
ABSTRACT 

JORDACHE, LYDIA ANNE. Methane Gas Driven Generation of Fixed Nitrogen Using Diazotrophic 

Methanotroph-Microbial Communities at Elevated Oxygen Concentrations. (Under the direction of Dr. 

Douglas Call).  

 

Diazotrophs (nitrogen-fixing microorganisms) can be advantageous for use in bioreactors due to 

their ability to generate biologically available nitrogen while reducing reliance on the energy-, water-, and 

carbon-intensive Haber-Bosch process of generating ammonia. Certain diazotrophs, known as 

methanotrophs, can also oxidize methane as their sole source of carbon and energy. These microbes carry 

the unique capacity to mitigate methane emissions while simultaneously producing valuable, organic, 

nitrogen-rich biomass. Culture density and maintained function of these diazotrophs is directly linked to 

the success of any bioreactor which aims to exploit them. In most contexts, aerobic microorganisms 

replicate more rapidly than anaerobic microorganisms in their respective ideal conditions. Critically, 

however, the enzyme responsible for nitrogen fixation within diazotrophs is highly sensitive to oxygen, 

severely inhibiting the ability of diazotrophic cultures to accumulate high volumes of biomass in 

diazotrophic conditions, whether due to slower anaerobic metabolism (in anaerobic conditions) or oxygen 

toxicity (in aerobic conditions). 

In this thesis, we investigated the ability of methane-fed mixed microbial communities containing 

diazotrophs to accumulate biomass and maintain N2 fixation activity under elevated oxygen levels 

approaching atmospheric conditions. Diazotrophic-methanotrophic mixed culture bioreactors were 

operated under two methane-air headspace compositions: high oxygen (~16%) and low oxygen (~5%). 

Under high oxygen conditions, reactor communities were able to grow to significantly higher densities, 

maintain methanotrophic functions, and accumulate significantly more fixed nitrogen compared to that of 

low oxygen communities. Community composition analysis by 16S rDNA sequencing indicated that the 

low oxygen cultures were more disparate from each other within their group and had larger species 

richness than the high oxygen reactors. Comparatively, the high oxygen reactors were significantly more 

cohesive in their community composition, and had a distinctive composition, with an increased 



abundance of type II methanotrophs in the high oxygen condition and the majority of potential 

diazotrophic organisms being known methanotrophic genera. More specifically, each of the high oxygen 

reactors displayed an abundance of a potential aerobe, likely to be Sediminibacterium, that was nearly ten 

times that of the abundance found in the low oxygen reactors. Further work is needed to 1) understand the 

linkages between carbon utilization and nitrogen fixation within the communities, and 2) elucidate the 

mechanisms of oxygen utilization by metabolically distinct community members (e.g., methanotrophs, 

heterotrophs) and how they influence nitrogen fixation. 
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1.1 Diazotrophs 

1.1.1 The Value of Biological Nitrogen Fixation 

 

Microorganisms capable of reducing inert atmospheric dinitrogen into biologically available 

nitrogen, also known as diazotrophs, are an incredibly important subclass of organism. The metabolic 

feat of nitrogen fixation is responsible for the majority of biologically available nitrogen on earth, an 

element which is universally required in every domain of life.1 The remaining portion of biologically 

available nitrogen, except for a small portion created during lightning strikes, is produced industrially 

via the Haber-Bosch process - a chemical reaction with heavy demands on energy to achieve an 

astounding 200 atmospheres of pressure and temperatures upwards of 650 degrees Celsius. Though 

this methodology allowed humanity to increase its crop production through the supplementation of 

nitrogenous fertilizer to soil, the effects of excess nitrogen and the energetic resources required by the 

Haber-Bosch process are leaving the greater environment in disrepair. It is estimated that industrial 

ammonia production consumes 2% of the entire global energy supply.2 This reaction is also 

responsible for more carbon dioxide (CO2) production than any other industrial chemical process, 

roughly 1.4% of the global concentration of CO2.
3–5 Lastly, the overuse of ammonia in the form of 

industrial fertilizer is known to lead to eutrophication, or the dominance of algae, in the ecosystem 

resulting in loss of biodiversity and the production of algal toxins.6–8 Biological nitrogen fixation by 

diazotrophs offers a potentially eco-friendly and cost-effective alternative to reliance on the Haber-

Bosch process. Implementation of diazotrophs in bioreactors could significantly reduce the energetic 

resources and greenhouse gas emissions associated with industrial processes dependent on organic 

nitrogen. 
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1.1.2 Nitrogenase 

 

Diazotrophs perform fixation via the nitrogenase enzyme, a family of metalloproteins dependent 

on either molybdenum-iron, vanadium-iron, and/or iron only.9–11 The most extensively studied and 

most efficient form of nitrogenase, Mo-dependent nitrogenase, contains Fe and Mo cofactors in its 

active site to generate the following general reaction9: 

𝑁2 + 8𝑒 + 8𝐻+  + 16𝐴𝑇𝑃 = 16𝐴𝐷𝑃 + 16𝑃𝑖 + 2𝑁𝐻3 + 𝐻2 

Equation 1.1. Metabolic Reaction of Biological Nitrogen Fixation 

During this reaction, the two metalloproteins that compose nitrogenase bind upon activation by 

adenosine triphosphate (ATP) and electrons from an electron carrier.12 Electrons are first transferred 

to the protein containing the iron-sulfur cluster, dinitrogenase reductase (DNR). The electrons then 

flow to the second portion, dinitrogenase, which contains either a molybdenum-iron, vanadium-iron, 

or iron-only cluster. It is this protein which ultimately reduces dinitrogen. 

 As can be seen from the amount of ATP required, biological nitrogen fixation is energy-intensive 

in its own right.4,13 Anaerobic metabolism struggles to supply sufficient ATP to sustain this reaction at 

the rate that aerobic metabolism can, lending to the prioritization of aerobic diazotrophs in research 

and industry.13,14 Regardless, the extracellular conditions needed for these microbes to perform this 

reaction are not extreme in comparison to the Haber-Bosch process; biological fixation occurs at 

room temperature and pressure, and the cost of supplying dinitrogen is relatively low – even lower if 

air is the dinitrogen source. Air, however, contributes to a major barrier for operating diazotrophic 

bioreactors: the extreme oxygen sensitivity of nitrogenase.  

 Nitrogenase is inactivated upon interaction with dioxygen due to the reactive, reduced state of the 

iron-containing active site.1,4,15–22 Oxygen also represses the expression of the nitrogenase gene 

cluster.15,23,24 The nitrogenase gene cluster, encoded by nif, is believed to have originated in anaerobic 
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methanogenic archaea before evolving into aerobic bacterial forms, as aerobes are generally more 

metabolically productive than anaerobes.25–27 Since then, aerobic diazotrophs have evolved a variety 

of mechanisms for protecting nitrogenase from atmospheric oxygen; these include housing 

nitrogenases in heterocyst organelle-like structures that are impermeable to oxygen, limiting temporal 

regulation of nitrogenase activity to nighttime when local oxygen levels are lowest (depending on the 

environment), temporary protection via conformational change of nitrogenase, production of 

extracellular alginate, and increased aerobic respiration to reduce intracellular oxygen 

concentrations.24,27–30 Nevertheless, aerobic nitrogen fixation is still sensitive to oxygen 

concentrations.14,17,22,30–32  

 Azotobacter is considered a model organism for “true” aerobic nitrogen fixation due to its 

obligate aerobic nature and ability to fix nitrogen in unusually high oxygen levels, compared to the 

microaerophilic and facultative anaerobic metabolism of most diazotrophs. The species vinelandii 

encodes for all three isoforms of nitrogenase: iron-only, vanadium, and molybdenum based, though 

under Mo-sufficient conditions it prioritizes using the latter.17 Its primary mechanisms of oxygen 

protection include, among other things, its controllable capacity for an extraordinarily high 

respiration rate and/or the production of alginate capsules.17,18,22,30 Azotobacter is capable of adjusting 

its oxygen consumption without sacrificing nitrogen fixation activity by partially decoupling oxygen 

consumption from ATP synthesis in the electron transport chain in reaction to extracellular oxygen 

levels.14,15,32–34 As a result, more reduction capacity is sent towards reducing nitrogen, and the energy 

needed for oxygen reduction is supplemented through sugar catabolism (Figure 1.2).14,15 However, 

when oxygen levels reach too high (such as 1 µM or more), nitrogenase activity may reversibly shut 

off, which some claim is accountable to oxygen reduction consuming the reducing power previously 

