically relevant 

differences are p<0.05. 


