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ABSTRACT  
   

Nitrous oxide (N2O) is an important greenhouse gas and an oxidant respired by a 

diverse range of anaerobic microbes, but its sources and sinks are poorly understood. The 

overarching goal of my dissertation is to explore abiotic N2O formation and microbial 

N2O consumption across reducing environments of the early and modern Earth. By 

combining experiments as well as diffusion and atmospheric modeling, I present 

evidence that N2O production can be catalyzed on iron mineral surfaces that may have 

been present in shallow waters of the Archean ocean. Using photochemical models, I 

showed that tropospheric N2O concentrations close to modern ones (ppb range) were 

possible before O2 accumulated. In peatlands of the Amazon basin (modern Earth), 

unexpected abiotic activity became apparent under anoxic conditions. However, care has 

to be taken to adequately disentangle abiotic from biotic reactions. I identified significant 

sterilant-induced changes in Fe2+ and dissolved organic matter pools (determined by 

fluorescence spectroscopy). Among all chemical and physical sterilants tested, γ -

irradiation showed the least effect on reactant pools. Targeting geochemically diverse 

peatlands across Central and South America, I present evidence that coupled abiotic and 

biotic cycling of N2O could be a widespread phenomenon. Using isotopic tracers in the 

field, I showed that abiotic N2O fluxes rival biotic ones under in-situ conditions. 

Moreover, once N2O is produced, it is rapidly consumed by N2O-reducing microbes. 

Using amplicon sequencing and metagenomics, I demonstrated that this surprising N2O 

sink potential is associated with diverse bacteria, including the recently discovered clade 

II that is present in high proportions at Amazonian sites based on nosZ quantities. Finally, 

to evaluate the impact of nitrogen oxides on methane production in peatlands, I 



  ii 

characterized soil nitrite (NO2
–) and N2O abundances along soil profiles. I complemented 

field analyses with molecular work by deploying amplicon-based 16S rRNA and mcrA 

sequencing. The diversity and activity of soil methanogens was affected by the presence 

of NO2
– and N2O, suggesting that methane emissions could be influenced by N2O cycling 

dynamics. Overall, my work proposes a key role for N2O in Earth systems across time 

and a central position in tropical microbial ecosystems. 
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CHAPTER 1 

INTRODUCTION 

Entanglement of Abiotic and Biotic Processes 

To understand the planetary environment, it is of importance to discern biotic and 

abiotic processes and to determine their interactions. Life is a not state; it is a chemical 

process. A reaction is a chemical process in which one substance transforms into another. 

I define biotic reactions as those carried out by living organisms. Distinguishing between 

abiotic and biotic reactions is important because of the fundamentally different driving 

mechanisms. Deciphering mixed abiotic-biotic signatures has astrobiological relevance 

because in order to identify life in extraterrestrial environments, we have to be able to 

recognize the boundaries between life activity and the geochemical “noise” caused by 

spontaneous chemical reactions.  

Mechanistic differences between abiotic and biotic reactions also determine the 

activation energy, with vast implications for ecosystem functioning. For instance, based 

on differences in apparent activation energies, the metabolic balance of ecosystems is 

more or less sensitive to temperature changes over long time scales, such as in the wake 

of global climate change (Yvon-Durocher et al., 2010; Yvon-Durocher et al., 2012). 

Activation energies are useful to deduce how quickly a reaction progresses in nature. 

Whereas the Gibbs energy change of two reactants contains information about the general 

favorability of a chemical reaction under defined conditions, the activation energy is 

related to the “energy barrier” between reactants and products in chemical reactions and 
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dictates the degree of kinetic hindrance (Anderson, 2005). The Gibbs energy change (ΔG) 

can be defined as  

∆𝐺 = 𝑙𝑜𝑔
𝑜𝑥
𝑟𝑒𝑑 − 𝑝𝜖  2.303 𝑅𝑇 

where R is the ideal gas constant (8.3145 kJ mol–1 K–1), T is the absolute temperature (K), 

and {ox}/{red} is the activity ratio of the oxidants and the reductants in the reaction. A 

measure of the electron activity is introduced with pε. The rate constant k of a reaction 

can be derived from the Arrhenius equation: 

𝑘 = 𝐴 𝑒
!!!
!"  

and rearranged to solve for the activation energy (Ea) as: 

𝐸! =  log𝐴 − log 𝑘  2.303 𝑅𝑇 

where A is the Arrhenius factor, describing the collision of the reactants. Arrhenius’ 

definition of the activation energy is grounded in collision theory, in which the frequency 

of oriented reactant collisions governs the overall reaction rate (Arrhenius, 1889a; 

Arrhenius, 1889b). The differences of the two energy quantities become apparent because 

ΔG is a function of “static” parameters ({ox}/{red} and pε), whereas Ea comprises 

“dynamic” parameters (A and k). Abiotic and biotic reactions differ in these latter 

parameters because enzymes create a fluctuating thermal bath around reactants (Marcus 

and Sutin, 1985), which optimizes their oriented collision and accelerates electron 

transfer. In natural systems, activation energies of abiotic reactions can be very similar to 

biotic reactions. This occurs once abiotic catalysts (organics-metal complexes, minerals) 

lower the reaction energetic barrier, when energy sources become available (light), or 

when the chemical species are generally unstable. For example, oxidative mineralization 



 
 

  3 

of phenolic substances to CO2 can occur spontaneously in organic-rich soils and is driven 

by Fe3+ in the mineral phase ferrihydrite (Pracht et al., 2001). Chemical oxidation of 

sulfide by dissolved oxygen is a commonly observed phenomenon in euxinic marine 

settings (Luther et al., 2011), and photo-oxidation of Mn2+ is thought to be an important 

abiotic mechanism producing Mn oxide deposits in the early oceans (Anbar and Holland, 

1992). Abiotic reactions that are competitive with life processes under ambient conditions 

are widely distributed across multiple geochemical cycles. The anoxic branch of the 

nitrogen cycle comprises denitrification, the step-wise reduction of nitrogen oxides to 

nitrogen gas (N2), followed by nitrogen fixation. The pathways are marked by multiple 

abiotic reduction steps (Fig. 1.1), and include the intermediate nitrous oxide (N2O).  
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Fig. 1.1. Activation energies (Ea) and changes in Gibbs energies (ΔG) from reactants to 
products along the reducing branch of the nitrogen cycle. The gray area indicates ΔG and is 
derived from half reactions given by Luther, 2010. Activation energy is shown as data points 
obtained from measurements (see Table A.1) and is of abiotic, biotic, or mixed abiotic-biotic 
nature (when experiments did not distinguish by sterilization).  
 

 Figure 1.1 illustrates why abiotic reactions of the nitrogen cycle may be very 

prevalent in natural systems, such as soils or sediments. Nitrate (NO3
–) reduction is 

associated with activation energies that are only slightly higher when not carried out 

enzymatically. For example, NO3
– reduction to N2O is possible but typically very slow 

(Zhu-Barker et al., 2015). The abiotic and biotic reduction of NO2
– and NO have 

essentially indistuingishable activation energies, which could explain why these reactions 

are commonly observed in sterilized soil. Abiotic NO reduction to N2O has been shown 

to have a very low energetic barrier (Samarkin et al., 2010), suggesting this process may 

be much more widespread than previously thought. In contrast, N2O reduction to N2 has a 

very high (~ 250 kJ mol–1) activation energy due to electronic delocalization that 

stabilizes the N2O molecule. Thus, N2O consumption in soils or sediments can almost 

conclusively be declared due to microbial activity. The same is true for N2 reduction to 

ammonium, which requires an extremely large amount of energy input to overcome the 

activation barrier. Even though N2O reduction is highly exergonic (ΔG is strongly 

negative), the energetic barrier is significant. Nitrous oxide is a superb metabolic oxidant 

and is easily accessible for microbial cells because of its high solubility in water (Henry’s 

law constant Kh
cc = 0.611, T = 298 K, Sander et al., 2009). One can postulate that abiotic 

production followed by biotic consumption, or an abiotic-biotic N2O cycle, could be a 

common phenomenon. Nitrous oxide is a potent greenhouse gas due to its positive 

radiative forcing and long atmospheric residence time (114 years; Stocker et al., 2013). It 
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also has high ozone-depleting potential because it is an efficient source of NO, which 

reacts directly with ozone to form nitrogen dioxide and molecular oxygen (Ravishankara 

et al., 2009). Given this environmental relevance, it is important to understand the entire 

spectrum of N2O sources and sinks, including the abiotic ones (Zhu-Barker et al., 2015). 

 

The nitrogen cycle through time 

Nitrogen is abundant on Earth, with its main reservoir residing in the N2 of the 

atmosphere. No other celestial body in our solar system contains as much nitrogen in the 

form of N2 as our planet (Titan, the saturnian moon, has the second most). Nitrogen is a 

bio-essential element contained in proteins and nucleic acids and respired by anaerobic 

microbes. The caveat for life has been to access nitrogen in a usable form, namely as 

ammonium for assimilation and nitrogen oxides for dissimilatory processes. Even though 

the extent is still debated in the scientific community, abiotic nitrogen fixation represents 

a pathway on the early Earth combining oxygen derived from atmospheric CO2 and N2 

into nitrogen oxides (Chameides, 1986). The energy for this transformation was delivered 

by heat shock reactions from events such as galactic cosmic ray bursts, meteorite 

impacts, volcanic and thunderstorm lightning (Mancinelli and McKay, 1988; Kasting, 

1990; Navarro-Gonzalez et al., 1998). Fixed nitrogen could also have been produced by 

the interaction of high-energy particles from coronal mass ejections with atmospheric 

gases, enabled by a greater opening angle of the magnetic field very early in Earth’s 

evolution (Airapetian et al., 2016). While estimates of average NO3
– and NO2

– 

concentrations in Hadean and Archean seawater range from < 1 (R. Hu and Diaz, 2019) 
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to several hundred µM (M. L. Wong et al., 2017), these pools were highly dependent on 

the magnitude of sinks. The potential of NO3
– and NO2

– as precursors for N2O remains 

underexplored, especially in light of reactivity with abundant reduced iron minerals in the 

ferruginous ocean. Significant N2O abundances would have been consequential for the 

planetary climate and the early biosphere. As strong greenhouse gas, N2O may have 

contributed to a warmer climate as inferred from the faint young Sun paradox (Gough, 

1981). Exposure of the early biosphere to N2O would also explain multiple lines of 

biochemical evidence suggesting its metabolically important role as terminal electron 

acceptor (Saraste and Castresana, 1994; Chen and Strous, 2013). Consistent with Fig. 1.1, 

the conversion of N2 to ammonium (NH4
+) in the anoxic early oceans occured at rates a 

factor of 50 to 5000 slower (Summers and Khare, 2007; Laneuville et al., 2018) than 

modern nitrogen fixation rates (Gruber and Galloway, 2008). Similarly, NO3
– and NO2

– 

were reduced to NH4
+ at higher temperatures and via interactions with metallic iron, iron 

sulfide minerals, or magnetite (Brandes et al., 1998; Smirnov et al., 2008). Abiotic NH4
+ 

production became limiting after the evolution of anoxygenic photosynthesis, forcing 

microbial life to abate the high activation energy of N2 conversion to NH4
+ by enzymatic 

catalysis. Nitrogenases relieved the early biosphere of nitrogen starvation (Raymond et 

al., 2004; Glass et al., 2009) and allowed higher productivity. A fundamental shift 

occurred in the nitrogen cycle when Earth’s surface became gradually oxygenated at 

~2.6-2.7 Ga (Ostrander et al., 2019). The emergence of nitrification enabled more 

effective formation of NO2
– and NO3

–. Subsequently, N2O formation was also 

independent of microbial denitrification in the Proterozoic, as NO (now derived from 

microbial nitrification) was converted to N2O by dissolved Fe2+ (Stanton et al., 2018), 
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underlining the role abiotic N2O formation could have played to deliver significant 

amounts of N2O for over half of Earth’s history. 

On modern Earth, anthropogenic sources of N2O (~6.9 Tg N2O-N yr–1) are 

exceeded by natural sources of N2O (~11 Tg N2O-N yr–1). These natural sources can be 

attributed to vegetated soils (~6.6 Tg N2O-N yr–1), the oceans (~3.8 Tg N2O-N yr–1), and 

atmosphere (~0.6 Tg N2O-N yr–1) (Ciais et al., 2013). The dominant atmospheric sink for 

N2O is destruction by UV photolysis and reaction with excited O2 atoms O(1D) in the 

stratosphere. From all terrestrial sources, N2O emissions revealed the highest contribution 

to total N2O flux on the South American continent and were associated with high 

uncertainties predominantly in tropical regions (Pérez et al., 2006; Huang et al., 2008; S. 

Park et al., 2011). 

 

Tropical peatlands  

Tropical peatlands are hotspots of N2O production (Hatano et al., 2016). Recent 

models suggest South America harbours unprecedented volumes of peat (Gumbricht et 

al., 2017). Nitrous oxide emissions from wetlands of the Pantanal (West Brazil; 88-1496 

ng cm–2 h–1, Liengaard et al., 2014) exceeded those from oxisol and ultisol at Amazonian 

tropical forest sites (0.1-13 ng cm–2 h–1, Pérez et al., 2006; S. Park et al., 2011). Nitrous 

oxide fluxes have also been observed to fluctuate tremendously (Teh et al., 2017), as 

reported from the Pastaza-Marañón foreland basin in East Peru (Fig. 1.2). 
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Fig. 1.2. Distribution of peatlands and study sites in Costa Rica (left) and the Amazon basin 
(right). Canonical types of wetlands are colored as follows: mangroves (pink), swamps and bogs 
(brown), fens (gray), floodplains (turquoise), marshes (light green), wet meadows (dark green). 
Peatlands are the most common type of wetlands and “characterized by the unique ability to 
accumulate and store dead organic matter from Sphagnum and many other non-moss species, as 
peat, under conditions of almost permanent water saturation” (Joosten and Clark, 2002). Tropical 
peatlands tend to deviate from this classification (Junk et al., 2011) which is based on northern 
and temperate peatlands (Brinson and Malvárez, 2002). Study site locations are not always 
consistent with mapped wetlands. AUC=Aucayacu (pole forest), ABL=Aqua blanca (mixed 
forest swamp), BVA=Buena Vista (mixed forest/palm swamp), CHO=Charo (mixed forest/palm 
swamp), VUL=Las Vueltas (mountain bog, bofedales), MEL=Melendez (mixed forest swamp, 
terrace peatland), MQE=Medio Queso (open peatland), QUI=Quistococha (palm swamp), 
SCB=Sitio Cacao (pole forest), SJO=San Jorge (pole forest), SRQ=San Roque (palm swamp), 
PMFB=Pastaza-Marañón foreland basin. FCA=Fazenda (fen) is located in the south-eastern 
Brazilian state of Minas Gerais and not shown on the map. Map obtained from cifor.org. 
 

In the wake of a wide-ranging evolution of foreland basins along the eastern side 

of the Andes, riverine sediments accumulated and peatlands formed. The foreland basins, 

such as the Pastaza-Marañón, emanated from an active sub-Andean fault system from the 

late Permian to the Quaternary and are characterized by distinct areas of subsidence 

(Räsänen et al., 1987). Accumulated fluvial sediments are delineated by riverine 

geomorphic structures with implications for the modern ecosystems of the western 

Amazon. The discovery of novel tropical peatlands revealed that the local 

geomorphology induced the formation of peat that is several meters thick. The vegetation 

above the peat soil is highly influenced by the soil chemistry (Page et al., 1999) and, 
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together with riverine input, represents the main source of biomass. The distinct 

hydrological conditions of wetlands create not only the geochemical framework needed 

to sustain abiotic N2O formation, but also habitats for diverse microbial communities. 

The majority of my study sites are concentrated within the Pastaza-Marañón foreland 

basin (Fig. 1.2; AU, BV, CH, QU, SJ, SR), and are complemented by peatlands inside 

(SC, AB, ME) and outside (LV, MQ, FA) the Amazon basin. The diversity in 

geochemical conditions across these sites is immense, spanning from oligotrophic (SJ, 

AU) to relatively eutrophic (MQ, FA), from acidic (SJ, SC) to pH-neutral (LV, ME), and 

from Ca-rich (BV) to Ca-poor (SJ). They all are rich in organic carbon (>20% by weight) 

and, with the exceptions of MQ and FA, have not experienced significant anthropogenic 

impact. A more detailed edaphic description is provided in the individual chapters. 

In order to be spontaneously reduced, nitrogen oxides require a source of 

electrons. In peat soil, electrons can be derived either from reduced metals (Fe2+, Mn2+) 

or from organic functional groups. Tropical soils are typically iron-rich. In peatlands of 

the Amazon, iron may originate from the bedrock underlying the organic soil layers, or 

from riverine inputs as a result of rock weathering in the Andes. Soil Fe2+ has been 

shown to be an effective reductant driving abiotic N2O production in several studies, 

predominantly under anoxic conditions (Zhu-Barker et al., 2015). The lack of oxygen 

causes organic matter decomposition to remain incomplete (Page et al., 1999; Jauhiainen 

et al., 2005; T. Hirano et al., 2009), resulting in recalcitrant organics, such as humic and 

fulvic acids, with a great variety of reducing functional groups. These also comprise 

hydroxy-substituted aromatic structures. Humic and fulvic acids promote N2O production 

because hydroxy-groups undergo nitrosation with soil NO2
–, and tautomerize into 
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nitrosophenols and quinone monoximes prior to the release of N2O (Thorn and Mikita, 

2000; Thorn et al., 2010).  