“shared” with nitrogenase.35 As described previously, it is believed that aerobic nitrogen fixation 

evolved from anaerobic nitrogen fixation due to the selective pressure on slower anaerobic growth 

rates and lesser biomass accumulation compared to aerobes. Nonetheless, due to the redirection of 
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energy flow towards respiration for nitrogenase protection instead of biomass production, the aerobic 

Azotobacter still experiences growth limitations from oxygen like all diazotrophs.14,18,21,32,34,36,37 For 

example, one study of chemostat cultures of Azotobacter vinelandii found biomass accumulation 

halted and decreased at around 3% air saturation in media, while specific respiration rates continued 

to increase due to the excess funneling of energy towards respiration rather than biomass. (Fig 1.1).18 

 

 

Figure 1.1: Effect of increasing % air saturation (pO2) on biomass accumulation and specific 

respiration rate (qO2) of Azotobacter vinelandii at different dilution rates (D) 

(Source: Sabra, W. et al., 2000 18) 
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Other chemostat studies have similarly found that Azotobacter vinelandii requires lower oxygen 

tension, with biomass accumulation underperforming (in comparison to anaerobic/microaerobic 

conditions) and nitrogenase failure at dissolved oxygen levels as low as 25-68µM O₂ (in pure, static 

water at atmospheric pressure and room temperature, this would be up to ~5% oxygen in 

headspace).21,34 The volume of biomass accumulated with these limitations is generally inadequate 

for organic nitrogen harvesting purposes, and thus rarely occurs industrially.38 As a result, lack of 

application of diazotrophs in bioreactor operations may be explained primarily by the dichotomy 

between oxygen sensitivity and ideal biomass recovery.  

 

1.2 Methanotrophs 

1.2.1 The Methane Problem 

Methane is regarded as one of the most concerning greenhouse gasses due to its high 

warming potential – over 28 times that of CO2 – and its rapid increase in emissions over the last 

century.39 Ice core estimations put current methane concentrations significantly higher than at any 

point in the last 800,000 years and doubling within the last 20 years, with the majority of 

emissions traceable to anthropogenic sources.39 These sources include agriculture, landfills, 

wastewater treatment plants, and natural gas extraction.40 Climate protection protocols in the 

United States require these industries to limit the volume of methane emitted into the 

environment, however the methodology chosen to achieve this limit is not specified. Most 

methane-emitting industries opt to flare (combust) the methane, which oxidizes into CO2 that is 

released into the atmosphere. According to the International Energy Agency (IEA), flaring is a 

considerable threat to the environment and the elimination of this practice could remove up to 

140 billion cubic meters of CO2 from the atmosphere yearly.41 It is also a non-productive 

approach that garners no economic benefit to the industry. An alternative practice that is 

sometimes used in methane-emitting industries is the capture of methane for energy generation. 
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This can come in the form of  creating “renewable natural gas” (purified biogas) or burning 

methane in a reactor for the purpose of electricity generation.42 Both approaches provide 

economic incentives and a purpose for methane, but neither divert carbon away from eventual 

CO2 production. 

 

1.2.2 Methanotrophy and Methane Monooxygenase 

Microbes that oxidize methane, also known as methanotrophs, are of increasing interest 

as atmospheric methane concentrations continue to rise. These microbes are a class of organism 

that can consume methane as their sole source of energy and carbon, incorporating most of the 

carbon into biomass during growth and replication.43–46 When considered as feedstock, methane is 

considerably cheaper than other traditional microbial carbon sources and virtually free if 

harnessed through emissions:47 

Table 1.1: Global market prices for microbial feedstocks. Source: Khider et al, 2021.47 
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Furthermore, methanotrophs are estimated to assimilate carbon faster than microbes that rely on 

dissolved organic forms of carbon (as most feedstocks are).48 The enzyme responsible for this 

oxidation reaction (Eq. 1.2) is methane monooxygenase (MMO). The two forms of MMO are 

particulate methane monooxygenase (pMMO) and soluble methane monooxygenase (sMMO), 

which are believed to operate slightly differently to oxidize methane into methanol, based on 

observed differences in kinetics, substrate specificity, and enzyme stability.49 Soluble methane 

monooxygenase is a cytoplasmic iron-dependent enzyme, while particulate methane 

monooxygenase is a membrane-bound copper-dependent enzyme. Most methanotrophs contain at 

minimum pMMO, and some can express sMMO in copper-limited conditions.50–52  

𝐶𝐻4 + 𝑂2 + 𝑁𝐴𝐷𝐻 + 𝐻+ = 𝐶𝐻3𝑂𝐻 + 𝑁𝐴𝐷+ + 𝐻2𝑂 

Equation 1.2. Biological Oxidation of Methane 

Once methane monooxygenase has oxidized methane into methanol, methanol is further 

oxidized into formaldehyde by methanol dehydrogenase.45–47,53 Formaldehyde is oxidized into 

formate and then CO2, though intermediates are also assimilated by the cell for biomass 

generation and thus not all methane-sourced carbon becomes CO2. The metabolic pathways 

responsible for this series of conversions are the Calvin-Benson-Bassham (CBB) cycle, the 

ribulose monophosphate (RuMP) cycle or the serine pathway, depending on the methanotroph 

type (Figure 1.2).52,54 
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Figure 1.2: Diagram of carbon fate from methane oxidation to biomass assimilation in 

methanotrophs. Carbon from methane is oxidized repeatedly and assimilated at different points 

depending on the methanotroph type. Enzymes involved (yellow circles): Methane 

monooxygenase (MMO), malate dehydrogenase (MDH), flavin adenine dinucleotide (FADH), 

methylene-tetrahydromethanopterin dehydrogenase A (MtdA), and formate dehydrogenase 

(FDH).55,56 

 

1.2.3 Taxonomy and Types 

There are three main categories of methanotrophs: type I, II, and X, where X is now 

considered a subcategory of type I.57 These categories have been criticized for their failure to 

maintain strict boundaries between types as methanotroph knowledge has deepened, but are also 

so thoroughly incorporated into methanotroph literature such that their use is still relevant.43,44,58 

In this thesis, types will be applied mostly as synonyms for their taxonomic differences, but 

historically they also differentiated between methanotrophs based on metabolism, fat types, 
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observed intracellular structure, and phylogeny/taxonomy. Differences in intracellular structure 

are limited to the localization and formation of intracytoplasmic membranes (ICMs) used to 

house pMMO. Type I methanotrophs generally contain ICMs in bundles of disks sticking out 

from the cell membrane, while type II keeps ICMs aligned flush against the cell membrane.58 

Metabolically, type I methanotrophs have a distinct metabolism which employs the RuMP cycle 

to transform the carbon from formaldehyde generated during the breakdown of methane into 

biomass.54 Alternatively, type II methanotrophs use the serine pathway to assimilate 

formaldehyde, and type X use both serine and RuMP pathways.45,47 Type II methanotrophs tend to 

prefer high methane, low oxygen atmospheric conditions along with low levels of biologically 

available nitrogen, while type I methanotrophs thrive in lower methane, high nitrogen 

concentration environments.45,59 Interestingly, type II methanotrophs and a very limited subset of 

type I methanotrophs were found to be capable of nitrogen fixation.45,60,61  

In terms of phylogeny and taxonomy, types I and X are mostly composed of 

gammaproteobacteria while type II are largely alphaproteobacterial.44,47 In general, type I 

methanotrophs include the genera Methylomonas, Methylosarcina, Methylocaldum, 

Methylobacter, Methylococcus, Methylothermus, and Methylomicrobium. Type II methanotrophs 

include Methylocystis, Methylocapsa, Methylocella, and Methylosinus. As research has continued, 

Verrucomicrobia were found to be methanotrophic, though they do not fit into either preexisting 

category, and due to their extremophilic nature are still comparably understudied.58,62,63 A 

summary of the most relevant methanotroph characteristics to this thesis by taxonomic category 

can be seen in Table 1.2. 
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Table 1.2 Categorization of all known methanotroph genera and respective relevant traits. 