To overcome the activation energy barrier that N2O reduction to N2 poses (Fig. 

1.1), microbes have evolved N2O reductase. This enzyme is made up of tightly linked 

head-to-tail homodimers of 130 kDa (Pomowski et al., 2011) and the active sites contain 

two multi-copper centers, CuA and CuZ. The CuA site relays electrons received by 

cytochrome-type electron carriers (Rasmussen et al., 2005) to the CuZ site, where the 

reduction of the bound substrate N2O occurs. The gene sequence encoding the catalytic 

subunit of N2O reductase, nosZ, has been used to investigate the taxonomic and 

phylogenetic representation of N2O-reducing microbes in soils and sediments. The nosZ 

phylogeny is divided into two clades based on enzyme structural aberrations. Clade I 

comprises classical denitrifiers with the enzymatic repertoire to carry out complete 

denitrification; the novel clade II comprises N2O reducers that have N2O reductase but 

lack at least some of the other nitrogen oxide-reducing enzymes (Hallin et al., 2018). The 

emerging phylogenetic group of N2O-reducing microbes is highly diverse. The nosZ 

genes are distributed across 16 phyla (Sanford et al., 2012), including Bacteria and 

Archaea. By comparison, the broadly distributed sulfate-reducing bacteria, which carry 

out an alternative anaerobic respiratory pathway and are marked by the functional gene 

dsrAB, are found in a total of 13 phyla (Anantharaman et al., 2018).  

The extended diversity of N2O reducers is the basis for a N2O sink potential in 

soils that has been overlooked for a long period of time, but which has become evident 

from discrepancies between classical denitrification gene distributions in metagenomes 

and measured consumption activity in soils (C. M. Jones et al., 2014). Biological N2O 
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consumption and the fate of N2O in tropical soils, predominantly under acidic and anoxic 

conditions in water-logged soils, is widely unknown despite the large range of fluxes that 

has been reported (see at the beginning of this section). The N2O sink potential in tropical 

soils could be regulated by the available organic substrates owing to the individual plant 

debris and the associated organic matter mineralization cascade (Ishii et al., 2011), the 

soil pH (B. Liu et al., 2014), or differences in N2O reduction kinetics between clades (S. 

Yoon et al., 2016). These parameters all affect the community composition of N2O 

reducers and the intrinsic capacity for soils to produce N2O abiotically. Enhanced 

substrate availability induces N2O reductase expression to harvest the energy released by 

N2O reduction. It is, thus, an ecological advantage for anaerobic soil microbes to be 

capable of N2O respiration, especially if abiotic pulses of N2O are frequent.  

Geochemical N2O formation may represent an influential abiotic ecosystem 

component in peatlands. If reaction rates are sufficiently high, abiotic N2O production 

may compete with biotic N2O production and could fill a catalytic gap resulting from 

missing denitrification enzymes (Graf et al., 2014). Microbial N2O consumption is 

complementary to abiotic N2O production, as it completes a production-consumption cyle 

for N2O as microbial cells adapt to the fundamental conditions of their environment. The 

two sides of this cycle may therefore be “coupled”, assuming the above mentioned 

stimulation of biotic activity by abiotic fluxes. The dynamics of this cycling could be 

essential to understanding the high temporal and spatial variability observed in tropical 

ecosystems and it is, thus, of high importance to explore these processes in tropical 

peatlands to better constrain the global N2O budget. 
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Focus and scope 

Life co-evolved with its planetary evironment (Dietrich et al., 2006). The coupled 

abiotic-biotic cycling of N2O is a process in which organismic response follows abiotic 

stimuli in an intricately connected manner. Given its behavior as greenhouse gas, N2O 

can influence climatic conditions and provide life with a lever to regulate its habitat. This 

example of a “Gaian” control system (Lovelock, 1988) was likely prevalent over 

different stages of our planet’s history. Therefore, I formulated the following three main 

questions: 

 1. How significant was abiotic N2O formation on the early (> 2.7 Ga) anoxic 
  Earth? 

 2. How significant is abiotic N2O formation, in modern tropical  
  peatlands of Central and South America? 

3. To what extent is biotic N2O consumption “coupled” to its abiotic 
production, and thus, how do peat soil microbial communities adapt in 
activity and diversity to abiotic N2O fluxes? 

 

In this dissertation, I approached these questions in four chapters. First, I assessed 

mineral-catalyzed reduction of NO3
– and NO2

– to N2O as a significant source of N2O in 

an Archean ocean-atmosphere system. Given the role of N2O as a greenhouse gas and as 

a strong oxidant for anaerobic metabolisms, an abiotic, or even prebiotic, source of N2O 

would have had wide-reaching consequences for the early climate and potentially for the 

evolution of microbial respiration. An abiotic N2O cycle on the anoxic early Earth 

emphasizes the cycling nature of abiotically driven processes without the intervention of 

life. I considered photolysis in the atmopshere as the abiotic consumption pathway. I 

combined lab simulation experiments to determine reaction rates with diffusive and 
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photochemical models to estimate atmospheric abundances on the basis of distinct 

mineral reactions involving the mixed-valent iron minerals green rust and magnetite. A 

key finding was that Archean atmosphere N2O concentrations in the ppb range were 

possible but higher levels were confined by reactant supply from abiotic nitrogen 

fixation.  

 Second, I assessed abiotic N2O formation in soils. I laid this groundwork by the 

evaluation of seven sterilization techniques, including physical and chemical treatments, 

on organic-rich peat soil from a Peruvian wetland (Fig. 1.2; QUI). I focused on changes 

in the reactant pools, i.e., soil iron as well as organic matter by deploying inductively 

coupled plasma-optical emission spectroscopy (ICP-OES) and fluorescence spectroscopy. 

I found clear differences in the effects of sterilization techniques on chemodenitrification 

and abiotic N2O production. Gamma-irradiation was identified as the method that caused 

the fewest artifacts in the reactant pools and in measured rates. In principle, my results 

are applicable to any soil or sediment and I hope to aid future assays on the determination 

of abiotic N2O production in their methodological strategy.  

 Third, I report research on Central and South American peatland systems that bear 

on questions 2 and 3. The true extent to which abiotic N2O formation contributes to 

modern N2O fluxes and the global N2O budget is unknown. Abiotic N2O production has 

been described in artificial systems under controlled conditions in many other studies 

(Zhu-Barker et al., 2015), or very sparsely in marine sediments (Otte et al., 2019) and 

brines of Antarctica (Samarkin et al., 2010; Ostrom et al., 2016). A thorough 

investigation of the distribution of this enigmatic process has been missing. Coupled 

abiotic-biotic cycling of nitrous oxide in tropical peatlands remedies this lack of 



 
 

  14 

knowledge by focusing on hotspots of N2O emissions and systems for which high 

variability in N2O emissions has been observed: tropical peatlands (Liengaard et al., 

2014; Teh et al., 2017). I used isotopic (15N) tracers to measure N2O cycling rates in-situ 

and complemented these efforts with molecular analysis of the nosZ gene phylogeny and 

distribution in 10 geochemically diverse soils from Costa Rica, Peru, and Brazil (Fig. 

1.2). In addition, I measured soil Fe2+ contents after extraction to explain the driving 

force of the abiotic N2O production observed. Six soils revealed a nearly complete abiotic 

denitrification potential and two soils showed a complete abiotic denitrification potential. 

I observed discrete groups of clade I- and II-dominated N2O reducing communities. The 

clade I organisms were seemingly more dominant, based on nosZ gene quantities, at sites 

with higher abiotic N2O fluxes. I present evidence that a mixed abiotic-biotic form of 

denitrification may be more distributed across wetlands than previously thought. 

Fourth, I addressed the effects of nitrogen oxides on peat microbial communities, 

with an emphasis on carbon mineralization to methane. Three peatlands of the Pastaza-

Marañón foreland basin (Fig. 1.2; QUI, SJO, BVA) were geochemically characterized 

and the distribution of the whole microbial community as well as methanogenic groups 

was explored. The molecular work comprised phylogenetic analysis of the 16S ribosomal 

RNA (rRNA) and the functional gene encoding for the enzyme at the heart of microbial 

methane production, methyl-coenzyme M reductase (mcrA). I also probed methane and 

dissolved inorganic carbon (DIC) pools and their stable isotopic composition. I found 

highly heterogeneous soil geochemistries across the study sites, emerging from distinct 

13C enrichments in soil methane and DIC, different soil pH, and contrasting pore water 

concentration profiles of DOC, NO3
–, and C/N ratios. Different nitrifiers and denitrifiers 
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inhabited equivalent niches in the soils, with an intriguing partitioning of ammonia-

oxidizing archaea in acidic sites and ammonia-oxidizing bacteria in more pH-neutral 

sites. Lastly, I compiled evidence that methane production is affected by soil NO2
– and 

that effects could be due to N2O emanating from NO2
–. 

In summary, this dissertation is focused on abiotic N2O production and biotic N2O 

consumption. Over four research chapters, these processes are placed into two different 

systems; the Fe-rich anoxic ocean of the early Earth (Chapter 2) and organic soils in the 

modern tropics (Chapter 3-5). At the heart of these efforts, I investigated to what extent 

abiotic N2O production is coupled to biotic consumption. The magnitude of abiotic N2O 

production and the degree of the coupling may influence N2O cycling rates and, thus, 

emissions. Both, N2O retention within ocean or soil systems as well as emissions to the 

atmosphere, can have strong implications for microbial life and the planetary climate. 

Findings from my research are presented in the following Chapters 2-5 and conclusions 

are made in the final Chapter 6. 
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CHAPTER 2 

AN ABIOTIC N2O CYCLE ON THE ANOXIC EARLY EARTH1 

Abstract 

Nitrous oxide (N2O) is a powerful greenhouse gas and deemed an indicator for life 

processes. It has been considered insignificant on the anoxic early Earth, due to its 

dependence on microbial denitrification and to the absence of a protective ozone layer 

because UV photolysis poses the major sink for atmospheric N2O. However, iron mineral 

phases in Fe2+-rich (ferruginous) oceans could have catalyzed reactions with abiotically 

fixed nitrogen oxides leading to the formation of N2O. We experimentally simulated 

surface-catalyzed reduction of nitrite and nitrate via green rust and magnetite, and used 

these measured rates to model N2O diffusion in ferruginous seawater. While N2O escaped 

to the atmosphere (63% of nitrite-nitrogen), the byproduct nitric oxide remained 

associated with precipitates in the form of nitrosyl (7% of nitrite-nitrogen, with green rust 

as catalyst). Surface emissions lead to significant N2O tropospheric abundances (>10 

ppb) as shown by photochemical modeling. Our findings imply a complete abiotic N2O 

cycle operative on the early Earth, independent of enzymatic catalysis. 

 

 

 

 

 
                                                
1 This chapter is under review for publication in Science Advances. Co-authors are S. Buessecker, H. 
Imanaka, T. Ely, R. Hu, S.J. Romaniello and H. Cadillo-Quiroz. 
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Introduction 

The Archean atmosphere prior to the Great Oxidation Event (GOE) was likely 

dominated by N2 and CO2, with ppm-levels of CO, CH4, and H2 (Kasting, 2014). The 

introduction of even trace amounts of more oxidized gases, such as nitrous oxide (N2O), 

or laughing gas, could have created a significant source of thermodynamic disequilibrium 

to drive early Archean ecosystems.  

Despite the proposed key role of N2O in the early stages of the Earth’s biosphere 

(Chen and Strous, 2013; Stanton et al., 2018) and climate under a faint young Sun 

(Gough, 1981), it is unknown whether the ocean acted as a net N2O source to the 

atmosphere prior to ~2.7 Ga. While earlier estimates of atmospheric N2O abundances 

were based on biological production rates (Godfrey and Falkowski, 2009; Roberson et 

al., 2011), more recently, abiotic sources of N2O have been considered for the early Earth 

(Airapetian et al., 2016; Stanton et al., 2018). Stanton et al. first showed through 

experiments and modeling that iron could have acted as driver for chemodenitrification to 

form abiotic N2O in ferruginous Precambrian oceans (Stanton et al., 2018). Multiple lines 

of evidence suggest that the oceans were rich in Fe2+ (ferruginous) from >3.8 to ~2.7 Ga 

and had a tendency to export reduced species to the atmosphere (Poulton and Canfield, 

2011). The ferrous-ferric hydroxy salt carbonate green rust (GR; [Fe2+
(1-x) Fe3+

x (OH)2 ]x+ · 

[(x/2)CO3
2− · (m/2)H2O]x−) has been shown to precipitate from Archean seawater-analog 

solutions, consistent with thermodynamic modeling predicting a predominance of GR in 

the Fe sink fraction along the water column (Halevy et al., 2017). It has been argued that 
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settling GR particles could have provided a transport mechanism for trace compounds to 

the seafloor (Halevy et al., 2017), where reducing conditions converted GR to magnetite 

(Fe3O4), which is an important constituent of banded iron formations. Nitrogen oxides are 

prone to spontaneously react in presence of iron mineral phases (Sorensen and Thorling, 

1991; Hansen et al., 1994). As a consequence of abiotic nitrogen fixation, nitrite (NO2
–) 

and nitrate (NO3
–) reached seawater concentrations in the lower µM range (Mancinelli 

and McKay, 1988; Summers and Khare, 2007; M. L. Wong et al., 2017; Ranjan et al., 

2019). Thus far, possible geochemical consumption mechanisms for dissolved NOx
– 

species on early Earth included reduction to ammonia (Summers and Chang, 1993) and 

reduction to N2 in the crust (Brandes et al., 1998; Laneuville et al., 2018). However, the 

NOx
– conversion to ammonia was not significant at pH ≤ 7.3 (Summers and Chang, 

1993), a regime that persisted in the bulk of the early ocean (Halevy and Bachan, 2017), 

and therefore restricted this NOx
– sink to more alkaline environments such as ultramafic-

hosted hydrothermal vents. In light of the NOx
– reduction catalyzing potential of GR and 

magnetite, the question arises as to whether their precipitation in ferruginous seawater 

could have driven abiotic reactions that form N2O at relevant rates sufficient to maintain 

atmospheric N2O pools. As the major sink for N2O is atmospheric photolysis back to N2, 

such reactions could complete a fully abiotic denitrification from NOx
– to N2, hundreds of 

millions of years prior to the biological and more efficient production of N2O (Buick, 

2007).  

Here, we evaluated the role of Archean abiotic N2O production, including 

intermediary NO cycling, from NOx
– compounds based on microcosm experiments with 

seawater mimicking ferruginous conditions. We used the mixed-valent iron minerals GR 
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and magnetite as catalysts for the reduction of low (1-5 µM), moderate (20-35 µM), and 

high (200-350 µM) NO2
– and NO3

– abundances and a simple end-member artificial 

seawater recipe with a 20% CO2-HCO3
– buffer devoid of sulfur. These experiments, 

together with diffusive and photochemical models, allowed for the estimation of NO and 

N2O abundances within the ocean-atmosphere system of the Archean. 

 

Methods 

Mineral synthesis. Synthesis of carbonate green rust followed a slightly modified 

protocol (Bocher et al., 2004). In brief, 18.2 MΩ⋅cm water was made anoxic by boiling 

and sparging with CO2/N2 (20:80). Anoxic 0.4 M Fe2+/Fe3+ solution (0.1 L) was prepared 

by mixing 7.42 g of FeSO4*7 H2O (>99%, Sigma Aldrich) and 2.66 g of anhydrous 

Fe2(SO4)3 (97%, Sigma Aldrich). An alkaline, anoxic solution of 0.466 M Na2CO3 (Fisher 

Scientific) in 0.8 M NaOH (Fisher Scientific) (0.1 L) was prepared by dissolving NaOH 

first under constant stream of CO2/N2 gas, after which Na2CO3 was added. Both solutions 

were stirred continuously at 500 rpm. The alkaline solution was injected into the Fe2+/Fe3+ 

solution using CO2/N2 flushed syringes. Precipitation occurred immediately and the 

suspension was stirred in the dark for 24 hours. Magnetite was synthesized as 

nanoparticles following previously described protocols (Pearce et al., 2012; Byrne et al., 

2015). 

 

Mineral harvest. Green rust and magnetite precipitates were washed in an 

anaerobic chamber (0.5% H2 in N2, Coy Laboratory Products) using a vacuum filter unit 
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(Nalgene, Mfr # 130-4020) and 0.45 µm cellulose-acetate filter membranes (Sartorius). 