 
Gammaproteobacteria Alphaproteobacteria Verrucomicrobia 

Members45,46,57,58,64,65 Methylomonas, Methylosarcina, 

Methylosphaera, Methylocaldum, 

Methylobacter, Methylococcus, 

Methylothermus,Methylomicrobium, 

Methyloglobus, Methyloprofundus, 

Methylohalobius, Methylogaea, 

Methylosoma, Methylomarinum, 

Methylovulum, Methylomarinovum, 

Methylorubrum, 

Methyloparacoccus 

Methylocystis, 

Methylosinus, 

Methylocella,  

Methyloferula, 

Methylocapsa  

Methylacidiphilum, 

Methyloacidimicrobium 

Metabolic Path RuMP cycle Serine cycle RuMP / CBB cycle 

ICM Bundles perpendicular to cell 

membrane 

Parallel along cell 

membrane 

 

None: Methylocella, 

Methyloferula 

None 

Nitrogen Fixation45 Only Methylococcus All Varies 

High Temp (45C+)45 Methylocaldum66, Methylothermus, 

Methylococcus LS7-MC67 

- Yes 

Gas Preference45,68 Low Methane High Methane - 

 

1.3 Bioreactors 

1.3.1 Application of Methanotrophic Bioreactors 

 

Methane-consuming bioreactors have the potential to be applied to any industry that produces excess 

methane. As described briefly in section 1.2.1, most anthropogenic sources of methane are directly 

flared, though some means for capturing methane released from major emitters such as landfills and 

wastewater treatment plants (WWTPs) have been developed with the intention of burning or 

purifying and liquifying the methane for energy use and sale. Systems that capture methane emissions 

can be exploited for redirection to methane-consuming bioreactors. In the case of select WWTPs, for 

example, methane (or “biogas”) is generated in massive quantities from anaerobic digesters (AD) – 
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microbial bioreactors that break down carbon-rich waste solids in anaerobic conditions.69,70 It is 

estimated that up to 60% of the carbon provided to methanogens in AD is converted to methane, 

which needs to be maximized from the perspective of the WWTP.69,71,72 However, from the 

perspective of global warming mitigation, one mole of burnt or liquified (and eventually combusted) 

methane produces one mole of CO2. Methanotrophic bioreactors can redirect some of this carbon into 

biological matter and products when directly fed methane, while also feeding off the CO2 it produces 

in the process.46,73 Furthermore, in the pathways of methanotrophy outlined in section 1.2.2, there are 

multiple metabolic intermediates and byproducts with resale value, such as formaldehyde, methanol, 

formic acid, fats, as well as the final product: biomass.74 Microbial biomass (also referred to as single 

cell protein (SCP) when used as feedstock) is an organic nitrogen source that can be used in multiple 

applications, such as fishmeal or fertilizer.75,76 Therefore, the more biomass that a methanotrophic 

bioreactor can generate, the more attractive an option it will appear as a method for methane emission 

mitigation. 

 Importantly, however, there are certain limitations associated with bioreactors which contribute to 

the relative absence of this biotechnology in industry. For example, the volume methane produced is 

not equal between industries; wastewater treatment plants generally produce the least, while landfills 

emit the most (potentially over 31 times that of wastewater treatment plants per day).77 As a result, 

the potential for the application of methanotrophic bioreactors is itself not uniform, with smaller 

sources less incentivized to adopt the technology due to smaller payoff in relationship to the costs 

involved in setup or operation. Separately, the feedstock of methanotrophic bioreactors (and 

particularly those of a similar nature to the experiment presented in chapter 2) is a combination of 

both methane and air, a highly flammable mixture that becomes an explosion hazard upon exceeding 

10% concentration in air.76,78,79 This fact alone leads to stringent operating conditions, volume 

limitations, and legal red tape for administration. Additionally, bioreactors generally require heating 

and/or cooling controls in order to maintain ideal temperatures for methanotrophy, both of which 



13 
 

impose consequential costs onto the industry.77,80,81 When these costs are leveled against those of 

flaring, which comprise of relatively little equipment or technical complexity, it becomes clear as to 

why more methane-emitting industrial plants have not yet incorporated methanotrophic bioreactors 

into their sites. To overcome this, there needs to be an effort in improving both bioreactor 

construction/operation affordability as well as biological processes.  

 

1.3.2 Application of Diazotrophic Bioreactors  

 

Diazotrophic bioreactors are not common in industrial settings, nor is there an abundance 

of lab-scale diazotrophic bioreactor literature, as illustrated in Table 1.3.38 It is agreed upon that 

employing diazotrophs such as Azotobacter in bioreactors remains stunted by the limitation of 

biomass accumulation.32 Furthermore, the majority of these articles are focused on the biological 

generation of products such as alginate, poly-hydroxybutyrate (PHB), or ammonia, not the 

production and harvesting of organic fixed nitrogen via biomass.32,82–85 Producing fixed nitrogen 

in the form of biomass (rather than biologically fixed ammonia) is advantageous mostly because 

of the simplicity of the generation and collection. Most ammonia produced during nitrogen 

fixation is immediately incorporated into the cell, often in the form of glutamate/glutamine, not 

excreted, leading to the relatively difficult process of extracting the ammonia from the reactor 

through varying means such as genetic engineering.84,86 Conversely, harvesting fixed nitrogen in 

the form of biomass is as straightforward as collecting the content of the bioreactor. 
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Table 1.3 Bibliometric data from July 2021 of diazotrophic bioreactor keyword-containing 

literature. Source: Shirin de Zoete et al., 2021.38 

 

 

In consideration of this data, it can be concluded that there is a need for research regarding not 

only the improvement of biomass accumulation in diazotroph-containing cultures, but also the 

accumulation of biologically fixed nitrogen under elevated oxygen conditions. 
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CHAPTER 2 

 

Methane Gas Driven Generation of Fixed Nitrogen Using Diazotrophic Methanotroph-Microbial 

Communities at Elevated Oxygen Concentrations 
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ABSTRACT 

 The objective of this study was to study how oxygen levels influence the growth and nitrogen 

fixation capabilities of a mixed microbial community fed methane gas and air. Using fed-batch 

bioreactors, a mixed-microbial culture originally obtained from a domestic wastewater treatment facility 

was grown in diazotrophic conditions using a combination of air as the sole nitrogen source and methane 

as the primary carbon source. Two atmospheric mixtures were tested by varying the ratio of air to 

methane: high oxygen (16% oxygen) and low oxygen (5% oxygen). It was found that the cultures 

exposed to higher oxygen levels were able to reach significantly higher density and accumulate more 

fixed nitrogen and more biomass (based on optical density and dry weight measurements) than the 

cultures grown under low oxygen conditions, while both cultures maintained methanotrophic activity. By 

performing 16S rDNA sequencing analysis, it was observed that the culture taxonomic composition 

differed noticeably between the two conditions, with major differences seen in the types of methanotrophs 

present, general abundance of diazotrophs, and the presence or absence of a microorganisms associated 

with the Sediminium genus. More specifically, high oxygen reactors contained a more cohesive mixture of 

fewer species between reactors, with higher abundances of type II methanotrophs and a predicted 

Sediminium genus (“ASV1”), when compared to the low oxygen reactors. The overwhelming presence of 

the potentially aerobic ASV1 in high oxygen reactors, combined with the drop in oxygen concentration 

observed through each feeding cycle, may have created atmospheric conditions favorable to aerobic 

nitrogen fixation while boosting the total biomass accumulation of the cultures. Together, these results 

suggest that by growing diazotrophs in a mixed-microbial community context, biomass accumulation and 

nitrogen fixation can be improved at oxygen concentrations higher than traditionally used in single-

culture diazotrophic methanotroph bioreactors. 
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INTRODUCTION 

 When compared to chemical fixation of nitrogen through the Haber-Bosch process, biological 

nitrogen fixation requires much less mechanical or electrical energy; it occurs at room temperature and 

pressure, as opposed to 200 to 400 atmospheres of pressure and temperatures up to 650⁰C.2,87 Not only do 

these extreme conditions consume massive amounts of energy and produce large volumes of CO2 leading 

to exacerbated climate change, but they are expensive to achieve. Diazotrophs hold the unique potential to 

reduce reliance on the Haber-Bosch process. Furthermore, many diazotrophs are capable of valuable 

alternative metabolisms, such as denitrification, phototrophy, and methanotrophy, which can add 

value.60,88–92 

 Separately, methane is an incredibly potent greenhouse gas of growing concern. As global 

warming increases, many national and international organizations are incentivizing and prioritizing 

technology that can reduce industrial methane emissions, including biotechnology such as methanotrophic 

bioreactors.93 Many methanotrophic cultures require the continual addition of fixed nitrogen over time. 

However, certain methanotrophs (in particular, type II and select type I methanotrophs) are also capable 

of nitrogen fixation.60,61,91,92,94 By operating bioreactors containing diazotrophic methanotrophs, the 

environmental and economic benefits of diazotrophs are conferred to methanotrophic bioreactors, making 

them a more attractive option. These reactors would eliminate the need for continuously supplied 

chemically fixed nitrogen, oxidize methane for industries where methane emissions are a concern, and 

produce valuable biomass. 

Currently, however, the application of diazotrophic bioreactors in industrial settings is 

uncommon, and this is especially the case for bioreactors employed for nitrogen fixation purposes. This is 

primarily due to both the need for higher biomass accumulation than is typically achieved with 

diazotrophic cultures, and because the nitrogenase enzyme responsible for biological nitrogen fixation is 

highly oxygen sensitive.14,17,18,20–23,29,30,37 Lower oxygen concentrations limit biomass accumulation and 

culture density through microaerobic/anaerobic metabolism, but increased oxygen concentrations can 
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cause nitrogenase failure or biomass inhibition through over-induced respiration (in the case of 

diazotrophs explicitly).  

In this study, we employed complex mixed microbial communities obtained from a wastewater 

treatment facility, which are cultures composed of multiple different species (or genera, families, phyla) 

of microbes. Mixed microbial communities in culture are relatively less researched compared to single or 

co-cultures, in part due to the historical limitations of the technology required to study something so 

complex. However, mixed communities are the context in which the vast majority of microbes on earth 

exist and the influence of associations with surrounding organisms has been shown to matter in phenotype 

and even genotype.95–97 Not only is it potentially more accurate to procure information about microbial 

activity when studied in a community context, in terms of observing concepts such as metabolic 

performance, but in the case of diazotrophs it may hold the key to increasing their industrial applicability.  

By culturing diazotrophic organisms with, for example, a number of aerobes, it might be possible 

for the oxygen concentration immediately surrounding the diazotrophs to drop to a level more suitable for 

nitrogen fixation, while maintaining sufficient biomass production for industrial interests. We 

hypothesized that having a variety of metabolic mechanisms at play may improve biomass volumes 

within nitrogen fixing reactors at oxygen levels higher than typically used. We chose to analyze two 

oxygen concentrations: “high” (16% of atmosphere) and “low” (5% of atmosphere). In a fed-batch 

system, as used in this study, these oxygen concentrations were expected to decrease over the time 

window between atmosphere replacements (“feedings”) due to some aerobic metabolism in the cultures, 

thus these values represent the maximum concentration of oxygen expected in each system. Generally, 

research with pure-culture aerobic diazotrophic bioreactors is restricted to low levels (i.e. 11-142 µM, 

depending on the microbe).14,21,30,33,34,98–102 At the maximum headspace concentrations, not accounting for 

continuous shaking, the high (16%) and low (5%) oxygen reactors in this study would theoretically have 

~208µM and ~66µM of dissolved oxygen, respectively.103 
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METHODS 

 

Bioreactor Generation: Reactors were inoculated using domestic wastewater gathered from a local 

municipal wastewater treatment plant (North Cary Water Reclamation, Cary, North Carolina). Wastewater 

(1 ml) was obtained from the activated sludge basin within the facility, pelleted by centrifugation (3200 

rpm, 10 minutes), and resuspended in media (1 ml) prior to inoculation. Reactors were first inoculated on 

June 8, 2021. Media used in this experiment was free of fixed nitrogen, carbon-limited, and composed of 

the following: KH2PO4 (0.3 g/L), Na2HPO4 (0.4 g/L), CaCl2 (0.2 g/L), MgCl2 (0.4 g/L), FeSO4·7H2O 

(0.005 g/L), Na2MoO4·2H2O (0.002 g/L), CuSO4·5H2O (0.005 g/L), ATCC Vitamins Supplement (10 

ml/L), and ATCC Trace Mineral Supplement (10 ml/L) in deionized water. All reagents were of reagent-

grade purity or higher.  

 

Conditions: Cultures were grown as benchtop fed-batch (250 mL) serum bottle bioreactors under one of 

two headspace conditions: High oxygen (25% methane, 75% air) or low oxygen (75% methane, 25% air). 

Biological triplicates were grown per condition. High oxygen conditions contained about 16% oxygen, 

while low oxygen conditions contained about 5% oxygen. Methane used was ultra-high purity grade 

(Airgas, Radnor Township, PA). Headspace content was refreshed every 24 hours. Reactors were sealed 

using grey chlorobutyl rubber lyophilization stoppers (Wheaton, Millville, NJ) and aluminum crimp caps. 

All reactor compositions were about 20% culture and 80% gaseous headspace. The reactors were 

incubated in darkness at 30°C with shaking at 150 rpm. Cultures were transferred to fresh media once per 

six weeks by inoculating fresh media (45 mL) with previous reactor culture (5 mL), spanning from 

6/8/2021-6/6/2022. 
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Optical Density: Optical density was assessed using a spectrophotometer at 600nm wavelength 

(DR2700, Hach, Ames, IA). Reactors were shaken for homogenization before sampling, and samples 

were removed using a syringe with 0.6mm diameter needle. Statistical significance was calculated via 

unpaired T-test. 

 

Gas Consumption: Oxygen and methane consumption data was collected via gas chromatography of 

reactor headspaces using a gas chromatograph (SRI 310, Torrance, CA) fitted with 6’ mol sieve 5A 

column and run at 100°C with argon (Ultra high purity, AirGas, Radnor Township, PA) as carrier gas at 15 

psi. Injections were made immediately before headspace replacement (“feeding”) and immediately after 

headspace replacement. 

 

Total Nitrogen Assay: Total nitrogen concentration of the cultures was determined by alkaline persulfate 

digestion (Total Nitrogen Reagent Set High Range, Cat# 2714100, Hach, Ames, IA) of 1 milliliter of 

liquid culture with a spectrophotometer (DR5000, Hach, Ames, IA). Statistical significance was 

calculated via unpaired T test. 

 

Acetylene Reduction Assay (ARA): 10mL of each reactor culture were transferred to 18mL tubes 

stoppered with blue chlorobutyl rubber stoppers (Cat# CLS-4209-14, Chemglass Life Sciences, Vineland, 

NJ) and aluminum crimp caps. Each sample was fed the appropriate gas mixture (high or low oxygen, see 

above) and incubated for 24 hours in darkness at 30℃ with shaking at 150 rpm. After 24 hours, sample 

headspaces were flushed thoroughly with argon (Ultra high purity, AirGas, Radnor Township, PA) for 15 

minutes, and 25% of headspace volume was replaced with air. Fresh acetylene was prepared via reaction 

of calcium carbide (technical grade, cat# 21039, Sigma Aldrich, St. Louis, MO) with water in a Burris 

bottle. This methodology was modified from Dalton & Whittenbury, 1976.101 Methanol (2% vol/vol) was 
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added to each sample and incubated for 5 minutes at 30℃ with shaking. Acetylene (10% vol/vol 

overpressure) was injected into each sample at the start of the assay. 10uL of headspace was removed and 

injected into a gas chromatograph (GC-14A, Shimadzu, Durham, NC) in rapid triplicate at 0 minutes and 

every 5 minutes for up to 30 minutes post-injection. This produced a linear rate of ethylene production. 

The gas chromatograph was equipped with a capillary column (Cat# 19755, RESTEK, Bellefonte, PA) at 

35℃ and a flame ionization detector. Dinitrogen was used as carrier gas at 21.7 psi. Total protein content 

was assessed by a Pierce BCA protein assay (Cat# 23225, Thermo Scientific, Waltham, MA) with 

distilled water as diluent. 

 

DNA Extraction: Frozen culture samples were thawed from 4℃ to room temperature before extraction. 