Anoxic 18.2 MΩ⋅cm water was poured onto the precipitates for a minimum of 8 cycles 

(pouring followed by extracting water). When filtrate flow ceased to a minimum, the wet 

mineral paste was removed from the filter. Wet carbonate green rust (73.8% water 

content) and wet magnetite (47.2% water content) were added to microcosms. Wet 

minerals were also used for product characterization (XRD and microscopy). For BET 

analysis, a defined amount of precipitate was dried in small boxes filled with drierite and 

placed into the anaerobic chamber. Dry weight was constant after 3-5 days. 

 

X-ray diffractometry (XRD). Powder X-ray diffractometry was conducted on a 

subset of samples after synthesis and washing of the mineral products. A glycerol smear 

was prepared with 10 mg sample in the anaerobic chamber and sealed in a glass vial to 

prevent oxidation prior to analysis. To collect the XRD data, the sample was removed 

from the vial and stroke out onto a quartz zero background plate that was placed onto a 

horizontal stage in a Bruker D-5000 diffractometer (Bruker, Germany) equipped with a 

Co Kα X-ray tube (30 kV, λ = 1.791Å). Signal peaks were compared to reference 

diffractograms in the RRUFF database (Downs, 2006). Instrument broadening was 

determined by a standard polycrystalline alumina sample. X-ray diffractometry data was 

analyzed with the CrystalDiffract software version 6.8.2 for Mac. 

 

Scanning- and transmission-electron microscopy (SEM, TEM). Samples for SEM 

imaging were mounted on aluminum pin stubs with double-sided carbon tabs in the glove 

box and transported in a sealed jar with anoxic atmosphere to the microscope. Samples 
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were not sputter-coated. Images were taken on an XL30 ESEM-FEG (Philips) operated at 

a 30 kV accelerating voltage and a 21 pA beam current. TEM samples were dispersed on 

a Lacey Carbon film using 200 mesh copper grids. The instrument used was a CM200 

Field Emission Microscope at 200KV (Philips) with Cs = 1.2 mm and a PTP resolution of 

0.25 nm. Imaging was done on a Gatan Orius CCD system. 

 

BET surface area measurements. For analysis of the Brunauer-Emmett-Teller 

(BET) surface area, dried mineral precipitate was weighed inside the anaerobic chamber 

and added to a Florence flask that was subsequently closed with a stopper for transport to 

the instrument. The BET surface in replicate samples (n = 3 for GR, n = 2 for magnetite) 

was quantified using N2 gas on a Tristar II 3020 analyzer (Micromeritics Inc.). The 

instrument has a limit of detection of 1 m2. Our results (Table B.1) are roughly consistent 

with previously determined BET values of 47 m2 g–1 for GR (Williams and Scherer, 

2001) and 95 m2 g–1 for magnetite (Sun et al., 1998). 

 

We performed calculations of the mineral surface area for both minerals to 

supplement our measurements. To derive the mineral density, we calculated the average 

crystallite size by inserting the full width at half maximum, as determined from the 

diffractograms and the Bragg angle of the GR 0 0 3 reflection and of the magnetite 3 1 1 

reflection, into the Scherrer equation. Mineral density was then calculated using the 

formula ρ = (M*Z)/(Vc*0.60225) where M is molar mass, Z is the number of molecules 

per crystallite and Vc is crystallite size. The density and the grain volume as measured by 

TEM/SEM were used to calculate the grain mass. The final value in m2 g–1 was derived 
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from the grain mass and the grain surface (TEM/SEM). For magnetite, we calculated a 

surface area of 88.8 m2 g–1. For green rust, we calculated a minimum approximation 

(surface of green rust sheets only) of 27.6 m2 g–1 and a maximum approximation 

(including surface between sheets) of 538.5 m2 g–1. Thus, our measured value for 

magnetite is somewhat lower than the calculated and literature value. The measured value 

for green rust is in good agreement with the literature value and at the lower end of the 

calculated range. 

 

Incubation conditions. Interactions of nitrogen oxides with Fe minerals were 

tested in anoxic microcosms designed to mimic Archean ocean conditions as closely as 

possible. Borosilicate glass bottles (30-120 mL) were closed with thick butyl rubber 

stoppers and a headspace consisting of 20% CO2 in N2 was used throughout the 

experiment. All glassware was washed with 2 M HCl prior to use. The liquid phase 

constituted one third of the microcosm total volume. We used a previously applied recipe 

for artificial Archean seawater (Anbar and Holland, 1992) and omitted any sulfur species. 

The pH was initially set to 7.3 using a CO2–HCO3
– buffer. We boiled 18.2 MΩ⋅cm water 

and sparged it with CO2/N2 (20:80) while it was cooling on ice. Salts were added during 

sparging. The anoxic solution was then dispensed with a pipetor into microcosms in an 

anaerobic chamber (0.5% H2 in N2, Coy Laboratory Products). Nitrate and nitrite stock 

solutions were prepared with their respective sodium salts NaNO3 (≥99%, Fisher 

Scientific) and NaNO2 (≥97%, Acros Organics) and dissolved in artificial seawater. The 

solutions were then sparged with N2 and filter-sterilized (0.8/0.2 µm pore seize, VWR) in 

the anaerobic chamber. Controls with aqueous Fe2+ were prepared with anoxic artificial 
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seawater and FeCl2 (≥99%, Fisher Scientific). Wet minerals were weighed in the 

anaerobic chamber and distributed into microcosms using ethanol-washed plastic 

spatulas. Prior to start of the incubations with the injection of the NOx
– solution, mineral 

agglomerates were dissipated in an ultrasonic bath (Ultrasonic cleaner 2510, Branson 

Ultrasonics). Microcosms were shaken at 250 rpm in the dark and at room temperature 

over the whole duration of the experiment. Controls were incubated in the anaerobic 

chamber to test for potential leaking through stoppers, which did not occur. To dissolve 

mineral particles during incubations, 1.6 mL of concentrated 12N HCl or 37N H2SO4 was 

slowly injected through bottle septa to 10 mL mineral seawater-suspension. Dissolution 

of solid particles occurred instantly and the liquid first turned turbid orange-green and 

then clear green-yellow (HCl) or light yellow (H2SO4) within 15-20 hours. The last 

measurement of NO in the headspace was taken when the liquid was clear (Fig. B.5). 

 

Dissolved nitrite, nitrate, ammonium, ferrous and ferric iron measurements. All 

dissolved analytes were quantified spectrometrically with plate assays. Nitrite in solution 

was quantified with the Griess reagent (Promega, Kit G2930). Nitrate was first reduced to 

nitrite by vanadium(III) chloride and then quantified as nitrite (Miranda et al., 2001). 

Ammonium production was verified with the salicylic acid assay (Kandeler and Gerber, 

1988). To determine the Fe2+/Fe3+ solid phase ratio, mineral particles were settled, after 

which supernatant artificial seawater was removed from the microcosms. Anoxic acidic 

extraction of green rust and magnetite was conducted as described previously (Byrne et 

al., 2015). Ferrous and ferric ions in the extracts were measured by reaction with 

ferrozine (Stookey, 1970). 



 
 

  24 

 

N2O gas measurements. To quantify N2O production, 200 µL of headspace gas 

was sampled with a gas-tight syringe (VICI Precision Sampling) and injected onto a gas 

chromatograph (GC, SRI Instruments) equipped with an electron-capture detector (ECD). 

Two continuous HayeSep-D columns were kept at 90°C (oven temperature) and N2 (UHP 

grade 99.999%, Praxair Inc.) was used as carrier gas. The ECD current was 250 mV and 

the ECD cell was kept at 350°C. The N2O measurements were calibrated using 

customized standard mixtures (Scott Specialty Gases, accuracy ±5%) over a range of 

0.25–100 ppmv. Gas accumulation in the microcosms was monitored over time. Gas 

concentrations were corrected using Henry’s law and the dimensionless concentration 

constant KH
cc(N2O) = 0.6112 (Stumm and Morgan, 2012) to account for gas partitioning 

into the aqueous phase at 25°C. 

 

NO gas measurements. Nitric oxide (NO) was quantified in the microcosm 

headspace with a chemiluminescence-based analyzer (LMA-3D NO2 analyzer, Unisearch 

Associates Inc.). Headspace gas was withdrawn with a CO2-N2-flushed gas-tight syringe 

and injected into the analyzer. The injection port was customized to fit the injection 

volume and consisted of a T-junction with an air filter at one and a septum at the other 

end. An internal pump generated consistent airflow. In short, sample NO was oxidized to 

NO2 by a CrO3 catalyst. The NO2 flew across a fabric wick saturated with a Luminol 

solution. Luminol was obtained from Drummond Technology Incorporated. Readings 

were corrected for background NO2 every 15 minutes (“zeroing”). Shell airflow rate was 

kept at 500 mL min–1 and the span potentiometer was set to 8. Measurements were 



 
 

  25 

calibrated with a 0.1 ppm NO (in N2) standard (<0.0005 ppm NO2, Scott-Marin, 

Riverside, CA, USA) over a range of 5–1,000 ppbv. Gas concentrations were corrected 

using Henry’s law and the dimensionless concentration constant KH
cc(NO) = 0.0465 

(Stumm and Morgan, 2012) to account for gas partitioning into the aqueous phase at 

25°C. 

 

Diffusion modeling. The partial fluxes of the overall flux balance Φsed + Φpar = 

Φatm were normalized to a 100 m vertical slab with 1 m2 basis. The upper 100 m ocean 

water are typically considered as well-mixed, hence, reactant and catalyst are 

homogeneously distributed in that space. Depending on the water depth, a portion of the 

NOx could reach the ocean floor, which is why we added a generic sediment flux (Φsed) to 

the balance equation. The dominant flux would emerge from floating GR mineral 

particles (Φpar) that are distributed along the water column. For simplicity, we assume 

that all GR had aged into magnetite in the sediment and all suspended particles were GR 

phases. The sediment N2O flux was derived as follows. 

Φ!"# = –  Φ!"!–  = –𝐷!  
𝑑𝐶
𝑑𝑅  (𝑥 = 0) 

where De is the effective diffusion coefficient (4.1*10–6 m2 hr–1), and dC/dR (x = 0) is the 

concentration gradient at the sediment-water interface (–55.7 µM m–1). In this simple 

pore water diffusion model, Φsed equals the flux of NO2
– into the sediment (ΦNO2–). The 

model parameters were obtained from Li and Gregory, 1974. We used the NO2
– diffusion 

coefficient determined for seawater. Since we assumed a dominance of magnetite over 

GR in sediments, the reaction rate constant based on magnetite-catalyzed reactions was 
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used (3.2*10–3 hr–1). We also assumed a steady-state NO2
– concentration of 2 µM in the 

bottom water just above the sediment (M. L. Wong et al., 2017; R. Hu and Diaz, 2019). 

 

We tested if diffusion limitation would occur in the GR particle phase. Based on 

our kinetic results from the GR experiment, we assumed a reaction rate constant of 

3.2*10–2 hr–1. Using a particle size of 1 µm (particle diameter, SEM) up to 0.5 mm 

(agglomerates), the spherical particle model applied (Magyari, 2010) did not indicate a 

concentration gradient of NO2
– from the particle surface to the center. Thus, the Fe 

mineral phase was completely disseminated in the seawater. We formulated the N2O 

particle flux as follows. 

Φ!"# =  𝑟 GR  𝑆𝐴!"  𝐺𝑅  100𝑚 

where mineral surface area is SAGR = 57.1 m2 g–1 and a molecular N2O production rate 

r(GR) is depending on the initial reactant concentration:  

low NO2
–  0.004±0.001 nmol m–2

GR hr–1 

moderate NO2
–  0.07±0.01 nmol m–2

GR hr–1 

high NO2
–   2.6±0.5 nmol m–2

GR hr–1  

Including the components of the partial fluxes, we can rewrite the overall flux balance as 

function of the green rust particle concentration [GR]. 

Φ!"#( 𝐺𝑅 ) = Φ!"# + 𝑟 GR  𝑆𝐴!"  𝐺𝑅  100𝑚 

Informed by seven modern marine and freshwater anoxic basins (Bacon et al., 

1980; B. L. Lewis and Landing, 1991; Viollier et al., 1997; Rodrigo et al., 2001; C. Jones 

et al., 2011; Staubwasser et al., 2013; Llirós et al., 2015), we used [GR] values 
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equivalent to half and 5 times the particle Fe2+ concentration reported for Kabuno Bay 

(KB) in East Africa (Llirós et al., 2015).  

We also calculated the N2O steady-state concentration based on equilibration with 

the atmosphere (Table B.4). Actual dissolved N2O concentrations, especially in proximity 

to GR particles, may have been higher (out of equilibrium). We used a frequently applied 

and updated method (Wanninkhof, 2014) to describe gas exchange at the sea-air 

interface. The equation was solved for the difference in partial pressures of N2O in the 

water and the air above. 

𝑝𝑁!𝑂!"#$% − 𝑝𝑁!𝑂!"# =  
Φ!"#

0.251 < 𝑈! > 𝑆!
668

!!.!
 𝐾!

 

where <U2> is the average squared wind speed (U=7.4 m s–1) and Sc is the Schmidt 

number for N2O (697 at 20°C, (Weiss and B. A. Price, 1980)). The volumetric solubility 

coefficient K0 was 2.729*10–2 mol L–1 atm–1 at 20°C and 10 ‰ salinity (Weiss and B. A. 

Price, 1980).  

 

Error propagation. We used a developed matlab script (Robens, 2017) to 

propagate the error caused by co-variation of basic parameters. These comprised the 

measured molecular N2O production rates from green rust r(GR) (n = 9-10). First, a 

Monte Carlo parameter simulation with 1 million iterations by bootstrapping generated a 

distribution around the mean. Second, the error was propagated based on the 95% 

confidence interval and using the flux equation for Φatm. The four fluxes that were used as 

input for the photochemical model have a statistical distribution as shown in Figure B.7. 
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Thermodynamic calculations. The affinity per electron of each redox reaction 

depicted in Figure B.8 was calculated via  

𝐴! =
1
𝑒!

𝑅𝑇 ln
𝐾!
𝑄!

 

where R is the gas constant, T is the temperature in kelvin, 𝐾! is the reaction constant, 𝑄! 

the reaction quotient, and 𝑒! is the number of electrons transferred, all for the reaction 𝑟. 

𝐾! is  

𝐾! = 𝑎!
!!,!

!

 

where 𝑎! is the thermodynamic activity of species 𝑖 and 𝑣!,! its stoichiometry in 𝑟. 𝐾! 

becomes a ratio when the standard convention of negative stoichiometry for reactants and 

positive stoichiometry for products is applied. Thus 𝐾! is defined at equilibrium by the 

ratio of products to reactants for a system experiencing no net movement of 𝑟 in either 

direction. 𝑄! is defined similarly, but populated with the activities of species in an actual 

system (equilibrium or otherwise). In this way, the affinity calculation is a measure of the 

amount of energy, which might be realized if 𝑄! is brought to 𝐾! (i.e., if a system is 

brought to equilibrium). In the reactions explored here, 𝐾! has been calculated from 

thermodynamic data in the same manner as references Shock and Canovas, 2010; Shock 

et al., 2010 and sources therein, utilizing the SUPCRT family of codes (Johnson et al., 

1992), and 𝑄! has been set experimentally to explore the potential for these reactions in 

Archean conditions. 
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Archean ocean conditions in our experiments and model represent approximations 

based on literature and our own data. H2 abundance was informed by reference (Canfield 

et al., 2006) and includes typical values for marine systems undergoing active 

methanogenesis. NO3
– was set to 20 µM to be consistent with our tested conditions and 

the NO3
–/ NO2

– ratio was 4:1 as derived experimentally (Summers and Khare, 2007). We 

used the calculated steady-state concentration for N2O (~5 nM) and 635 µM dissolved N2, 

which is in equilibrium with modern atmospheric N2 levels. CO2 concentration was set to 

the experimental value and methane was chosen on a tentative range with a maximum 

value as measured at marine methane seeps (Joye et al., 2004). 