DNeasy Powersoil DNA extraction kit (Cat# 47014, Qiagen, Hilden, Germany) protocol was followed. 

Extracted DNA was frozen at -80℃ for later sequencing. Spectrophotometry was used to estimate DNA 

quality and quantity (NanoDrop 2000, Thermo Scientific, Waltham, MA). 

 

Community Analysis: 16S rDNA sequencing (Illumina MiSeq, Illumina, San Diego, CA) was performed 

by the Genomic Sciences Laboratory at North Carolina State University (Raleigh, NC). The primers used 

were mod341F (5′-CCTAYGGGRBGCASCAG-3′) and mod806R (5′-GACTACNNGGGTATCTAAT-3′) 

directed at the V3-V4 variable regions of the 16S gene using isolated genomic DNA. Library preparation 

was executed following the Illumina Demonstrated Protocol for 16S V3 and V4 amplicon sequencing 

(https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-

metagenomic-library-prep-guide-15044223-b.pdf). Sequences can be accessed with Bioproject ID 

PRJNA1015263. Downstream sequence analysis was performed using the DADA2 pipeline version 1.16, 

as well as the R packages phyloseq and Vegan; graphics were generated using the tidyverse R suite 

(Figures 2.3 and 2.4).104–107 Alpha species diversity was calculated on untrimmed OUT data via Shannon 
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diversity index in Figure 2.4. P values associated with principle coordinates analysis (Figure 2.3) were 

calculated via 999 permutations of PERMANOVA analysis. Distances were calculated using Bray-Curtis 

dissimilarity index method. Statistical significance was calculated via unpaired T-test for alpha diversity 

and beta diversity distance to centroid comparisons. 

 

Dry Weights: Dry weights per reactor were measured by centrifuging the contents of each reactor at 

4,000 rpm until supernatant appeared clear (1 hour for high oxygen condition reactors (#1-3) and 30 

minutes for low oxygen condition reactors (#4-6)). Supernatant was carefully removed, and pellets were 

each transferred to clean crucibles. Pellets were heated at 105⁰C for 1 hour and 50 minutes until dry.  

 

ASV1 Analysis: NCBI’s nucleotide BLAST was used on the megaBLAST function, including in its 

search the database Nucleotide Collection (nr/nt) to search for similar sequences to ASV1’s 16S rDNA 

sequences found in this study, excluding uncultured sequences for the purpose of taxonomic 

identification. 108 
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RESULTS 

 

Biomass Accumulation: Culture density was measured via optical density over the growth of a single 

generation of culture (about six weeks). Methane was consumed under both conditions (Figure 2.1). It 

was observed that the growth of the high oxygen cultures was not stunted by the oxygen level and 

accumulated significantly (p ≤ 0.05) more biomass (comparing average final values, p <0.05) at a more 

rapid rate than the low oxygen cultures (Figure 2.2). Further supported by dry biomass measurements, the 

high oxygen cultures (average 0.0472 g +/- 0.0148) generated significantly more biomass by dry weight 

than the low oxygen cultures (average 0.0130 g +/- 0.003365) (p < 0.05) (Appendix A).  
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Figure 2.1: Growth with Methane and Oxygen Consumption Over Time. OD600 refers to the optical 

density taken at a wavelength of 600nm. Bioreactors 1-3 are high oxygen reactors, bioreactors 4-6 are low 

oxygen reactors. 
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Figure 2.2: Growth Curve. The optical density at 600nm (OD600 ) of each condition was measured and 

averaged for one generation (n=3). Shaded regions refer to the upper and lower range of each condition. 

Final values of high oxygen versus low oxygen cultures: p<0.0001 (***). 

 

Fixed Nitrogen Accumulation: Total nitrogen content of the liquid portion of the bioreactors was 

assessed over time. As per necessity for diazotrophic conditions, no fixed nitrogen was supplied to the 

reactors, thus all increases from initial nitrogen levels can be attributed to biological nitrogen fixation. 

The assay performed for determining nitrogen concentration digests biological matter and converts all 

non-gaseous forms of nitrogen to nitrate, which is then detected colorimetrically. Simultaneous to the 

collection of total nitrogen concentrations, the growth of the reactors was measured. For all reactors and 

conditions, as culture density increased, total nitrogen concentration did as well (Fig 2.3). In particular, 

the high oxygen cultures accumulated significantly higher volumes of nitrogen than the low oxygen 

cultures (p < 0.05, day 22), complimenting the higher rate of growth as well. A methanotroph-modified 

acetylene reduction assay (ARA) was additionally performed to confirm nitrogenase activity in the 

cultures (Appendix B). 
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Figure 2.3: Normalized Total Nitrogen Concentrations and Optical Densities Over Time. Average 

values (per condition) of the optical density of reactor fluid at 600nm (OD600) is indicated by the line 

graph. The shaded regions indicate the range of values contributing to the average. Points represent total 

nitrogen concentration values. Blue lines and points are high oxygen reactors. Yellow lines and points are 

low oxygen reactors. n = 3. For final nitrogen measurements (day 22, ***), p = 0.0015. For final OD600 

measurements (day 22, **), p = 0.0003. 

 

 

 

y = 0.0571x
R² = 0.9948

y = 0.042x
R² = 0.9972

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

0.01

0.10

1.00

10.00

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 21 22 28

To
ta

l N
it

ro
ge

n
 (

m
g/

L)

O
D

60
0

Time (Days)

Self-Normalized Nitrogen Accumulation and Culture Density Over 
Time

High Oxygen OD Av. Low Oxygen OD Av. High Oxygen Nitrogen Ave

Low Oxygen Nitrogen Ave Linear (High Oxygen OD Av.) Linear (Low Oxygen OD Av.)

***

**



27 
 

Alpha and Beta Diversity Analysis: The community composition of each replicate for the two 

conditions was analyzed using 16S rDNA sequencing. This level of sequencing provides taxonomic 

information primarily at the genus level. Comparing alpha diversity (total richness) between communities 

revealed a significantly higher species richness in the low oxygen communities than the high oxygen 

communities (Figure 2.4), with the low oxygen communities displaying an average Shannon diversity 

index of 3.15 (+/- 0.22) versus the average Shannon diversity index of 2.56 (+/- 0.20) in the high oxygen 

conditions (p < 0.05) (Appendix C). Beta diversity analysis in Figure 2.5 illustrates the degree of 

difference between the triplicates (samples 1-6) of each condition using principal coordinates analysis 

(PCoA). This analysis revealed a noticeable, but not statistically significant, clustering of replicates by 

condition. The significance of this clustering was found to be p=0.1. There was, however, statistically 

significantly more variation within the low oxygen culture replicates than within the high oxygen 

replicates (p < 0.05). 

 

  

Figure 2.4: Alpha Diversity (Species Richness) of High and Low Oxygen Communities. Number of 

species observed per reactor, organized by condition. p = 0.0277 (*).  
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Figure 2.5: Principal Coordinates Analysis (PCoA) of Beta Diversity of Biological Replicates in 

High and Low Oxygen Conditions. Circular points represent high oxygen bioreactors. Triangular points 

represent low oxygen reactors. For the differences in composition between conditions, p = 0.1. For the 

difference in in-group variation (distance to centroid), p = 0.0165. 
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Community Composition: As illustrated in Figure 2.6, there are patterns of taxonomic abundances that 

are shared between all reactors. This primarily includes the presence of methanotrophs at similar percent 

abundances across each sample (around 25%). In addition, all samples contain varying amounts of 

Methylocystis, a type II methanotroph. High oxygen condition bioreactors contained methanotrophs 

belonging to Methylocystis and Methylosinus genera. Methylosinus is also a type II methanotroph. 

Conversely, the low oxygen condition reactors were found to have methanotrophs belonging to 

Methylocystis and Methylomagnum, the latter being a lesser-researched type I methanotroph genus. 

Beyond the known methanotroph constituents, there are several other microbes at play across 

conditions. Perhaps most notably is ASV1, which on average was 9.6 times more abundant in high 

oxygen condition samples than low oxygen condition samples. Azospira, which appears sporadically 

across samples, is the only predicted nitrogen-fixer beyond the methanotrophic Methylocystis and 

Methylosinus when only considering abundance.  Additionally, the remaining non-methanotrophic genera 

(within the top ten most abundant) are expected to exhibit aerobic metabolisms across each reactor. 
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Figure 2.6: Relative Abundance Plot of Genera per Reactor. The top 10 most abundant genera within 

each sample are shown by color. Light grey “unshown” values refer to the sum of genera that have been 

identified but are not within the 10 most abundant. Dark grey “NA” values refer to organisms that were 

not identified at the genus level. Samples 1-3 are of the high oxygen condition reactors. Samples 4-6 are 

of the low oxygen condition reactors. 
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DISCUSSION 

Diazotrophic and methanotrophic bioreactors hold great potential to mitigate methane emissions 

and reduce reliance on industrial ammonia production, but their ability to generate biomass has been a 

limitation. In anaerobic conditions, biomass accumulation is limited by the comparatively slower 

anaerobic metabolic process. In aerobic conditions, oxygen levels inhibit nitrogen fixation as well as 

growth. By incorporating a mixed community of microbes with a diversity of metabolic approaches 

towards consuming or handling oxygen, we hypothesized that diazotroph-containing cultures would be 

able to produce higher volumes of biomass while retaining nitrogen fixation capacity under high oxygen 

tension. 

 

Biomass Accumulation: It is typical for growth of diazotrophic cultures to plateau (and at low levels of 

optical density) when exposed to oxygen, even from as low as <1% air saturation in media.21,30,34,36 

Biomass accumulation is limited for diazotrophs, which, in the case of anaerobes, generally are 

metabolically slow, while aerobic diazotrophs may redirect significant amounts of energy towards 

respiration instead of biomass production in order to protect nitrogenase function.4,14,17,18,20,22,32,34 In this 

study we have observed that, in the context of a microbial community, not only is the growth of our 

diazotrophic culture not stunted at high (16%) oxygen concentrations, but the maximum culture density 

was significantly higher than that of the community at lower oxygen concentrations (Figure 2.2). The 

methane oxidizing capacity of the community was not inhibited by higher oxygen concentrations (Figure 

2.1), demonstrating that a community of methanotrophic diazotrophs can generate improved quantities of 

biomass and sufficiently consume methane as required for a theoretical methanotrophic bioreactor 

process. These elevated quantities of biomass can then be used for secondary purposes, including the 

production of fishmeal or nitrogenous fertilizer, offering an economic incentive for the use of community 

cultures in methanotrophic bioreactors. Importantly, however, it is evident especially in the optical density 

data presented by Figures 2.2 and 2.3 that more rapid data collection would have been beneficial to the 
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interpretations of community growth rates during the “exponential” or “log” growth phase. Early time 

points, such as days 0-7 of growth in Figure 2.3, seem to illustrate the beginning and end of the log phase, 

but the lack of data points make extrapolation of an accurate growth rate difficult via trendline fitting. 

Additional methods to quantify biomass, including protein and/or dry weights, over time would also help 

better quantify differences between incubations conditions. 

 

Community Continues to Accumulate Fixed Nitrogen under High Oxygen Levels: Comparison of 

accumulated fixed nitrogen concentrations revealed a significantly higher concentration within the high 

oxygen condition reactors, demonstrating the continued ability of nitrogenase to function despite oxygen 

concentrations that are often detrimental to enzymatic function. Nitrogenase activity was validated in each 

reactor by an acetylene reduction assay (ARA) (Appendix B). However, the acetylene reduction rates did 

not prove consistent with the fixed nitrogen concentrations in the liquid portion or the ratios of 

diazotrophic organisms within the reactors, the complexity of which will be discussed further in Chapter 

3. It is worth noting that by increasing the oxygen concentration in a system via the adjustment of air, 

nitrogen source concentration is also increased (due to diazotrophic conditions). The ratio of dinitrogen 

content in the high oxygen condition to the low oxygen condition is 3:1. Based on maximal fixed nitrogen 

concentration (Fig 2.3) observed within the 30-day time frame, high oxygen reactors on average 

outperformed the low oxygen reactors in fixed nitrogen accumulation by 2.4:1. By simultaneously 

introducing higher dinitrogen concentrations along with higher oxygen concentrations, the high oxygen 

cultures were able to respond nearly proportionally and accumulate more fixed nitrogen in the system 

than at lower oxygen concentrations. It is likely that the lack of a 3:1 fixed nitrogen concentration ratio 

was caused by some degree of oxygen inhibition. However, this suggests the potential for high oxygen 

conditions to be applied to nitrogen-fixing bioreactor systems for the maximization of nitrogenous 

biomass. 
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Diversity Analysis: The higher richness of the low oxygen communities is indicative of a community 

with higher numbers of unique species compared to the high oxygen communities. This may mean that it 

is not the overall richness of the community that provides improved function under high oxygen levels, 

but instead the abundance of certain organisms over others, or the presence of certain organisms, such as 

that seen in the relative abundance data presented in Figure 2.6. Likewise, this suggests that the members 

of the microbial community may be important in order to achieve something as difficult as aerobic 

nitrogen fixation after exposure to elevated oxygen concentrations, given that the low oxygen cultures 

evidently could achieve similar functions despite different compositions. Beta diversity analysis of the 

communities, while not statistically significant, did reveal a noticeable clustering of reactors by condition 

(Fig 2.5). This indicates that there are more similarities among reactors of the same conditions than 

between conditions. Furthermore, the clusters found are of significantly different sizes, showing that the 

composition of the high oxygen reactors converged to a more similar structure, while low oxygen reactors 

were comparably disparate. Combined with the simpler composition of high oxygen reactors (Fig 2.4), 

this bolsters the concept that the identity of the community members in the high oxygen reactors may be 

important for creating the observed reactor performance differences, as they convened to a more 

homogenous structure over time while the low oxygen reactors did not (Figures 2.2, 2.3 and Appendix A). 

But, due to the lack of statistically significant clustering, it is also possible that there are 

activity/expression-level (rather than taxonomic compositional) differences between conditions that are 

causing the differences in biomass and fixed nitrogen accumulation described.  

 

Community Composition May Explain Reactor Performance Trends: In order to identify potential 

explanations for these observations, the community composition of each replicate was analyzed using 16S 

rDNA sequencing. It is worth emphasizing that 16S sequencing data cannot confirm whether an identified 

organism is actually performing a particular reaction or metabolism, but it can be used to suggest the 

potential function of an organism or community based on existing knowledge of similar genera or species 
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that have been isolated. Furthermore, the primers used in this experiment for 16S amplicon PCR prior to 

sequencing target mainly bacteria, and as a result do not illustrate the presence or absence of eukaryotic or 

archaeal members. This analysis revealed fundamental differences in the community taxonomic structures 

based on condition (Fig 2.6). On average, genera of known methanotrophs were found to make up about 

25% of all samples studied, with the low oxygen cultures containing slightly more methanotrophs (~28%) 

than the high oxygen cultures (~21%). Importantly, methane consumption (by percent) was comparable 

between cultures (Figure 2.1), indicating that the high oxygen cultures did not decrease methane oxidation 

activity despite slight differences in methanotroph abundance and types of methanotrophs present. It 

appears that despite months of serial passage through fixed-nitrogen-free, carbon-limited media, 

conditions were sufficient for the maintenance of non-diazotrophic and non-methanotrophic organisms, 

likely due to the transformation of carbon and nitrogen performed by known nitrogen-fixers (particularly 

Azospira, Methylosinus, and Methylocystis) and methanotrophs (Methylomagnum, Methylosinus, and 

Methylocystis). In total, when considering all known diazotrophs within the top ten highest abundances 

(Azospira, Methylocystis, Methylosinus, Candidatus Koribacter, Sphingomonas, Xanthobacter, and 

Zoogloea), the high oxygen condition reactors had a slightly higher average abundance of predicted 

nitrogen fixers than the low oxygen reactors (~31% compared to ~25%, respectively).  

Non-methanotrophic organisms of interest include Azospira and the organism entitled “ASV1” 

(Figure 2.6). Azospira is an aerobic/microaerophilic diazotroph.31,109 There are just five reported strains of 

Azospira, and no literature as far as we are aware that have revealed any insights into the nitrogenase 

protection mechanism which allows Azospira to fix nitrogen, thus we cannot make assumptions 

surrounding its potential influence on oxygen concentrations via respiration.109 Other than these two 

organisms, there did not appear to be a high abundance of any known autotrophs, or carbon-fixing 

organisms, despite the production of CO2 that was likely occurring alongside methanotrophy. 