 

Photochemical modeling. We have used an atmospheric photochemistry model to 

simulate the effects of N2O emission into an anoxic atmosphere akin to the Archean 

Earth’s condition. The photochemistry model used (R. Hu et al., 2012; R. Hu et al., 2013) 

has been validated by computing the atmospheric compositions of present-day Earth and 

Mars, as the outputs agreed with the observations of major trace gases in Earth's and 

Mars' atmospheres (R. Hu, 2013). For this work, we simulate a 1-bar atmosphere of 95% 

N2 and 5% CO2 to approximate the anoxic and CO2-rich environment of the Archean 

Earth. We assume a surface temperature of 288 K and a stratospheric temperature of 200 

K, and adopt the eddy diffusion coefficient derived from the number density profiles of 

trace gases on Earth (Massie and Hunten, 1981). The photochemistry model includes a 

comprehensive reaction network for O, H, C, N, and S species including sulfur and 

sulfuric acid aerosols, and includes volcanic outgassing of CO, H2, SO2, and H2S. The 

outgassing rate is not high enough to produce a H2SO4 aerosol layer in the atmosphere. 
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Results & Discussion 

We first compared the reactivity of NO2
– and NO3

– with GR, magnetite and 

aqueous Fe2+ separately. For all reductants, consumption of NO3
– and N2O production 

was negligible (< 0.03 nmol h–1, Fig. 2.1A) even over a prolonged period of 100 days 

(data not shown). In contrast, NO2
– showed reactivity in the presence of both mineral 

catalysts, and was stable in controls with 500 µM aqueous Fe2+. The contrasting reactivity 

of the nitrogen oxides was also reflected in the solid phase Fe2+/Fe3+ ratio determined at 

the end of the experiment (Fig. 2.2), revealing a trend of higher mineral oxidation with 

increasing NO2
– concentration. Magnetite and GR showed contrasting potential to 

produce N2O. Concomitant with a more rapid NO2
– consumption, N2O production rates 

were more than 10 times higher when GR was the catalyst (Fig. 2.1B). At specific GR 

surface areas as observed for the Archean ocean analogue Lake Matano, Indonesia 

(Zegeye et al., 2012, Fig. 2.1C), abiotic N2O production rates were more than twice the 

biotic production rates measured in modern oxygen minimum zones (~1 nM day–1, Ji et 

al., 2015).  
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Fig. 2.1. Molecular NOx

– consumption followed by NO and N2O production with Fe 
minerals or aqueous Fe2+. Dissolved NO3

– and NO2
– in anoxic artificial seawater 

solution was quantified concomitantly to NO and N2O in the headspace.  The y-axes 
depict total quantities (gas + liquid phase) and are sometimes interrupted by breaks to 
better illustrate changes. (A) NO3

– amended microcosms with GR and magnetite. (B) 
NO2

– amended microcosms with GR and magnetite. (C) NO2
– reduction and N2O 

production under varying GR mineral surface area as controlled by the GR mass added. 
After an initial phase of rapid NO2

– consumption, mineral surface may become space-
limited hindering the reduction of more NO2

–. (D) NO formation during mineral 
incubations with moderate (33 µM) initial NO2

–. The arrow indicates addition of 
concentrated hydrochloric acid resulting in subsequent mineral particle dissolution and 
outgassing of NO. Error bars denote one SD (n = 3). 
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Fig. 2.2. Solid phase ratio of reduced and oxidized Fe in GR (A) and magnetite (B). 
Data was collected after acid digestion at the end of incubations. The spotted lines 
indicate stoichiometric GR and magnetite, respectively. For initial [NOx

–], see Fig. 2.1 
and table B.3. *P < 0.05, **P < 0.01, Student's t test. Error bars denote one SD (n = 2-3). 
 

The conversion of NO2
– to N2O was not equimolarily balanced and we therefore 

considered accumulation of NO as intermediary species (Grabb et al., 2017). After 

observing an initial mild NO accumulation, we injected concentrated hydrochloric acid in 

order to dissolve mineral particles and release any fraction bound to mineral surfaces 

(Fig. 2.1D). Indeed, the dissolution of mineral particles was followed by a spike in 

headspace NO concentration. At least 92% of the total amount of NO produced was 

bound to GR surfaces (97% was bound to magnetite surfaces). To rule out reaction of the 

acid itself with residual NO2
–, we conducted controls with sulfuric acid and NO2

– (Table 
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B.2). Other controls to evaluate the stability of NO in the mineral suspension included 

acid injection at later time points in time-extended experiments observing NO yields at 

220 hours (< 2.5 µM NO2
–) similar to those at 50 hours after NO2

– addition (Table B.2). 

We calculated the yield of NO in respect to the total added NO2
– and, accordingly, 7% 

reacted to NO (over 63% that reacted to N2O) with GR as catalyst and 69% reacted to NO 

(over 8% that reacted to N2O) with magnetite as catalyst. The remaining product pool 

could be N2 (Grabb et al., 2017) and would only constitute a minor fraction of the total 

added nitrogen. Our data show that mineral-associated NO, presumably in the form of 

nitrosyl species (Gordon et al., 2013), is a significant byproduct and geochemically stable 

in presence of Fe mineral phases.  

To elucidate the impact of the experimentally derived production rates for the 

dispersion of N2O in the seawater and emission to the Archean atmosphere, we combined 

diffusion models into a simple flux balance model (Methods). We considered a 100 m 

deep slab of ocean beneath the photic zone as the part of the water column with a 

maximum overlap of NOx
– ions from the surface and GR formation fueled by upwelling 

water rich in Fe2+ from the depth. An estimate of the GR particle concentration in the 

Archean ocean was informed by observed Fe particle numbers from seven modern 

marine and freshwater anoxic basins, including the anoxic lake basin Kabuno Bay (KB) 

in East Africa (Llirós et al., 2015). The peak Fe2+ concentration in the particulate fraction 

of KB anoxic waters (11 µM) closely reflects concentrations used for the thermodynamic 

modeling of GR precipitation in Archean seawater (Halevy et al., 2017), which is why 

we used KB levels as a reference and enveloped that value with a putative lower and 

upper boundary of 50% and 500%. Archean seawater Fe2+ could have reached 



 
 

  34 

concentrations of 55 µM, as constrained by Fe2+ toxicities on cyanobacteria (Swanner et 

al., 2015). At that upper boundary, net N2O emissions conceivably reached 3627.0 

[2103.7 - 5411.5] nmol m–2 h–1 (95% CI, Fig. B.7, Table B.4), implicating 64 times the 

modern marine average flux (Battaglia and Joos, 2018). Overall, N2O emissions from the 

ferruginous ocean gradually increased with the GR particle concentration in the water 

column.  

To simulate the effect of N2O fluxes triggered by mineral catalysis into an anoxic 

Archean atmosphere, we applied a photochemical model (R. Hu et al., 2012). We probed 

four different N2O fluxes corresponding to low and moderate NO2
– levels and Fe2+ 

concentrations in GR phases around the KB reference (Table B.4). Intriguingly, the upper 

boundary of our estimates implicated near-modern N2O concentrations in the troposphere 

(0-13 km altitude, Fig. 2.3). Even particulate Fe2+ concentrations equivalent to those 

found in KB resulted in atmospheric N2O abundances that resided within one order of 

magnitude of modern levels and our lowest estimates predicted N2O abundances of 1-7 

ppb. This range is consistent with mixing ratios from Proterozoic atmosphere models 

assuming 1% of present oxygen levels (Roberson et al., 2011; Stanton et al., 2018). A 

striking difference is, however, the source of NOx
– compounds, which was assumed to be 

microbial nitrification in the Proterozoic and abiotic nitrogen fixation prior to the GOE. 

Thus, abiotically derived NOx
– can potentially produce tropospheric N2O levels equal to 

those from biological origins.  
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Fig. 2.3. Atmospheric N2O abundances under influence of mineral-catalyzed N2O 
production in the Archean ocean. Abundances are based on fluxes assuming GR phases 
in KB equivalents and low (blue) and moderate (green) seawater NO2

– levels. The gray 
area marks the flux range potentially limited by NO2

– supply (see text). Background N2O 
formation occurred via the reaction N2 + O(1D) + M → N2O + M and O(1D) was 
produced by photodissociation of CO2 with photons more energetic than 167 nm. N2O 
can also be derived directly through dehydrative dimerization of HNO that did not 
polymerize into NO3

– or NO2
– (R. Hu and Diaz, 2019), but that contribution appeared to 

be minor. N2O profiles based on mineral-catalyzed production do not account for N2O 
from the HNO pathway. 
 

On basis of the model outputs we evaluated how abiotic nitrogen fixation rates or 

availability of mineral surfaces could have potentially limited N2O source fluxes. Given 

GR phases at 50% KB equivalence (lower boundary), moderate seawater NO2
– levels, 

and a 70% ocean cover of Earth's surface, N2O emissions exported 32.9 Tg N yr–1 into the 

Archean atmosphere. Significant amounts of mineral surface-bound NO could have been 

transported down to the seafloor by settling of GR and magnetite precipitates. Assuming 

a particle sinking velocity of 50 m day–1 (McDonnell and Buesseler, 2010), 5.8 Tg N yr–1 
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in the form of NO could have reached ocean sediments. Considering that heat shock 

reactions maintained a constant N2 to NOx
– flux of up to ~40 Tg N yr–1 (Laneuville et al., 

2018), it becomes clear that NOx
– fluxes sufficed to maintain N2O ocean-atmosphere 

fluxes at 50% KB, but that doubling of the Fe particle concentration would exceed total 

NOx
– supply. We indicated this critical point with a gray area in Figure 2.3 to highlight 

fluxes that were feasible based on mineral catalysis, but likely restricted by reactant 

supply. Therefore, the formation of N2O and NO in the ferruginous ocean was limited by 

the rate of abiotic nitrogen fixation and not by mineral abundance.  

The main sink of N2O is photolysis by radiation < 230 nm (Kaiser et al., 2003) in 

the stratosphere which governs the shape of the concentration profiles (Fig. 2.3). In the 

Archean atmosphere, N2O abundances could have been higher due to i) additional 

sources and ii) protective agents against UV light. For instance, high-energy particles 

from solar flares led to N2O formation most active at higher altitudes and could 

complement surface sources (Airapetian et al., 2016). These pathways played perhaps a 

more significant role in the Hadean or early Archean when the Sun was more active 

(Airapetian and Usmanov, 2016) and the magnetic field openings were greater at the 

poles (Tarduno et al., 2014). Furthermore, in the presence of methane hazes as proposed 

for the Archean, N2O could have been shielded through strong UV absorption by fractal 

haze particles (E. T. Wolf and Toon, 2010), which prolonged its lifetime. Both processes 

could have helped to stabilize atmospheric N2O abundances that resulted from mineral-

catalyzed N2O production in the oceans.  
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Despite the tropospheric abundances predicted by our model, effects on the 

planetary climate were probably modest because N2O would not be sufficiently 

concentrated to compensate overlay of absorption bands with those from CO2. Especially 

in high CO2 atmospheres, the N2O radiative forcing is diminished since it may not occupy 

otherwise transparent infrared windows. The infrared window between 6 and 8 µm could 

potentially be filled by N2O absorption, but this is dependent on atmospheric methane 

which absorbs at similar wavelengths (Roberson et al., 2011). Since methane 

concentrations were likely > 100 ppmv (Catling et al., 2001), greenhouse warming by 

N2O under our simulated conditions therefore contributed only weakly to a warmer 

climate under the faint young Sun of the Archean (Gough, 1981).  

It is plausible that as life co-evolved with the Earth system (Dietrich et al., 2006), 

it could have done so on a molecular level as an adaptation to abiotic NO and N2O fluxes, 

too. Under generally accepted Archean ocean conditions, N2O reduction to N2 is 

thermodynamically favorable. For example, coupled to H2 oxidation (H2 as a simple and 

available reductant), an affinity of up to 300 kcal per electron accepted by N2O is 

significantly higher than that of any other redox reaction tested (Fig. B.8). Settling of GR 

precipitates may have been an effective way of shuttling NO molecules to benthic 

microbial life, where it then acted as a biological electron sink (Ducluzeau et al., 2009), 

Fig. 2.4). Indeed, based on enzymatic structural resemblance of NO and N2O reductases 

(Nor and Nos) with cytochrome c oxidase (Viebrock and Zumft, 1988; Saraste and 

Castresana, 1994; Stanton et al., 2018) a primitive form of N2O reduction likely preceded 

aerobic respiration. This concept is supported by a simple make-up of the respiratory 

chains involving quinone-dependent Nor and membrane-bound Nos, as present in some 
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gram(+) bacteria (Suharti and de Vries, 2005; Chen and Strous, 2013). Along these lines, 

the existence of NO and N2O in the water column could have been feasibly exploited for 

the conversion of free energy and can at least explain biochemical patterns in modern 

respiratory enzyme complexes.  

 

Fig. 2.4. Schematic depiction of mineral-catalyzed NO and N2O formation at the 
junction of the early nitrogen and iron cycle. Heat shock reactions, such as stimulated 
by galactic cosmic rays, meteoritic impact plumes, volcanic and thunderstorm lightening, 
produced the central precursor HNO, which dimerized directly to N2O or polymerized 
into NO2

– and NO3
– (R. Hu and Diaz, 2019). These nitrogen oxides became interspersed 

into the surface ocean as plumes in the wake of distinct rain events and could have 
maintained average concentrations in surface seawater corresponding to low and 
moderate levels used in our experiments. Any NO3

– accumulated due to inefficient sinks. 
Upwelling Fe2+ precipitated into Fe oxyhydroxides and GR in the Fe redoxcline. Driven 
by Fe mineral phases, NO2

– was reduced to N2O. The abiotic nitrogen cycle was closed 
by photolytic destruction of emitted N2O to N2. As a byproduct, NO molecules remained 
bound at the mineral surface as nitrosyl. This way, GR may have served as an NO shuttle 
enabling transport of nitrogen oxides into the deep ocean. Sinking GR particles 
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transformed into magnetite, which then was deposited. Dashed lines mark diffusive or 
gravitational transport, whereas solid lines indicate chemical reactions. 
 

Conclusion 

Our findings show that a significant portion of NOx
– in the ferruginous Archean 

ocean was likely diverted to N2O and NO leading to more oxidized products when 

compared to other sink channels (ending in N2 or ammonia). If this was the case, then the 

degree of thermodynamic disequilibria in the redox balance of the Archean nitrogen cycle 

may have been underestimated (Krissansen-Totton et al., 2018). Correspondingly, we 

caution to use N2O as unique biosignature in exoplanet exploration. It is possible that 

conditions for the mineral-catalyzed N2O production on early Earth-like exoplanets are 

even more favorable, resulting in N2O atmospheric concentrations that could exceed 

modern ones (higher abiotic nitrogen fixation rates, higher Fe mineral load). Signals 

could be interpreted as false positives without any biological basis.  

We present evidence that higher ozone levels may not be required to reach near-

modern (ppb) N2O concentrations prior to the GOE and lay out a concept of a complete 

abiotic N2O cycle driven by mineral-catalyzed reactions (Fig. 2.4). Rather than being a 

mainly biological invention, the abiotic nitrogen cycle was seemingly co-opted by early 

organisms. Even though the effects of abiotic N2O production were probably modest on 

the early climate, it could have markedly influenced the evolution of microbial 

respiration.  
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CHAPTER 3 

EFFECTS OF STERILIZATION TECHNIQUES ON CHEMODENITRIFICATION 

AND N2O PRODUCTION IN TROPICAL PEAT SOIL MICROCOSMS2 

Abstract 

Chemodenitrification – the non-enzymatic process of nitrite reduction – may be 

an important sink for fixed nitrogen in tropical peatlands. Rates and products of 

chemodenitrification are dependent on O2, pH, Fe2+ concentration, and organic matter 

composition, which are variable across peat soils. Assessing abiotic reaction pathways is 

difficult because sterilization and inhibition agents can alter the availability of reactants 

by changing iron speciation and organic matter composition. We compared six 

commonly used soil sterilization techniques – γ irradiation, chloroform, autoclaving, and 

the use of three different chemical inhibitors (mercury, zinc, and azide) – for their 

compatibility with chemodenitrification assays for tropical peatland soils (organic-rich, 

low-pH soil from the eastern Amazon). Out of the six techniques, γ irradiation resulted in 

soil treatments with the lowest cell viability and denitrification activity and the least 

effect on pH, iron speciation, and organic matter composition. Nitrite depletion rates in γ-

irradiated soils were highly similar to untreated (live) soils, whereas other sterilization 

techniques showed deviations. Chemodenitrification was a dominant process of nitrite 

consumption in tropical peatland soils assayed in this study. Nitrous oxide (N2O) is one 

possible product of chemodenitrification reactions. Abiotic N2O production was low to 

moderate (3 %–16 % of converted nitrite), and different sterilization techniques lead to 

significant variations on production rates due to inherent processes or potential artifacts. 
                                                
2 This chapter was published in Biogeosciences (Buessecker et al., 2019). 
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Our work represents the first methodological basis for testing the abiotic denitrification 

and N2O production potential in tropical peatland soil. 

 

Introduction 

Across ecosystems, physical and chemical factors, such as solar radiation or redox 

gradients, can drive abiotic chemical transformations. The nitrogen (N) cycle, in 

particular, includes abiotic reactions that can affect the retention of nutrients or substrates 

(Clark, 1962; McCalley and Sparks, 2009; Parton et al., 2007). Abiotic formation of N-

containing gases has long been known (Wullstein and Gilmour, 1966; Jun et al., 1970). A 

major abiotic process in the N cycle is chemodenitrification, the stepwise reduction of 

nitrite (NO2
–) to gaseous products, namely nitric oxide (NO), nitrous oxide (N2O), or 

dinitrogen (N2), often coupled to iron (Fe2+) oxidation, as described in Eqs. (1) and (2) 

(Davidson et al., 2003; Kampschreur et al., 2011; X. Zhu et al., 2013; Zhu-Barker et al., 

2015). 

NO2
– + Fe2+ + 2H+ → NO + Fe3+ + H2O  (Eq. 1) 

2NO + 2Fe2+ + 2H+ → N2O + 2Fe3+ + H2O  (Eq. 2) 

Equations (1) and (2) are plausible in soils and sediments (L. C. Jones et al., 

2015). The abiotic reduction of N2O to N2 is not well known. It has been associated with 

the presence of copper (Moraghan and Buresh, 1977), but this species is unlikely to be 

present at sufficient levels in peat soils to promote this reaction. Anoxic tropical peat 

soils are expected to have the ideal conditions for chemodenitrification: low O2, low pH, 

high organic matter (OM), and high Fe2+ (Porter, 1969; Nelson and Bremner, 1969; Van 

Cleemput et al., 1976; Kappelmeyer et al., 2003). In these ecosystems, NOx
– is supplied 
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by nitrification fueled by organic N mineralization or from external sources (fertilization, 

wet or dry deposition). Besides metals, reduction of NOx
– compounds can also be 

mediated by organic functional groups found in soils. Abiotic phenol oxidation occurs at 

oxic–anoxic interfaces in tropical soils and may be linked to the N cycle (Steven J Hall 

and Silver, 2013). In such reactions, NO2
– can be reduced by phenolic groups to form the 

nitrosonium cation NO+, which can either (1) remain fixed within the organic compound 

as nitrosophenol (Thorn and Mikita, 2000; Thorn et al., 2010) or (2) be emitted in 

gaseous form. After tautomerization to an oxime (Raczyńska et al., 2005) and reaction 

with NO+ derived from a second NO2
– ion, hyponitrous acid (H2N2O2) can be produced, 

which further decomposes to N2O (Porter, 1969): 

 

Other OM-dependent NO2
– reduction pathways can produce NO 

and N2 (McKenney et al., 1990; Thorn et al., 2010) instead of N2O. The importance of 

abiotic N transformations in environmental samples has been notoriously difficult to 

quantify due to the artifacts emerging from physical or chemical “killing” methods 

intended to eliminate biological activity but affecting metals, organic matter, or other 

pools. In order to distinguish denitrification from chemodenitrification, enzymes 

contributing to gaseous N production must be inactivated, most commonly by addition of 

sterilants or inhibitors. An efficient sterilization treatment ideally (1) contains a negligible 

number of live cells, (2) eliminates biological activity, and (3) has little or no effect, 
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directly or indirectly, on abiotic reactions (e.g., it should neither alter mineral structure 

nor lyse cells because release of cellular contents could influence abiotic reactions). 

Because rates and products of chemodenitrification are dependent on O2, 

pH, Fe2+ concentration, and OM composition, it is important to assess whether a sterilant 

or inhibitor elicits a physicochemical change that can affect the availability or interaction 

of these reactants. 

Soil sterilization techniques include γ irradiation, chloroform (CHCl3) fumigation, 

autoclaving, and addition of chemical inhibitors such as mercury (Hg), zinc (Zn), or azide 

(N3). Highly energetic γ irradiation damages enzymes and cell components, rendering 

cells nonviable and inactive, generally with minimal effect on soil chemistry (Trevors, 

1996). Autoclaving with high-pressure steam disrupts cell membranes, denatures 

proteins, and decreases aromaticity and polycondensation of soil OM (Jenkinson and 

Powlson, 1976; Trevors, 1996; Berns et al., 2008). Fumigation with CHCl3 induces cell 

lysis and has minimal effect on enzymes (Blankinship et al., 2014). Chemicals like Hg, 

Zn, and N3do the opposite: they inhibit enzymes (Bowler et al., 2006; McDevitt et al., 

2011) but do not lyse cells (D. C. Wolf et al., 1989). 

We evaluated the appropriateness of six sterilants (γ irradiation, 

autoclaving, CHCl3, Hg, Zn, and N3) for chemodenitrification measurements in low-O2, 

low-pH, high-OM soils from a tropical peatland. First, we tested the effects of sterilants 

on cell membrane viability and biological denitrification activity. Next, we evaluated the 

effects of sterilants on soil chemistry (pH, OM composition, and extractable Fe). Finally, 

we assessed the effects of the six sterilants on chemodenitrification measured by NO2
–

 depletion and N2O production. 
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Methods 

Sample characteristics. Soil samples were collected in October 2015 from a 

tropical peatland, locally known as Quistococha (03∘50.024′ S 73∘19.235′ W), near Iquitos 

(Loreto, Peru). The soil geochemistry of this site has been described previously 

(Lähteenoja et al., 2009; Lawson et al., 2014). The samples were obtained from depths of 

15–30 cm below the water table and kept strictly anoxic during transport and storage at 

4°C in the dark. Water saturation and organic carbon content were determined by oven 

drying and loss on ignition, respectively. Dissolved organic carbon (DOC) was 

determined by high-temperature combustion using a Shimadzu TOC-V Total Organic 

Carbon Analyzer (Shimadzu Scientific Instruments). Inorganic N species were quantified 

photometrically using an AQ2 Discrete Analyzer (Seal Analytical) and method EPA-103-

A Rev.10 for ammonium (NH4
+; LoD 0.004 mg N L−1, range 0.02–2.0 mg N L−1) and 

method EPA-127-A for NO3
–/NO2

–; LoD 0.003 mg N L−1, range 0.012–2 mg N L−1). 

Hydroxylamine was measured photometrically using the iodate method (Afkhami et al., 

2006). 

 

Soil sterilization and slurry incubations. Experiments were started within 6 weeks 

of soil collection. For each sterilization procedure, anoxic wet soil was exposed to the 

chemical sterilant 48 h prior to start of the NO2
– incubation or sterilized by physical 

treatment and allowed to equilibrate for at least 12 h. The untreated (live) control was 

incubated as a slurry without any additions or treatments for 48 h prior to start of 

the NO2
– incubation. Anoxic vials filled with wet soil were irradiated with a 60Co source 

for 7 d, yielding a final radiation dose of 4 Mrad (40 kGy). The irradiated soil was then 
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prepared for incubation in an anoxic glove box (0.5 % H2 in N2) with disinfected surfaces 

and sterilized materials to prevent contamination. For autoclaved samples, soil was 

prepared for incubation in closed vials and autoclaved at 121°C and 1.1 atm for 90 min. 

The CHCl3-treated samples were fumigated for 48 h under a 100 % N2 atmosphere. 

Because volatilized CHCl3 corrodes electron capture detectors used for N2O detection 

(see below), CHCl3 was removed by flushing the vials with N2 for 5–7 min immediately 

before the start of incubations. 

In contrast to the physical sterilization treatments, soil samples were continuously 

exposed to the chemical inhibitors throughout their incubation. Sodium azide (NaN3, 

Eastman Organic Chemicals), zinc chloride (ZnCl2, Fisher Scientific), and mercuric 

chloride (HgCl2, 99.5 %, Acros Organics) were added from anoxic stock solutions to final 

concentrations of 150, 87.5, and 3.7 mM, respectively. The Hg concentration was the 

minimum needed to eliminate microbial heterotrophic growth based on visual inspection 

of soil extract on agar plates exposed to 0.5 to 92.1 mg L−1, which includes concentrations 

demonstrated to be effective previously (Tuominen et al., 1994). 

After the initial physical or chemical treatment, triplicate incubations were 

diluted 1:10 in 20 mL of autoclaved 18.2 MΩ⋅cm water in 60 mL glass serum vials. All 

microcosms were prepared in an anaerobic glove box (0.5 % H2 in N2) prior to 

incubation. Triplicate soil slurries were amended from an anoxic, sterile stock solution to 

a final concentration of 300 µM NO2
– (6 µmol in 20 mL) and sealed with thick butyl 

rubber stoppers. A parallel set of samples was amended with 300 µM NO3
– to evaluate 

denitrification potential with CO2 measurements. Control incubations received an 

equivalent volume of autoclaved 18.2 MΩ⋅cm water without NOx
–. Soil microcosms were 
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incubated in the dark at a constant temperature of 25°C. NO2
– was quantified in all soil 

treatments using the Griess assay (Promega, Kit G2930). pH measurements were taken 

with an Orion 3 Star meter (Thermo Scientific) before and after sterilization, and at the 

end of the experiment after 70–76 h of incubation. 

 

Gas chromatography. To quantify N2O and CO2 production, 200 µL of headspace 

gas was sampled with a gas-tight syringe (VICI Precision Sampling) and injected onto a 

gas chromatograph (GC, SRI Instruments) equipped with both an electron-capture 

detector (ECD) and a flame-ionization detector (FID). Two continuous HayeSep-D 

columns were kept at 90 ∘C (oven temperature); N2 (UHP grade 99.999 %, Praxair Inc.) 

was used as carrier gas, and for FID combustion H2 was supplied by a H2 generator 

(GCGS-7890, Parker Balston). For CO2 measurements, a methanizer (which 

reduces CO2 to the detectable CH4 via a Ni catalyst at 355°C) was run in line before the 

FID. The ECD current was 250 mV and the ECD cell was kept at 350°C. 

The N2O and CO2 measurements were calibrated using customized standard mixtures 

(Scott Specialty Gases, accuracy ±5 %) over a range of 1–400 and 5–5000 ppmv, 

respectively. Gas accumulation in the incubation vials was monitored over time. Gas 

concentrations were corrected using Henry's law and the dimensionless concentration 

constants KH
cc(N2O)=0.6112 and KH

cc(CO2)=0.8313 (Stumm and Morgan, 2012) to 

account for gas partitioning into the aqueous phase at 25°C. 

 

Live or dead cell staining. To assess the efficacy of sterilants or inhibitors 

visually, the bacterial viability kit LIVE/DEAD BacLight L7012 (Molecular Probes, 
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Invitrogen) containing SYTO9 and propidium iodide dyes was used to stain and 

distinguish dead and living cells on the basis of intact cell walls. The green (live) and red 

(dead) signals were counted at 60× magnification from 10 squares of 0.01 mm2 randomly 

distributed in the center of a 5 µLNeubauer chamber, using an Olympus BX-61 

microscope with the FITC/Cy5 filter set. Photographs were taken with an Olympus DP-

70 camera attached to the microscope. Particles were counted with ImageJ software 

version 1.50i (Abràmoff et al., 2004). 

 
 

Fe extraction and quantification. Dissolved Fe species were extracted from peat 

soil incubations following the protocol of Veverica et al. (Veverica et al., 2016). The 

method is based on an ionic liquid extraction using bis-2-ethylhexyl phosphoric acid 

(Pepper et al., 2010), which was shown to be more suitable for extraction of Fe from 

humic-rich matrices than the traditional ferrozine or phenanthroline methods. Briefly, 

2.5 mL of soil slurry was filtered (0.2 µm nylon filter; Celltreat Scientific Products) and 

mixed with 7.5 mL of HCl (0.67 N) in an extraction vial in a 0.5 % H2 in N2 glove box. 

The O2 concentration in the glove box was continuously monitored and 

remained <10 ppm. To separate Fe3+ from Fe2+, 10 mL of 0.1 M bis-2-ethylhexyl 

phosphate (95 %, Alfa Aesar) in n-heptane (99.5 %, Acros Organics) was added to the 

acidified sample. Next, the organo-aqueous emulsion was shaken at 250 rpm in closed 

extraction vials for 2 h. The bis-2-ethylhexyl phosphate chelates Fe3+ more effectively 

than it chelates Fe2+. The Fe2+-containing aqueous phase was sampled into a 3-fold HCl-

washed HDPE vial (Nalgene) in the glove box. The Fe3+ fraction chelated in the organic 

phase was then back-extracted into an aqueous phase by the addition of 10 mL 4 N HCl 
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and shaking at 250 rpm in closed extraction vials for 20 min. Fe3+ and Fe2+ fractions were 

quantified separately in acidified aqueous solution by inductively coupled plasma–optical 

emission spectrometry (ICP-OES; Thermo iCAP6300 at the Goldwater Environmental 

Laboratory at Arizona State University). The ICP-OES pump rate for the Ar carrier was 

set to 50 rpm, and Fe2395 and Fe2599 lines were used for Fe quantification. Iron 

concentrations were determined from a calibration curve (0.01–10 mg L−1) by diluting a 

standard solution (100 mg L−1, VHG Labs, product no. SM75B-500) in 0.02 N HNO3. 

 
 

Dissolved organic matter fluorescence analysis. Three-dimensional fluorescence 

analysis was performed on a Horiba Jobin-Yvon Fluoromax 4 spectrofluorometer. 

Excitation–emission matrices (EEMs) were generated by obtaining emission spectra 

(λEm=300–550 nm, at a step size of 2 nm) at excitation wavelengths from 240 to 

450 nm at a 10 nm step size. All EEMs were blank-corrected and normalized daily to the 

Raman peak of ultrapure water (deionized, carbon-free,18.2 MΩ⋅cm; 

Barnstead™ NanoPure). The samples were taken at the same time as those for Fe analysis. 

Prior to analysis, soil slurries were filtered using a solvent-rinsed Whatman Glass 

Microfiber Grade F GF/F filters (nominal pore size 0.7 µm) to obtain ∼10 mL filtrate. 

Samples were diluted with ultrapure water if their UV absorbance exceeded 0.3 so that 

inner-filter corrections could be made (Stedmon et al., 2003). We calculated total 

fluorescence as the matrix sum of all signals in the EEM. Fluorescence indices were used 

to characterize various classes of fluorophores in the dissolved organic matter (DOM) 

pool. Fluorescence index (FI) was calculated as the sum of the intensity signal in the 

emission spectra from 470 to 520 nm collected at an excitation wavelength of 
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370 nm (Cory and McKnight, 2005). Humification index (HIX) was determined from the 

peak area under the emission spectrum from 435 to 480 nm, divided by the area from 300 

to 445 nm, both collected at an excitation wavelength of 254 nm (Ohno, 2002). The 

“freshness” was determined to be β⁄α, the ratio of emission intensity at 380 nm to the 

emission intensity maximum between 420 and 435 nm, both collected at an excitation 

wavelength of 310 nm (Wilson and Xenopoulos, 2009). 

 
Statistical analyses. All basic statistical tests were performed with 

JMP Pro software (Version 13.1.0, SAS Institute Inc.). 

 

Results 

Composition of high-OM tropical soils. The tropical peat soil used for the 

incubation experiments had 5.5–5.8 pH, 92.2 % water content, 307±5 mg TOC g−1 dry 

weight, and 3.8±0.9 g total Fe kg−1 soil. The extractable iron fraction partitioned 

as 54±3 µM extractable Fe3+ and 213±16 µM extractable Fe2+. The native soil pore water 

had 13.2±1.2 mg L−1 DOC, 436±79 µg N L−1 NH4
+, 9.7±1.3 µg N L−1 NO3

–, 

and 3.9±0.2 µg N L−1 NO2
–. Hydroxylamine was below detection in all cases (< 3 µM). 

Soil pH dropped from 5.5 to 5.8 in untreated soil to 3.6, 4.8, 5.0, 5.2, and 5.4 after 

treatment with Hg, Zn, γ irradiation, autoclaving, and CHCl3, respectively. 

Only N3 treatment increased soil pH (to 6.4). 

 

Effects of sterilants on cell integrity and potential of denitrifying activity. Live 

and dead dyes were used to assess microbial viability by means of membrane integrity, 
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where a “dead” signal indicates disrupted or broken cell membranes (Stiefel et al., 2015). 

The majority (74 %) of cells in the live incubation displayed the “live” signal (Fig. 3.1). 

The CHCl3 and γ-irradiated treatments were most effective at reducing the number of 

viable cells (∼15 % intact membranes after sterilization). Chemical inhibitors (Hg, Zn, 

and N3) were less effective at killing cells (∼30 % intact membranes after sterilization). 

Autoclaved samples did not fluoresce, likely due to cell lysis during steam pressurization. 

Biological denitrification activity was measured over 3 d in live and sterilized 

soils based on the difference in CO2 production with and without added NO3
–. An 

efficient sterilization treatment would show no changes in CO2 beyond those due to 

equilibration between the gas phase and aqueous phase. Nitrate 

stimulated CO2 production in live soil (ANOVA, p < 0.05) and not in the γ-irradiated, Zn, 

Hg, N3, or autoclaved incubations (Fig. 3.2), indicating that residual cells in the sterilized 

treatments were not capable of denitrification. 
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Figure 3.1. Live/dead microbial cell counts of tropical peatland soils. The numbers 
above the bars indicate the live to dead signal ratio ± SD. No detectable signal was 
observed in autoclaved samples. The x-axis represents treatments, including Live = no 
treatment, Zn = ZnCl2, Hg = HgCl2, Azide = NaN3.  
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Figure 3.2. CO2 production rates in 3-day soil slurry incubations of Quistococha 
peat soil amended with and without 0.3 mM NO3

−. Error bars are one SD (n=3). 
Columns marked with the same letter are not statistically different from each other 
(Student’s t, p > 0.05, n=3). The x-axis represents treatments as in the legend of Fig. 3.1. 
 