Nevertheless, this leads to asking what role ASV1 may be playing in the high oxygen reactors, as 

its abundance is significantly higher in those conditions. ASV1 is technically best classified as “N/A” in 
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the format followed by this analysis because its genus was not identified within the percent identity 

stringency defined within the DADA2 16S analysis pipeline (for genus-level, a minimum bootstrap 

threshold of 50); however, due to the overwhelming abundance of this organism, we chose to investigate 

further.104 The 16S sequence recovered in this study for ASV1 corresponds to the Sediminibacterium by 

overwhelming consensus of the most similar sequences in the nucleotide collection database, with e 

values of 0.0 and percent identity of over 96% to various Sediminibacterium species. Therefore, for this 

discussion, we will make the reasonable assumption that ASV1 may be of or related to the 

Sediminibacterium genus. Sediminibacterial species have been found in a variety of contexts, including 

activated sludge, sewage, and environmental water sources, and can range from anaerobic to obligate 

aerobic.110–115 The genus is heterotrophic and non-nitrogen fixing, and there appears to be no existing 

research on its respiration rate. However, with the potential to be a strict aerobe, there is a chance that the 

hyperabundance of this organism may be reducing oxygen concentrations to levels tolerable to the most 

abundant diazotrophs, namely Methylocystis, Methylosinus, and Azopsira. Further research is needed to 

uncover the exact role of the aerobe Sediminibacterium to explain its noticeable difference in abundance 

between conditions. 

In terms of methanotroph type, the high oxygen cultures contained methanotrophs of exclusively 

type II variety, which are associated with having nitrogen fixation capabilities.60,91,92,116 Conversely, the 

low oxygen cultures contained methanotrophs of both type I and type II variety, where type I 

methanotrophs are not expected to have diazotrophic metabolism.45,60 Methylomagnum (among other type 

I methanotrophs) has been found to occupy oxic-anoxic interfaces, where methane concentrations are 

relatively higher, while type II are typically found in oxic areas, supporting our conditional 

observations.45,68 Interestingly, for all samples except sample 2 of the high oxygen condition, most of the 

organisms expected to have nitrogen fixing capabilities were found to be in the Methylocystis or 

Methylosinus genera, indicating the potential role of nitrogen fixation by methanotrophs to support a 

community. This also suggests that the type of methanotroph (type I or II) may have some bearing on the 
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nitrogen fixation output of a community. Their differential rise to abundance depending on conditions 

could be attributed to their affinity for methane at different concentrations (such Methylocystis, known to 

prefer lower methane concentrations). 

 

Conclusions and Future Work: Overall, the results of this study found that diazotroph-containing fed-

batch mixed microbial communities are capable of maintaining biological nitrogen fixation and 

accumulating biomass at elevated oxygen levels approaching atmospheric conditions, while the 

methanotrophic organisms in these cultures, diazotrophic or otherwise, were able to maintain methane 

oxidizing capacity. These results suggest that mixed communities of diazotrophs may provide a robust 

biotechnological platform for producing fixed nitrogen. Furthermore, these communities may not require 

remarkable complexity, as we observed a lower alpha diversity within the high oxygen reactors as 

compared to the low oxygen reactors. While not statistically significant, the taxonomic composition of 

these cultures had noticeable differences, particularly in the relative quantity of type II methanotrophs and 

a potential Sediminibacterium member (“ASV1”). However, with so little known of the ASV1 organism, 

there could be great benefit to isolation, full sequencing, and characterization for the purpose of 

identifying its metabolic capacities, particularly respiration-wise. Additionally, it would be an advantage 

to the field to identify a synthetic diazotrophic community based on further research regarding taxonomic 

and activity-based profiling, in order to better control and understand mixed-community reactors in 

industrial applications. 

 It is important to note that there were several limitations to the design of this study that should be 

addressed in future work. Examples include (but are not limited to) the limitations of interpretations 

without pure-culture biological control(s), dissolved oxygen concentrations (to supplement headspace 

concentration information), and the lack of data on the fate of carbon in the system. In order to assess the 

activities of these reactors for both their diazotrophic and methanotrophic performance and to draw 

definitive conclusions about the capabilities of mixed versus pure cultures, it is important to include 
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biological controls. Examples include Azotobacter vinelandii, a model aerobic diazotroph, and/or 

Methylocystis sp., a model methanotrophic diazotroph. Using a pure culture would provide a directly 

comparable basis for assessing the value (or lack thereof) of a mixed microbial community and to validate 

that our ARA method and analysis was working correctly.  

Furthermore, condition comparison between this and previous studies is limited due to the 

difference in oxygen concentration metrics used and our mode of operation. Our study, operated in fed-

batch culture bottles, did not employ oxygen sensors, such as those that tend to be easily fitted to 

continuous culture reactors. As a result, we only measured oxygen levels via gas chromatography, with 

theoretical calculations (as provided in the Introduction section to this chapter) as to the dissolved oxygen 

concentrations. The oxygen concentrations changed over time in the fed-batch bottles, making it 

challenging to draw conclusions between the reactor function or community composition and oxygen 

concentration that the culture was exposed to at the time of sample collection. Use of continuously stirred 

tank reactors that can reach an equilibrium state with respect to methane, oxygen, and growth phase, 

would provide an experimental design that could improve the ability to draw definitive conclusions about 

the influence of oxygen. Many modern diazotroph-based studies employ continuous cultures with 

dissolved oxygen sensors, also creating different data than what can be obtained via headspace 

monitoring and calculations.14,17,32,33,117 This could be somewhat alleviated either with the application of a 

dissolved oxygen sensor or the regular assessment of dissolved oxygen via titration assays with peroxide, 

however the mode of operation will always be important to how a study is interpreted. 

 Lastly, this study did not include the consideration of the fate of carbon in the reactors, which, in 

fact, may have been just as important to track as nitrogen. As our methodology is described, the reactors 

in this study were operated under carbon-limited conditions such that methanotrophy was the primary 

driving force for the changes in carbon levels within the culture. Tracing, measuring, and monitoring the 

carbon in the system would have provided needed context as to the growth limitations of the culture while 

simultaneously proffering a stoichiometric basis for nitrogen content in the cultures. Methods for 
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achieving this could include C13 -methane stable isotope tracing, elemental mass analysis of carbon on 

total biomass, and regular measurements of carbon concentrations found in the culture solution (similar to 

that used for nitrogen in this study). Coupling these advanced techniques with bioreactor operation and 

performance monitoring would lead to a rigorous evaluation and understanding of mixed methanotrophic 

community capabilities and mechanisms.  
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CHAPTER 3: Acetylene Reduction Assay on Mixed-Methanotroph Communities 
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3.1  Background 

 As described in equation 1.1, nitrogenase reduces dinitrogen from the atmosphere to form 

ammonia, but the active site of this enzyme is not highly substrate specific; nitrogenase is capable of 

binding and reducing acetylene, diazene, carbon monoxide, and hydrazine, among other compounds.118–

120 This lack of specificity is exploited in the acetylene reduction assay (ARA), a method for determining 

the rate of nitrogenase activity by using acetylene as a proxy for dinitrogen.121 In this assay, an excess of 

acetylene is introduced to the local atmosphere and the volume of ethylene produced is measured over 

time via gas chromatography (GC). Then, the concentration of protein (nonspecific) in the microbial 

sample is measured and used to normalized ethylene production rates, as a denser sample may be 

expected to produce a larger quantity of ethylene than a dilute one. Other methods for assessing nitrogen 

fixation of whole-cell samples include 15N enrichment followed by mass spectrometry (MS), Kjeldahl 

quantification of nitrogen, or 13N enrichment followed by radioactive counting.122,123 15N isotope tracing is 

considered one of the gold standards for assaying biological nitrogen fixation because it is a direct 

measurement of the enzyme’s ability to reduce nitrogen rather than a proxy. Acetylene, for example, is not 

reduced at the same rate as nitrogen gas, and the ratio of these two rates would be needed for finding the 

absolute, not relative, quantity of nitrogen fixed.124 However, isotope tracing tends to be more involved, 

both monetarily and procedurally, causing the ARA to be among the most common of methods for 

assessing nitrogen fixation.  