Effects of sterilants on soil chemistry. In general, sterilization increased 

extractable Fe2+ and Fe3+ relative to live controls (Fig. 3.3). This trend was particularly 

pronounced in Zn treatments, which had 9× higher extractable Fe2+ (1915±26 µM) 

and 1.6× higher extractable Fe3+ (87±3 µM) than live controls. The Hg treatment showed 

the second-largest increases. In the presence of NO2
–, extractable Fe2+ decreased and 

extractable Fe3+ increased in live, Zn, and CHCl3-fumigated treatments, as expected 

if Fe2+ was oxidized by NO2
– during chemodenitrification. However, 

autoclaving, γ irradiation, and N3 lowered Fe3+ concentrations, suggesting the influence 
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of unknown concomitant reactions. For instance, autoclaving (largest drop in Fe3+) 

already showed lower Fe3+ concentrations after sterilization. Production of Fe3+-reduction 

artifacts in treatments could lead to Fe3+ depletion and, hence, mask increase in Fe3+ due 

to chemodenitrification. NO2
– addition resulted in near-complete depletion of 

extractable Fe2+ in live, CHCl3-fumigated, and γ-irradiated soils. Changes in Fe 

speciation with other sterilants were more moderate. Minimal changes were observed for 

other metals in soil samples (e.g., Mn, Al, Cu, and Zn; data not shown). 
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Figure 3.3. Changes in extractable Fe2+ (left) and Fe3+ (right) concentration in 
Quistococha peat soil incubations after sterilization (difference between sterilization 
baseline and live baseline value) and after NO2

− amendment and incubation 
(difference between NO2

− and control incubations). Note the difference in scales. 
Values represent the extractable fraction of both species. Error bars are one SD (n=2). 
The y-axis represents treatments as in the legend of Fig. 3.1. 
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Fluorescence analysis of soil extracts using excitation–emission matrices (EEMs) 

was used to evaluate changes in DOM-containing aromatic moieties or conjugated double 

bonds (Stedmon et al., 2003; Fig. 3.4). The N3 treatment was excluded from this analysis 

due to an interference with N3 absorbance that prevented inner-filter corrections from 

being made. The EEM signals showed the greatest change in the “humic” region 

(λEx<240–270 nm, and λEm=460–500 nm; Fellman et al., 2010), especially in Zn and Hg 

treatments, which significantly increased the FI from 1.20 (in live soil baseline, prior 

to NO2
– incubation) to 1.49 (Table 3.1). Zn and Hg may elicit direct fluorescence 

quenching through the formation of Zn and Hg metal complexes (McKnight et al., 2001) 

or possibly due to indirect quenching by more highly dissolved Fe2+. Signal strength in 

the humic region was enhanced by NO2
– addition in the live, CHCl3-fumigated, and γ-

irradiated treatments. All five sterilization treatments had lower aromaticity (HIX) than 

live controls (Table 3.1). Autoclaved samples had 10-fold higher total fluorescence 

compared to live soils, suggesting that autoclaving degraded insoluble humics into more 

soluble and less condensed OM. 
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Figure 3.4. Representative plots of DOM fluorescence in soil slurry incubations of 
Quistococha peat soils. DOM fluorescence is presented as excitation-emission matrices 
(EEMs) collected for each treatment (rows) after the sterilization procedure or live 
control (left column), after incubation with no amendment (“after incubation” control, 
middle column), and after incubation with 300 µM NO2

− (same time point as control, 
right column). The colored bar shows the individual signal intensity. All but 
“autoclaving” treatment has same scale of signal intensity, autoclaving effects increased 
about 5 times the signal intensity scale. Treatments as in the legend of Fig. 3.1. 
 

Effects of sterilants on chemodenitrification and abiotic N2O production. In the 

first 48 h, NO2
– consumption rates were the highest in live soil (5.2 µM h−1), closely 

followed by irradiated samples (4.5 µM h−1, Fig. 3.5). The major chemodenitrification 

pathway for N2O formation was likely NO2
– reduction by Fe2+, resulting in consumption 

of ∼1.5 µmol Fe2+ and accumulation of ∼1.1 µmol Fe3+ in the live control (Fig. 3.3). After 



 
 

  55 

48 h, NO2
– depletion continued to completion in the live control but slowed in all 

treatments other than the metal additions. After 72 h of incubation, 3 %–16 % of NO2
–-N 

was converted to N2O-N across treatments. N2Oproduction rates were assessed by linear 

regression of data points over the whole duration of the experiment. Higher rates were 

observed in live, Zn2+, and N3 treatments (0.5–0.7 nmol N2O g−1 h−1, r2>0.95) than in γ-

irradiated, CHCl3-fumigated, autoclaved, and Hg treatments (0.1–0.2 nmol N2O g−1 

h−1, r2>0.9). Production rates within treatments showing high or low rates were not 

significantly different (Student's t, p>0.05), although comparisons across treatments with 

high or low rates were statistically different (Student's t, p<0.05). Thus, we identified a 

higher and lower group of sterilant-dependent N2O production rates from the same soil 

samples. The live control showed logarithmic N2O accumulation, while the sterilized 

treatments had linear accumulation over time; the latter is expected in abiotic 

accumulation (Fig. 3.5). 
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Figure 3.5. NO2
− consumption (left) and N2O production (right) for different 

sterilant treatments in soil slurry incubations of Quistococha peat soil. Both N 
species were simultaneously measured in all treatments. The product yield represents 
N2O-N as molar fraction of NO2

−-N. Note the difference in left and right y-axis scales. 
Error bars are one SD (n=3). Treatments as in the legend of Fig. 3.1. 
 

Discussion 

Chemodenitrification is a dominant NO2
– consumption process in slurry 

incubations of tropical peat soils. Similar NO2
– consumption rates between live and 

irradiated treatments imply that NO2
– depletion was dominated by abiotic processes over 

the first 48 h. In general, abiotic reactions tend to be linear processes, whereas 

microbially mediated reactions can be affected by enhanced expression of genes or cell 

reproduction in a nonlinear fashion (Duggleby, 1995). Linearity is more reflected in 

the N2O curve than in the NO2
– curve. The difference in linearity of N2O production in 

sterilized vs. live treatments (Fig. 3.5) suggests that biological denitrification did not 

occur in sterilized soils. 

Compared to our study, incubations of artificial media with 200 µM NO2
–, 0.5–

8.1 mM Fe2+, and pH 7–8 had similar rates of Fe2+ depletion but 10× higher rates of NO2
–

 reduction, and higher (∼10 %–50 %) N2O yields (Buchwald et al., 2016; Jones et al., 

2015). In our peat incubations, reactive OM likely trapped NO2
– in the soil matrix via 

OM-bound nitrosation reactions (Thorn and Mikita, 2000; Thorn et al., 2010) and the 

lower pH likely promoted conversion of NO2
– to NO (Porter, 1969; Kappelmeyer et al., 

2003) or N2. Studies in low-pH northern temperate peat soils have shown the primary 

product of abiotic NO2
– reduction was NO and not N2O (McKenney et al., 1990). 
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Artifacts due to sterilization methods for chemodenitrification assays. Azide and 

Zn exhibited enhanced NO2
– conversion to N2O, at rates at least 2 to 5 times as high as 

those measured for the other sterilants (Fig. 3.5), likely due to higher pH and Fe 

availability, respectively. In the N3 treatments, elevated N2O production could be 

explained by the reaction of protonated NO2
– with N3 in a pH-dependent manner 

(Stedman, 1959) and other changes in soil solution that originated from the increase in 

pH. Nitrite reaction with N3 has been characterized in marine and freshwater solutions 

reaching its maximum at pH 4.5 and proceeding slowly yet significantly (20 % 

conversion in 1 h) at pH > 5 (McIlvin and Altabet, 2005), as in our slurries. 

Moreover, N3's self-fluorescence impeded OM measurements, making N3 an 

incompatible sterilizing agent for chemodenitrification studies. Zn increased Fe 

availability and may have increased NO2
– affinity for reactive OM groups; both effects 

would lead to an abiotic increase in N2O production (Parton et al., 2007; McCalley and 

Sparks, 2009). Zinc treatment lowered the soil pH, which may have promoted cation 

displacement and stability of dissolved Fe2+ (Hutchins et al., 2007), thus 

enhancing N2O production. Several studies have used Zn treatments as a valuable agent 

for field applications (Babbin et al., 2015; Ostrom et al., 2016). Zn is less hazardous to 

humans than some of the other sterilants. We propose that the use of Zn could provide 

useful information about abiotic in situ rates as long as Zn-induced chemodenitrification 

is accounted for. A correction could be applied if a complementary laboratory assessment 

(using the more efficient γ irradiation) were used to develop an ecosystem-specific 

correction factor. 
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Divalent Hg2+ can be abiotically methylated by fulvic acid-type substances 

(Rogers, 1977). The reaction oxidizes OM and can diminish its reducing power, as 

indicated by decreased reactivity of humic acid with NO2
– (Gu et al., 2011; Zheng et al., 

2011), thus interfering with the abiotic assay. Given the pH effect of the Hg treatment, we 

cannot rule out that decomposition of nitrous acid (HNO2) contributed to NO2
– 

consumption (Fig. 3.5, J. Y. Park and Lee, 1988). Another potential factor associated 

with the Hg treatments is metal sorption. At low pH (3.6), 98 % of Hg was sorbed to 

humic acids, whereas only 29 % of Zn was sorbed at pH ∼4.8 (Kerndorff and Schnitzer, 

1980). Full sorption capacity of peat is presumably reached in seconds (Bunzl et al., 

1976), and the differing sorption behavior of Hg and Zn may play a role in the reaction 

potential of NO2
– with OM. It has been demonstrated that Hg introduced into peat soil 

leads to sorption of Hg ions to various functional groups, including phenols (Xia et al., 

1998; Drexel et al., 2002). Hence, it is plausible that Hg sorbed to functional groups 

subject to electrophilic attack by NO+ (e.g., nitrosophenol) may hamper nitrosation, and 

therefore protect OM from reacting with NO2
–. This could lead to a selective suppression 

of the OM-dependent N2O production pathway. 

Chloroform fumigation resulted in potential N2O production rates within the 

lower production range treatments with minor differences in Fe speciation and DOM 

fluorescence. However, unlike the other sterilized samples, CHCl3-fumigated samples 

showed enhanced CO2 production stimulated by NO3
– addition. Removal of CHCl3 from 

our samples before substrate addition could have provided an opportunity for a few 

surviving heterotrophs to regrow and use the easily degradable organic material derived 

from dead cells. Indeed, chloroform can lyse cells, providing substrates for growth 
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to CHCl3-resistant microorganisms (Zelles et al., 1997). Continued exoenzyme activity 

has been also described as a CO2 source; however, this would not include denitrification 

enzymes, since no enzymes involved in the denitrification pathway are exoenzymes 

(Jenkinson and Powlson, 1976; Blankinship et al., 2014). Chlorination of natural OM 

may prompt formation of quinones (Criquet et al., 2015), which are intermediates in the 

OM-based abiotic N2O production (Thorn and Mikita, 2000); indeed, regions of the 

EEMs corresponding to hydroquinones (Cory and McKnight, 2005) appear to be slightly 

higher in CHCl3 treatments. The benzene derivative produced during nitrosophenol 

reaction with NO2
– leads to reduced π electron delocalization. Because excitation 

of π electrons produces fluorescence, reactions with NO2
– might be expected to reduce 

OM fluorescence. However, the experiment duration is important, and if microbial cells 

indeed reproduce after the treatment, short experimental periods (e.g., hours or days) or 

reapplication of CHCl3 might keep down the numbers of any potential denitrifiers 

improving the use of this method. 

Autoclaved peat soil revealed abiotic N2O production rates close to the average of 

the lower production range group, along with ICP-OES and fluorescence spectroscopy 

results that showed significant changes in Fe speciation and DOM composition. EEMs 

demonstrate lower values for the HIX in autoclaved peats (Table 3.1), consistent with 

fluorescence data from a study that demonstrated a decrease in the aromaticity and 

polycondensation of soil extracts from autoclaved soil (Berns et al., 2008). Autoclaving 

likely caused degradation and solubilization of insoluble humic components. The direct 

effects of autoclaving are very much dependent on the heat and pressure stability of the 
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indigenous soil constituents, but the substantial soil structural changes likely introduce 

chemical artifacts that are absent in the native live soil. 

 

Gamma irradiation is the preferred sterilization method for chemodenitrification 

assays. The fewest chemical artifacts were observed in γ-irradiated samples. Soil that had 

been exposed to γ rays showed the lowest N2O production rates, approximately one-fifth 

of those observed in live samples. Irradiation also caused only very small changes in Fe 

speciation relative to live controls and yielded EEMs that were remarkably similar to 

those obtained from live soil extracts. Our measurements of sterility and respiratory 

activity indicated the lowest potential for biological activity and hence the least amount 

of interference for the time period tested. We therefore confirmed γ irradiation to be a 

preferred method for sterilizing soil (Trevors, 1996) and for assessing 

abiotic N2O production potential. In practice, the long preparation time needed to reach a 

sufficient dose (dependent on radiation source; see Methods) was compensated for by the 

lack of chemical artifacts during the experiment and the reduced number of hazardous 

waste products. Limited accessibility to irradiation facilities and the absence of a field 

portable option remain the main challenges to wide distribution of this approach. 

 

Conclusion 

High N2O emissions occur in tropical regions with water-saturated soils (Pérez et 

al., 2001; S. Park et al., 2011; Liengaard et al., 2014). Whether these tropical N 

emissions are solely biotic or have abiotic contributions is not well known because rates 
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of chemodenitrification are not commonly evaluated. Abiotic processes in the N cycle 

remain overlooked, partly due to the lack of reliable means of quantifying abiotic 

reactions. This study showed that chemodenitrification occurs in a tropical peat soil, 

leading to a low to moderate fraction of N2O conversion from nitrite amendment. We 

also demonstrated that γ irradiation is the “gold standard” for chemodenitrification 

assays. The application of N3 to quantify abiotic N2O production is unsuitable because 

changes associated with the fraction of the sterilant itself may react to form N2O and 

affect increased pH. CHCl3 and γ rays have slightly reducing effects on the soil Fe pool 

and might lead to a weak discrimination against pathways involving Fe as a 

reactant. CHCl3 fumigation was another approach with limited effects on Fe chemistry 

that lowered the number of viable cells greatly; however, the potential for microbial 

regrowth after CHCl3 removal is its main drawback. Autoclaving seemed to have minor 

disadvantages for abiotic N2O production, despite the substantial changes to soil OM. 

Unlike other lab-intensive treatments, the application of Zn and Hg are amenable for field 

experiments; however, we observed distinct chemical artifacts when using both of these 

options. Care is warranted if using Zn and Hg chemical inhibitors, which can increase Fe 

availability and may thus overestimate Fe-dependent abiotic N2O production rate. A 

potential disadvantage of the application of toxic metals is a decrease in soil pH. We 

cannot exclude pH-driven effects on N intermediates; however, no major deviation in the 

final N2O production rate related to acidification was observed. With the methodological 

evaluation presented here, we determined that a directed selection of approaches can 

allow for better constrained and more detailed studies of the role of abiotic pathways and 

soil components shaping denitrification and N2O fluxes from soil ecosystems.
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                                                                         CHAPTER 4 

COUPLED ABIOTIC-BIOTIC CYCLING OF NITROUS OXIDE IN TROPICAL 

PEATLANDS3 

Abstract 

Tropical soils are considered hotspots for N2O emissions, but are also associated 

with high uncertainties and variation. Denitrification is one of the main sources of these 

N2O emissions and is thought to be almost exclusively mediated by microorganisms. 

However, we accumulated evidence that abiotic reaction pathways, besides biotic ones, 

drive N2O production in peat soils across Central and South America. Using 15N tracers, 

we found abiotic N2O production generally contributed more than biotic N2O production 

to the overall N2O flux. The conversion of NO2
– into gaseous forms was achieved based 

on solely abiotic reactions in two peatlands. Microbial N2O consumption was explored 

across the two N2O-reducer clades I and II based on the phylogenetic separation by 

structurally divergent N2O reductases encoded by the nosZ gene. Metagenomics and 

amplicon sequencing show Rhodocyclales accounted for >50% of bacterial reads; 

specifically Thauera linaloolentis (~20%) for clade II and Hyphomicrobium (19-40%) 

and Methylocystis (28-32%) for clade I. The nosZ clade I : II gene ratios suggest spatial 

patterns, with clade II N2O reducers outnumbering clade I N2O reducers in the majority 

of Amazonian peats. We observed a correlation between microbial N2O consumption and 

abiotic N2O formation rates. While the field incubation data suggested coupling of abiotic 

N2O production and microbial consumption in the majoriy of sites, the lab incubations at 

                                                
3 This work is in preparation and has not been shared with co-authors yet. 
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higher substrate levels did not. Accordingly, denitrification in tropical soils is not a 

purely biological pathway, but rather a “mosaic” of biotic and abiotic reduction reactions.  

 

Introduction 

Denitrification is the major loss pathway of fixed nitrogen across terrestrial 

ecosystems (Bouwman et al., 2013). The five-electron stepwise transfer from the aqueous 

ions, nitrate (NO3
–) and nitrite (NO2

–), to the gaseous forms nitric oxide (NO), nitrous 

oxide (N2O) and molecular nitrogen (N2) occurs widely throughout terrestrial systems 

where oxygen is depleted to concentrations < 6 µM O2 (Seitzinger et al., 2006). In 

addition, nitrifier-denitrification converts ammonium (NH4
+) directly to NO or N2O, and 

can also proceed under aerobic conditions (Kim et al., 2005). Recent work on 

denitrifying microbial communities suggests a modular structure of the denitrification 

pathway, with natural populations to mediate one or two reduction steps only (Graf et al., 

2014; Roco et al., 2017). However, while biological interactions have been considered as 

the basis for the modularity, an abiotic-biotic interplay has not been explored so far. If 

abiotic reactions contribute to overall denitrification, nitrogen loss pathways may be 

differentially sensitive to environmental change, such as global warming, based on 

divergent activation energies of abiotic and enzymatically mediated reactions (Yvon-

Durocher et al., 2010; Yvon-Durocher et al., 2012). 

Gas fluxes from terrestrial denitrification have long been underestimated by up to 

98% (Fang et al., 2015). The balance between the production and consumption of N2O is 

pivotal for net gas fluxes and, thus, climate feedback because of the positive radiative 

forcing of N2O and long atmospheric residence times (114 years; Stocker et al., 2013). 
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Across natural and anthropogenic sources, soils under pristine vegetation show highest 

N2O emissions of 6.6 Tg N2O-N yr–1 (Ciais et al., 2013). Tropical soils are a major source 

of atmospheric N2O. The largest contribution to global N2O flux and the highest 

uncertainties were observed over the South American continent (Huang et al., 2008; 

Zhuang et al., 2012). In waterlogged peat soils, anoxic conditions and the reactants for 

the abiotic formation of N2O are provided (Buessecker et al., 2019), which could 

contribute to sustained emissions as reported from wetlands of the Pantanal in Western 

Brazil (88-1496 ng cm–2 h–1) (Liengaard et al., 2014). As abiotic N2O sources are known 

from polar ecosystems (Samarkin et al., 2010; Ostrom et al., 2016), coastal sediments 

(Otte et al., 2019), and from several artificial systems (Zhu-Barker et al., 2015), the true 

extent of this potentially significant process has remained enigmatic. While some 

environments appeared to sustain abiotic rates with Fe mineral phases (Samarkin et al., 

2010; Ostrom et al., 2016; Otte et al., 2019), others showed regulation by organic matter 

(OM; Buessecker et al., 2019). In spite of the potential of both reactants (Fe and OM) to 

stimulate abiotic N2O production (Thorn and Mikita, 2000; Thorn et al., 2010; L. C. 

Jones et al., 2015), organic soils have been rarely targeted by studies on 

chemodenitrification, which further contributed to an incomplete understanding of 

chemical processes within the nitrogen cycle of soil systems. Taken together with high 

estimates of the global extension of peatlands in the tropics (1.7 million km2, Gumbricht 

et al., 2017), this source pathway suggests a potentially significant role in shaping the 

global atmospheric N2O budget. 

Denitrifying microbes are well adapted to the conditions found in peat soils 

because they anaerobically respire organic substrates using nitrogen oxides as terminal 
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electron acceptors (Pihlatie et al., 2004; Palmer and Horn, 2012). The discovery of the 

clade II N2O-reducing bacteria confirmed the microbiological basis for an extensive N2O 

sink potential in diverse soils (Sanford et al., 2012; Orellana et al., 2014; C. M. Jones et 

al., 2014; Domeignoz-Horta et al., 2016; Espenberg et al., 2018). While clade I N2O-

reducers are affiliated to the Proteobacteria, clade II N2O reducers are more diverse and 

are also affiliated to Actinobacteria, Bacteroidetes, and Firmicutes. Active N2O-reducers 

from clade II could explain the fluctuating N2O emissions and sink potential reported 

from peatlands. The clade II members tend to lack NO2
– reductases (Hallin et al., 2018). 

From an ecological perspective, this trait might correspond with the intrinsic capability of 

the soil habitat to reduce NO2
– chemically (chemodenitrification). Energetic resources 

could thus be saved and relocated to the expression of NO and N2O reductases (Lycus et 

al., 2018). The compatibility of abiotic N2O production with the concept of modular 

microbial denitrification led us to the hypothesis that a coupled abiotic-biotic N2O cycle 

is operative in tropical peatlands.  

To test our hypothesis, first, we assessed the soil potential to produce N2O 

abiotically from NO2
– and then determined production rates for 10 peatlands; 7 of which 

were spread over the Amazon basin and 3 were located outside (Table 4.1). We compared 

rates obtained from 15NO2
– incubations in the field that were sterilized by zinc treatment 

to laboratory incubations at higher substrate levels that were sterilized by γ irradiation. 

Second, we measured microbial N2O reduction rates with doubly labeled (15N)2O. We 

complemented rate measurements with amplicon sequencing, metagenomics, and 

quantitative PCR (qPCR) assays targeting the nosZ gene phylogeny and abundances. In 
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order to assess the potential coupling of abiotic N2O production and biotic consumption, 

we correlated rates of both processes from all peatlands. 

 

Methods 

Field sites and data sets. The peatlands were chosen to cover a broad geochemical 

spectrum, including acidic (pH 3.7-5) soils, low (10 µM) and high (>5 mM) Fe2+ 

concentrations (Table 4.3). All soils had high organic content (>20% w/w) and contained 

a peat layer of at least 30 cm in thickness. The study sites had little anthropogenic 

influence, with two exceptions: Fazenda Córrego da Areia (FCA) within a catchment 

experiencing agricultural run-off in Brazil and Medio Queso (MQE) in a Costa Rican 

river delta surrounded by plantations off the border to Nicaragua (A. D. Cohen et al., 

1986). The peatlands Quisticocha (QUI), San Jorge (SJO), Aucayacu (AUC), Charo 

(CHO), and San Roque (SRQ) were located within the Pastaza-Marañón foreland basin in 

East Peru (Fig. 1.2; Lähteenoja et al., 2011). Melendez (MEL) can be found in the Madre 

de Dios river terraces (Householder et al., 2012), and Sitio Cacau (SCB) was located in 

Central Amazonia (Amanã Reserve) in proximity to the city of Tefé. Las Vueltas (VUL), 

located in the cloud forests of the Cerro Las Vueltas Reserve (A. D. Cohen et al., 1986), 

differed most drastically from the other sites because of its higher altitude (2,500 meters 

a.s.l.) and lower soil temperature (Table 4.3). The field trips were conducted in 

September 2017 (SJO, MEL) and during the months of April (MQE, VUL) to July (SCB, 

FCA) in 2018. 

Due to analytical limitations, it was not possible to conduct field measurements in 

all peatlands. However, the subset of peatlands with associated in-situ measured rates 
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(Table 4.1) covers the diversity in N2O cycling dynamics well (i.e. half of those field sites 

are a high N2O- or high NO-site, respectively; see Table 4.3). The Brazilian sites SCB 

and FCA have associated abiotic data, but biotic data is missing because of logistic issues 

concerning the shipment of non-sterilized soil. We used publicly available metagenomes 

of the peatlands SJO and QUI to further our evaluation of the microbial community, 

which we based on amplicon sequencing throughout all sites (Table 4.1). 

 

Table 4.1. Overview on field sites and data sets. Sites marked with * are located 
outside the Amazon basin.  
    in-situ   

Site Code 
Lati-
tude 
(°) 

Longi-
tude 
(°) 

N2O 
production 

data 

N2O 
consumption 

data 

Meta-
genome 

Ampli
con 
data 

Medio Queso, 
Los Chiles, Costa 
Rica 

MQE
* 

11.038 -84.687 yes yes no yes 

Charo, Iquitos, 
Peru 

CHO -4.270 -73.254 no no no yes 

Las Vueltas, 
Dota, Costa Rica 

VUL
* 

9.624 -83.848 yes yes no yes 

Melendez, Puerto 
Maldonado, Peru 

MEL -12.467 -69.178 yes no no yes 

Aucayacu, 
Iquitos, Peru 

AUC -3.935 -74.384 no no no yes 

Fazenda Córrego 
da Areia, Prados, 
Brazil 

FCA
* 

-21.024 -44.086 yes yes no yes 

Quistococha, 
Iquitos, Peru 

QUI -3.837 -73.318 no yes yes yes 

San Roque, 
Iquitos, Peru 

SRQ -4.540 -74.622 no no no yes 

San Jorge, 
Iquitos, Peru 

SJO -4.058 -73.189 yes yes yes yes 

Sitio Cacau, Tefé, 
Brazil 

SCB -2.374 -64.336 yes yes no yes 

 

15N tracer experiment in the field. To determine ambient soil NO2
– and NO3

– 

concentrations, we used a YSI 9500 portable spectrophotometer (YSI Inc.). All 
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spectrophotometric assays were conducted according to the manufacturer’s manual. Soil 

temperature and pH were measured with a YSI A10 pH probe (Ecosense, YSI) calibrated 

prior to each measurement at each site. 

We used inflatable anaerobic glove bags (Cole-Parmer) filled with Ar to create 

anaerobic conditions in the field while distributing soil into glass incubation vials (160 

mL). Soil was sampled with customized corers, consisting of plastic 30 mL syringe 

barrels that were cut at the ends. These were inserted 10 cm into the top soil layer. In the 

glove bag, the center 5 cm (~15g) was diluted 1:5 (w/v) in each vial with anoxic water 

extracted directly from 10-20 cm deep peat soil with a water line connected to the glove 

bag. Separate sample sets received 100x the soil ambient concentration (Table 4.3) of 

15NO2
– (label fraction = 0.1, Cambridge Isotopes) and 10x the soil ambient concentration 

(~2 ppm) of doubly labeled (15N)2O (label fraction = 1.0, Cambridge Isotopes), 

respectively. The 15NO2
– incubations comprised untreated and 87.5 mM zinc chloride-

poisoned (ZnCl2, Fisher Scientific) soils in replicates of four (n = 4), with each replicate 

derived from single soil cores. The soil slurries were incubated on the site, within 

separate thermo-containers (Mira Brands) that were partially buried in the soil to 

maintain temperature and dark conditions. Gas samples were taken for (15N)2O analysis 

at the beginning and once after 24 hours, and for 30N2 analysis at 4 time points spread 

over 36 hours (n = 3). Gas sampling was done destructively (entire headspace used) for 

(15N)2O analysis or by replacement with 5 mL Ar gas for 30N2 analysis. The sample times 

for the 30N2 analysis were adapted from a previous study (Babbin et al., 2015). We also 

prepared zinc-poisoned (15N)2O incubations to test for abiotic N2O consumption. The gas 

samples were stored underwater in glass vials closed with thick butyl rubber stoppers 
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(Hamilton and Ostrom, 2007) until analysis at Michigan State University. Isotopic 

composition of N2O and N2 were measured using an Elementar Isoprime isotope ratio 

mass spectrometer (IR-MS) interfaced with an Elementar TraceGas chromatographic 

system. Rate calculations closely followed a previously developed and tested protocol 

(Ostrom et al., 2016). Given the constraints of sterilant applications in the field, we 

repeated the zinc-amended incubations in the lab, parallel to incubations with γ-irradiated 

soils. The rates from both experiments were used to calculate a correction factor 

accounting for artifacts caused by the zinc addition in accordance to our previous study 

(Buessecker et al., 2019). The rates derived in the field were then multiplied by the 

correction factor (Table 4.2). 

 

Table 4.2. Correction of N2O production rates measured in-situ. 
Site Rates in zinc-

treated incubations 
(nmol N2O g–1 h–1) 

Rates in γ-irradiated 
incubations (nmol 
N2O g–1 h–1) 

Correction 
factor 

MQE 14.1 15.5 1.1 
VUL 12.5 8.1 0.65 
MEL 6.9 6.8 0.98 
FCA n.a. 0.6 0.5* 
SJO 3.4 1.4 0.4 
SCB n.a. 1.6 0.3* 
*Estimated based on similarities of NO and N2O yields within the high-NO group.  
 

The final rates were combined according to the following equation for net in-situ 

N2O formation: 

B = M + C – A 
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where B is the biotic N2O production rate, M is the mixed rate (from untreated 15NO2
– 

incubations), C is the microbial N2O consumption rate [from (15N)2O incubations], and A 

is the abiotic N2O production rate (from poisoned 15NO2
– incubations).  

 

Laboratory incubations. In a glove box with a reducing, O2-free atmosphere 

(0.5% H2 in N2), γ-sterilized soil was separately prepared from fresh, untreated soil. 

Gamma sterilization followed a previous method (Buessecker et al., 2019). Treated and 

untreated soils were root-picked, coarse particles (> 5 mm in diameter) were removed, 

and slurried 1:10 (w/v) in anoxic, sterile 18.2 MΩ⋅cm water. The slurry was well 

homogenized before equal quantities were distributed into 60 mL serum bottles, and 

closed with autoclaved butyl rubber stoppers. All glassware used was washed with 2M 

HCl prior to use and tools for work in the glove box were repeatedly ethanol-sterilized. 

For the NO2
– incubations, an anoxic and filter-sterilized NO2

– stock solution was injected 

(final concentration 100 µM NO2
–), and the headspace immediately purged with pure N2. 

For the N2O incubations, the headspace was reset with pure N2 and N2O was injected 

using a N2-flushed, gas-tight syringe (VICI Precision Sampling; final concentration 2.5 

µM dissolved N2O). The microcosms were agitated briefly to disperse the added 

substrates and then kept under dark, static conditions at room temperature for ~100 hours. 

Dissolved NO2
– was quantified with the Griess reagent (Promega, Kit G2930) and 

NO and N2O were analyzed as described below. At the end of the experiment, Fe2+ and 

Fe3+ were extracted and separated as previously described (Buessecker et al., 2019), and 

quantified in acidified aqueous solution by inductively coupled plasma–optical emission 

spectrometry (ICP-OES; Thermo iCAP6300 at the Goldwater Environmental Laboratory 
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at Arizona State University). The ICP-OES pump rate for the Ar carrier was set to 

50 rpm, and Fe2395 and Fe2599 lines were used for Fe quantification. Iron 

concentrations were determined from a calibration curve (0.01–10 mg L−1) by diluting a 

standard solution (100 mg L−1, VHG Labs, product no. SM75B-500) in 0.02 N HNO3. 

 

N2O gas measurements. To quantify N2O production, 200 µL of headspace gas 

was sampled with a gas-tight syringe (VICI Precision Sampling) and injected onto a gas 

chromatograph (GC, SRI Instruments) equipped with an electron-capture detector (ECD). 

Two continuous HayeSep-D columns were kept at 90°C (oven temperature) and N2 (UHP 

grade 99.999%, Praxair Inc.) was used as carrier gas. The ECD current was 250 mV and 

the ECD cell was kept at 350°C. The N2O measurements were calibrated over a range of 

0.25–100 ppmv using customized standard mixtures (Scott Specialty Gases, accuracy 

±5%). Gas concentrations were corrected for solubility effects using Henry’s law and the 

dimensionless concentration constant KH
cc(N2O) = 0.6112 (Stumm and Morgan, 2012) to 

account for gas partitioning into the aqueous phase at 25°C and 1 atm. 

 

NO gas measurements. Nitric oxide (NO) was quantified in the microcosm 

headspace with a chemiluminescence-based analyzer (LMA-3D NO2 analyzer, Unisearch 

Associates Inc.). Headspace gas (50 µL) was withdrawn with a CO2-N2-flushed gas-tight 

syringe and injected into the analyzer. The injection port was customized to fit the 

injection volume and consisted of a T-junction with an air filter at one and a septum at 

the other end. An internal pump generated consistent airflow. Our method generally 

followed a previous protocol (Homyak et al., 2017), and included adjustments based on 
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our experimental setup. In short, NO was oxidized to NO2 by a CrO3 catalyst. The NO2 

flew across a fabric wick saturated with a Luminol solution. Luminol was obtained from 

Drummond Technology. Readings were corrected for background NO2 every 15 minutes 

(“zeroing”). Shell airflow rate was kept at 500 mL min–1 and the span potentiometer was 

set to 8. Measurements were calibrated with a 0.1 ppm NO (in N2) standard (<0.0005 

ppm NO2, Scott-Marin, Riverside, CA, USA) over a range of 5–1,000 ppbv. Gas 

concentrations were corrected using Henry’s law and the dimensionless concentration 

constant KH
cc(NO) = 0.0465 (Stumm and Morgan, 2012) to account for gas partitioning 

into the aqueous phase at 25°C. 

 

Molecular analyses. Peat samples from four randomly distributed locations 

(coinciding with incubation locations) within a peatland were collected and frozen at        

-20°C for subsequent DNA extraction at ASU. Genomic DNA was extracted using a 

NucleoSpin Soil DNA extraction kit (Macherey-Nagel).  