 

3.2  Complexities 

 

 There are certain complexities to applying the ARA to different cultures. One major consideration 

pertains to how the ARA must be modified for studies that involve methanotrophic diazotrophs, and/or 

how this assay alters metabolic activity across communities, co-cultures, or pure cultures. To begin with, 

methane monooxygenase is capable of oxidizing ethylene, the product of the assay. However, perhaps 
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conveniently, MMO is irreversibly inactivated by acetylene. As a result, ethylene (theoretically) goes 

untouched, but methanotrophic cells metabolically shut down from MMO inactivation. To address this, it 

was found that by supplying an alternative electron donor such as methanol or formate, diazotrophic 

methanotrophs were able to continue fixing nitrogen.92,101 However, there is at least one recorded 

observation of a diazotrophic methanotroph becoming hypersensitive to oxygen when grown on methanol 

as its primary carbon source, complicating things further.20 Additionally, MMO is also highly sensitive to 

the type of rubber stopper used to make airtight environments, as non-halogenated (and some 

halogenated) butyl rubber stoppers have been found to leach MMO-inhibiting organic compounds and 

elements into culture media.125 Furthermore, methane elutes at roughly the same time as ethylene from 

GC columns due to their similar size and chemical nature, thus methane must be eliminated from the 

atmosphere prior to assaying (and typically replaced with argon). In addition, our study required the 

assessment of a complex mixed community, rather than a pure culture. We do not know, for example, how 

the necessary addition of methanol might affect other members of the community, particularly the non-

methanotrophic nitrogen fixers, but also the non-diazotrophic aerobes (in particular ASV1, Figure 2.4). 

Likewise, the assay atmosphere of argon and excess acetylene may negatively interact with the non-

diazotrophic aerobes, impacting their respiration.  

Another area of concern involves the incorporation of oxygen. With all diazotrophs, the 

nitrogenase enzyme is negatively affected by the presence of oxygen, leading to artificially low readings 

of nitrogenase activity if the assay is intended to confirm nitrogenase activity.126,127  For our study, the 

presence of oxygen during the assay is critical because we aim to compare the ability of our cultures to fix 

nitrogen under oxygen stress. Therefore, unlike most acetylene reduction conditions, we included oxygen 

in our procedure design.60,126–129 But, maintaining the full oxygen concentration of the study during the 

assay, while potentially damaging the ability of certain aerobes to respire, may lead to oxygen levels that 

remain toxic to the nitrogenases resulting in assay failure. This is particularly true when reviewing the 

results seen in Figures 2.2 and 2.4, which correlate significantly increased accumulation of fixed nitrogen 
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with the over-abundance of the aerobe ASV1. Along this line of thinking, it is possible that the drop in 

oxygen over each 24-hour feeding period (Appendix A) could have been permitting a sort of temporal 

activation of nitrogenase in the community, such that the aerobic consumption of oxygen is critical to the 

fixation of nitrogen especially in the high oxygen reactors. This is possible because there is a noted 

history of diazotrophs “switching off” nitrogen fixation temporarily during high oxygen tension exposure, 

and “switching on” when the oxygen concentrations decrease.21,35,130–133 As a result, it was considered that 

running the ARA at the highest oxygen concentration the reactors experience may not only jeopardize the 

assay but also be inaccurate in assessing how the reactors had been fixing nitrogen.  

In summary, the ARA is historically preferred due to its low expense and ease of use. For 

applications where diazotrophic methanotrophs are involved or predicted to be present, however, and 

especially in the case of mixed communities, there are considerations and adjustments that must be made 

prior to running to ensure the success and accuracy of the assay. These important considerations are 

poorly distributed across literature and their many overlapping effects can lead to experimental errors or 

the abandonment of a process that may otherwise work. Therefore, this summary was included to simplify 

and condense these notes. The following subsection will outline certain observations made during the 

trouble-shooting process of the ARA on mixed methanotroph-containing communities. However, it is 

important to note that the section does not represent an investigation, as the ARA as it applies to 

methanotrophs and methanotrophic communities deserves further case-by-case tweaking as well as 

studies properly dedicated to its optimization. 

 

3.3  Observations 

 For this experiment, it was difficult to achieve sufficient ethylene production (nitrogenase 

activity) with the high oxygen reactors during the ARA. Initially, this makes sense due to the oxygen 

sensitivity of nitrogenase. However, our data suggested notable nitrogen fixation activity was occurring 

under these conditions. As mentioned in the previous section, there is a possibility that nitrogen fixation 
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was not happening continuously throughout each feeding cycle, but rather occurred disproportionately at 

the point where oxygen levels decreased to a satisfactory, less toxic concentration. As a result, we 

experimented with reducing (but not eliminating) the oxygen concentration of the assay from its original 

16% to 5%, roughly the concentration of oxygen left after 24 hours. This change made a positive 

difference in the appearance of nitrogenase activity and may suggest the importance of satellite aerobes in 

the high oxygen communities. It was also considered that the manner in which the tubes were shaking 

during the incubation portions of the assay may overexpose the culture to oxygen. For example, the shape 

of test tubes results in very high surface area to gas contact when shaken on its side, while there is very 

little surface area to gas contact when shaken upright or at an angle. However, experimentation with this 

aspect led to the observation that better acetylene performance occurs when the tubes are shaken sideways 

during incubation, potentially due to improved acetylene exposure. 

 Furthermore, there is the decision of the concentration of methanol to be used for acetylene 

reduction by methanotrophs. The earliest paper on the application of the ARA to methanotrophs (Colby, 

Dalton, and Whittenbury, 1975) was the first to identify the need to supply an alternative electron donor 

such as methanol, which they added at 0.01% concentration.134 The next earliest publication on this topic 

(Dalton and Whittenbury, 1976) employed 0.05% methanol in a pure culture of Methylococcus capsulatus 

strain Bath.101 Later papers from the 1980’s (i.e. Murrell and Dalton, 1983; Lidstrom, 1984; Takeda, 

1988) increase the methanol concentration to 0.5% for the assay, while citing all the remaining aspects of 

the assay to the original 1975 methodology.92,129,135 Then, by the turn of the century, we see a further 

increase to 2% v/v methanol (Lidstrom, 2001), without any further explanation or illumination as to the 

change in lab protocol.60 In our experiment, we observed no apparent deleterious effect to increasing the 

methanol concentration from 0.2% to 2%. Given this unexplained range in the literature, however, this 

would be an area worth dedicating an experiment of its own to, as well as taking the time to optimize on a 

per-experiment basis, for the benefit of all who operate this assay on methanotrophs.  
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APPENDIX A 

Table 2.1: Dried Mass of Each Bioreactor  (35 days old) 

Sample/Reactor # Dried Mass (g) 

High Oxygen (#1) 0.0641 

High Oxygen (#2) 0.0406 

High Oxygen (#3) 0.0369 

Low Oxygen (#4) 0.0134 

Low Oxygen (#5) 0.0162 

Low Oxygen (#6) 0.0095 
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APPENDIX B 

 

Appendix B. Rate of Acetylene Reduction per milligram of protein per sample. Reactors 1-3 (light 

blue) are high oxygen reactors. Reactors 4-6 (yellow) are low oxygen reactors.  
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APPENDIX C 

 Observed Chao1 se.chao1 ACE se.ACE Shannon Simpson InvSimpso
n 

Fisher 

Reactor 1 100 100 0.497494 100.1752 3.323383 2.374615 0.81655 5.451086 10.86532 

Reactor 2 123 123 0 123 4.092428 2.780247 0.877373 8.154824 13.45938 

Reactor 3 87 87 0 87 3.523321 2.526043 0.8448 6.443283 9.200175 

Reactor 4 136 136 0 136 4.65185 2.904271 0.895755 9.592779 15.19648 

Reactor 5 153 153.2 0.621308 153.5526 4.596356 3.338297 0.940309 16.75287 17.02736 

Reactor 6 145 145 0 145 4.877817 3.21995 0.924696 13.27944 16.4856 

 

Appendix C. Various Alpha Diversity Measurements per Reactor. InvSimpson refers to inverse 

Simpson. Reactors 1-3 are high oxygen reactors. Reactors 4-6 are low oxygen reactors. 
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