For quantitative polymerase chain reactions (qPCR), we used two previously 

identified primer pairs and a total reaction volume of 15 µL with 1.5 µL DNA template 

(35-50 ng genomic DNA). The clade I nosZ gene was amplified in a PowerUp SYBR 

Green master mix (Applied Biosystems), to which 3 mM MgCl2 was added. Forward and 

reverse primer concentrations were 1 µM and previous cycler conditions were used 

(Henry et al., 2006). The clade II nosZ gene was amplified using SYBR Fast, ROX low 

master mix (Kapa Biosystems) and 1.2 µM primer concentration (C. M. Jones et al., 

2013). Thermal cycling was initiated with 3 min denaturing at 95 °C, followed by 40 

cycles of the following stages: 30 s at 95 °C, 60 s at 58 °C, 30 s at 72 °C, 30 s at 80 °C, 
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and a final melting-curve. Samples were run in technical duplicates on 96-well plates 

using a Quantstudio 3 thermocycler (Applied Biosystems). Standards were prepared 

using linearized plasmids. Standard curves indicated efficiencies of 94% (r2 = 0.99, nosZ 

clade I) and 85% (r2 = 0.99, nosZ clade II) and melting-curves showed no detectable 

primer dimers over the duration of 40 amplification cycles.  

 

Metagenomes were assembled in the scope of CSP project #1141599 using the 

default pipeline (version 4.15.1) of the Joint Genome Institute (JGI). On assembled 

metagenomes in amino acid format, we performed a profile search based on hidden 

Markov models (Eddy, 2011) implemented in the package GraftM 

(https://github.com/geronimp/graftM). Using modular gene packages, GraftM searched 

the provided sequences using hmmsearch (HMMER) and placed the identified sequences 

into a pre-constructed phylogenetic tree. HMMs were based on manually curated nosZ 

gene libraries comprising 2817 (clade I) and 2929 (clade II) sequences. Reference 

sequences were retrieved from the FunGene repository (Fish et al., 2013) using the 

search parameters 80% HMM coverage and a minimum length of 550 amino acids. 

GraftM output was loaded into Megan version 6.18.0 (Huson et al., 2016) and from there 

on, subsequent steps were identical to amplicon sequence analysis (see below). 

 

For an extended analysis of the N2O-reducer community composition, we 

developed independent nosZ clade I and II libraries for Illumina amplicon sequencing. 

PCR-amplification of both nosZ genes used the Promega GoTaq qPCR kit (Promega) for 

and 1 µL of DNA template (25-50 ng genomic DNA) in a total reaction volume of 20 µL. 



 
 

  74 

Targeting the clade I nosZ gene, we used a novel primer pair (Christopher Penton, 

unpublished) that showed coverage superior to other commonly used primers. The 

reaction mix included 0.2 mg mL–1 bovine serum albumin (BSA) and 0.8 µM primer 

concentration. For the clade II nosZ gene we used the same primer as used for qPCR in 

reactions of 1 mg mL–1 BSA and 0.8 µM primer concentration. Cycling conditions were 

used as described (C. M. Jones et al., 2013) for clade II nosZ amplification. Thermal 

cycling conditions for clade I nosZ amplification were an initial 2 min denaturing step at 

95 °C, followed by 33 cycles of 95 °C for 45 s, annealing by 53 °C for 45 s, and a 72 °C 

extension for 30 s, and a final extension at 72 °C for 7 min. Amplification specificity was 

verified by gel electrophoresis using 1% agarose in 1 Tris-acetate-EDTA buffer. Samples 

were multiplexed (Herbold et al., 2015), normalized (SequalPrep kit #1051001, 

Invitrogen), and submitted for sequencing to the DNASU core facility at Arizona State 

University, with 2x 300-bp paired-end Illumina MiSeq. 

 

Paired-end sequences were merged and demultiplexed with in-house scripts. We 

used the USEARCH pipeline (R. Edgar, 2010) to 1) correct strand orientations, 2) sort 

out singletons, and 3) denoise the dataset. We used alpha = 2 for a stringent denoising of 

sequences (R. C. Edgar, 2016) because reads were not clustered with any identity radius. 

The sequences were translated and frameshift-corrected by Framebot (Q. Wang et al., 

2013) with low sequence loss (< 10%). The amino acid sequences obtained were 

classified using Diamond version 0.9.25 (Buchfink et al., 2015). Sequences were parsed 

through the NCBI database RefSeq (release 95) containg 146,381,777 non-redundant 

protein sequences. The search was conducted in Diamond’s sensitive mode, with an e-
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value cutoff of 10–5, resulting in the top 5% hits. The output was imported into Megan 

version 6.18.0 (Huson et al., 2016) where a weighted lowest common ancestor (LCA) 

algorithm (default parameters from Huson et al., 2018) was run to assign a single 

taxonomic lineage to each read. Zero-radii OTU tables were pasted into Krona (Ondov et 

al., 2011) for visualization of results. 

Note on missing nosZ clade II amplicon data: At the time this thesis was 

completed, reads were still processing in the analysis pipeline. The data will be included 

in the projected paper publication. 

 

Statistical Analyses. All basic statistical tests were performed with 

JMP Pro software (Version 13.1.0, SAS Institute Inc.). Analysis of variation (ANOVA) 

was used with p > 0.05 to test significantly different values for gene quantities across 

soils. K-means clustering (MacQueen, 1967) was used to evaluate data clusters based on 

a minimum cluster r2. Plotting and regression analysis was done with the Matlab R2018a 

software package (Version 9.4.0.813654, Mathworks Inc.). 

 

Results & Discussion 

Chemodenitrification in tropical peat soils results in NO and N2O production. 

Measured steady-state concentrations of NO2
– in soil pore water were below detection   

(< 1 µM) in the majority of sites (Table 4.3), indicating rapid cycling rates. We spiked the 

peat soil at 6 of the 10 sites with 15NO2
– and measured 14N15NO + 15N14NO + 15N15NO 

production. Biotic activity was arrested by adding 87.5 mM zinc chloride. Even though 

the addition of zinc can liberate Fe2+ ions stimulating N2O production (Buessecker et al., 
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2019), we accounted for this bias for each individual soil. A larger sample set was 

sterilized using γ irradiation in the laboratory parallel to zinc treatments of soils from the 

same sites (Table 4.2). We corrected the rates from zinc-treated in-situ incubations to 

obtain estimates of N2O production from less altered peat soil. All our reported in-situ 

rates are therefore corrected for zinc effects. 

To assess the capacity of the tropical peatlands for chemodenitrification, we 

calculated nitrogen yield accounting for NO2
– reduction to NO and N2O. In two peatlands 

(SJO, SCB), complete denitrification was achieved based on solely abiotic 

transformation, and three other peatlands (QUI, SRQ, FCA) showed nearly complete 

denitrification (>75% yield, Table 4.3, Fig. C.1). The conversion of nitrogen from the 

reactant NO2
– into the products NO and N2O resulted in dominant yields in either one 

pool or the other (Fig. C.1), suggesting unequal diversion of nitrogen driven by the local 

peat chemistry. Thus, we grouped the various peat soils into high-N2O (MQE, CHO, 

VUL, MEL) and high-NO (AUC, FCA, QUI, SRQ, SJO, SCB) sites. This categorization 

may help to identify common chemical drivers for the abiotic reactions. We also 

observed a pH dependence on the formation of both NO and N2O species. Abiotic NO 

production yield was enhanced under acidic conditions (pH ≤ 5.4), whereas abiotic N2O 

production revealed a yield optimum at pH ~6. 

Our results are consistent with previous reports indicating larger amounts of NO 

as the final product in increasingly acidic milieu (Van Cleemput et al., 1976). The 

decomposition of nitrous acid explains faster NO2
– consumption at lower pH (Van 

Cleemput and Baert, 1984). Based on our experimental design, we were unable to 

confirm N2 as byproduct (Wullstein and Gilmour, 1966) that was presumably dominant at 
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circum-neutral pH, i.e., at MEL and VUL. However, at all other sites, NO and N2O 

together were the dominant product pools (> 50% nitrogen yield). The substrate NO2
– 

showed very low concentrations that are typical for soil (L. C. Burns et al., 1995; L. C. 

Burns et al., 1996). Nitrite is not the only possible precursor of N2O. Hydroxylamine 

(NH2OH) has very low steady-state soil concentrations as well, but has proven to be a 

viable source of soil N2O (Heil et al., 2015). As abiotic N2O production can have 

multiple source pathways, we focused our investigations onto chemodenitrification under 

anoxic conditions.  

 

Table 4.3. Relevant geochemical parameters and calculated nitrogen yield of abiotic 
reactions. According to the nitrogen yield, sites were classified as either high-N2O 
(MQE, CHO, VUL, MEL) or high-NO (AUC, FCA, QUI, SRQ, SJO, SCB). High-N2O 
sites also differed from high-NO sites in pH (P < 0.001, Student's t test) and Fe3+ (P < 
0.05). 
 MQE CHO VUL MEL AUC FCA QUI SRQ SJO SCB 
Soil temp. 
(°C)* 29.9 26.1 13.6 26.8 25.4 16.3 25.6 26.1 27.3 26 

pH* 6 5.6 6.4 6.1 4.2 5.4 5 4.6 3.7 4.9 
NO3

– (µM)* 7.4 n.a. 5.9 < 1 n.a. 2.6 1.1 n.a. < 1 5.6 
NO2

– (µM)* < 1 n.a. 2.9 < 1 n.a. < 1 < 1 n.a. < 1 < 1 
Fe2+ (µM) † 181.6 68.9 5,128 1,431 117.3 10 72.6 57.9 39.2 36.5 
Fe3+ (µM) † 673.9 800.

8 
910 503.9 367.4 322.9 69.8 479.1 109 785 

N yield in NO 
(%) 

1.3 1.9 0.2 0.2 52.7 74.3 74.5 81.3 92.8 97.2 

N yield in N2O 
(%) 

55.9 50.6 24.6 12.1 9.8 4.0 5.0 8.1 4.8 4.8 

Total yield (%) 57.2 52.5 24.8 12.3 62.5 78.3 79.5 89.4 97.6 102 
* measured at the study sites. 
† measured in the laboratory. 
 

Abiotic N2O production is prevalent across all tested peatlands. Significant 

abiotic N2O production was observed in all peatlands (incl. high-NO sites). In-situ rates 

ranged from low values (0.05-0.3 nmol N2O g–1 day–1) at FCA and SCB, to moderate 



 
 

  78 

values (2.4-3.3 nmol N2O g–1 day–1) at MQE and SJO, to high values (9.2-39.0 nmol N2O 

g–1 day–1) at MEL and VUL. Abiotic N2O production contributed to the overall N2O flux 

to a greater extent than biotic N2O production at half the field sites (Fig. 4.1). Laboratory 

incubations led to a consistent underestimation of the abiotic contribution by a difference 

as much as 56% (MEL).  

 
 
Fig. 4.1. Abiotic (black) and biotic (white) N2O production rate fractions. Percentage 
relates to total N2O production rate. Rates from lab incubations were derived from the 
linear slope of the N2O production curve (n=4). In-situ rates were derived from the 
enrichment of 15N in N2O after addition of 15NO2

– to soil in the field (n=4). 
 

The conditions in the anoxic peat soils were favorable for abiotic N2O formation. 

The measured N2O production rates were 1-2 orders of magnitude higher than rates 

measured in Antarctic brine (Samarkin et al., 2010). While those brines were rich in Fe, 

they were low in organic matter, which may hint at the additional reducing power peat 

may hold, with triggering effects on N2O production. Aqueous Fe2+ and Fe2+-bearing 
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mineral phases have been shown to interact with the chemodenitrification reaction in 

soils (L. C. Jones et al., 2015). While extracted Fe2+ concentrations correlated with in-situ 

abiotic N2O production rates (r2 = 0.99, n = 6, Fig. C.2B), there was no significant (r2 < 

0.75, n = 10) linear relationship with rates measured in batch incubations (Fig. C.2B). 

Peat soils also supply an overabundance of recalcitrant organic carbon with functional 

groups prone to interact with NO2
– (Thorn and Mikita, 2000; Thorn et al., 2010). For 

instance, phenolic moieties can bind two NO2
– ions inducing tautomerization to 

hyponitrous acid that degrades to N2O. In this process, the carbon ring loses one pi-

electron pair. The residual benzoquinone is more oxidized, which could be indicated by a 

decreased electron donating capacity or reduced fluorescence. Both of these properties 

could be characterized experimentally. Besides soil pH, the mixture of functional groups 

could also be a crucial factor in the NO to N2O balance. With the exception of dimethyl 

glyoxime and quinone oximes, oxime groups preferentially produce N2O and aromatics 

produce NO (Porter, 1969). The organic matter composition and, hence, the plant litter it 

originated from, may play an important role in supporting different abiotic reaction 

mechanisms. Nevertheless, it is likely a combination of complexed Fe2+ and reduced 

organic functional groups that contribute to the electron transfer onto NO2
– and N2O 

formation. 

 

Active microbial N2O reduction is based on divergent nosZ gene numbers across 

soils and diverse communities. We consistently observed N2O sink potential in 

denitrification assays in which we added NO2
– to peat soils and tracked NO and N2O 

production (Fig. C.1). N2O production was followed by rapid consumption in non-
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sterilized samples (Fig. C.1). Abiotic N2O consumption did not occur (data not shown). 

Incubations with (15N)2O in the field showed accumulation of 15N label in N2 (Fig. C.3) 

that we used to derive rates of N2O reduction (Table 4.4). The trends observed for abiotic 

N2O production were also reflected in N2O consumption rates ranging from low (0.1-0.3 

nmol N2O g–1 day–1) in SCB and FCA to moderate (0.7-1.5 nmol N2O g–1 day–1) in MQE 

and SJO, to high (3-9.5 nmol N2O g–1 day–1) in VUL and MEL. Rates determined in 

laboratory incubations were higher than in-situ rates by roughly a factor of 10 (Table 

4.4), which is consistent with 10 times decreased substrate concentrations that were used 

in the field. N2O-reductive activity at pH as low as 3.7 (SJO) was surprising because of 

post-transcriptional inhibition of the N2O reductase assembly by acidic pH (B. Liu et al., 

2010). The measured N2O reduction rates were higher than previously observed rates at 

similarly acidic pH (Palmer et al., 2012) and extend the known physiological boundaries 

for this metabolism. These results suggest the presence and activity of N2O-reducing 

communities adapted to a wide range of soil pH, including N2O-reducers adapted to 

highly acidic soil pH. 

Table 4.4. Microbial N2O reduction rates in tropical peatlands. 
Site N2O reduction rate, lab 

(nmoles g–1 hr–1) 
N2O reduction rate, in-situ 

(nmoles g–1 hr–1) 
MQE 18.3 0.7 
CHO 18 n.a 
VUL 25.2 3 
MEL 39.6 9.5 
AUC 52.9 n.a 
FCA n.a. 0.3 
QUI 37.2 n.a 
SRQ 43.8 n.a 
SJO 15 1.5 
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Fig. 4.2. N2O-reducing microbial community composition. Metagenomes from 
representative peatlands SJO and QUI comprised both clade I (482 and 379 counts) and 
clade II (921 and 763 counts) members. 
 

To assess the diversity and relative abundance of N2O-reducing microorganisms, 

we used metagenomic analyses in two representative peatlands (SJO, QUI) and amplicon 

sequencing on all the studied peatlands. We performed an HMM profile search on the 

metagenomes. The reads taxonomically classified into Proteobacteria (clade I-associated 

reads). A higher diversity was shown by clade II sequences that were classified into 10 

(SJO) and 14 (QUI) phyla, respectively. We observed a high abundance of Rhodocyclales 

with >50% of bacterial reads as well as dominant Thauera linaloolentis (~20% in both 

soils). Metagenomic and amplicon sequence data showed slight differences in the 

abundances of Gammaproteobacteria (these were more abundant in metagenomes), but 

were otherwise consistent on the class level. Based on amplicon-sequencing, 

Hyphomicrobium (19-40% in SRQ, CHO, MEL, FCA) and Methylocystis (28-32% in 

MEL and FCA) were abundant among clade I bacteria (Fig. C.4). Rhodanobacter, of 

which an N2O-reducing isolate was recently obtained from acidic (pH 5.7) soil (Lycus et 

al., 2017), was also present in our clade I metagenomes (6%). However, no sequences 

affiliated to Rhodanobacter were among our amplicon data (Fig. C.4).  

We used BLAST to examine NO2
– and NO reductase gene sequences in the 

Thauera linaloolentis genome and did not find a match for NO reductase. Despite the 

missing reductase gene, the species may still be able to denitrify (i.e. convert NO2
– to 

N2), if their soil micro-habitat has the capacity to abiotically reduce NO to N2O. 

Admittedly, a much more extended genome evaluation of the taxa found would be 
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necessary to establish a robust link between missing denitrification enzymes and the soil 

capacity for chemodenitrification. Nevertheless, Thauera linaloolentis is an example of a 

dominant microbial community member that would physiologically benefit from abiotic 

reactions sustained by the peat chemistry in an abiotically-biotically modulated fashion.  

 

In addition to the phylogenetic analysis, we quantified both nosZ genes via 

quantitative PCR (qPCR) in order to assign individual clade I : II abundance ratios to the 

peat soils. The nosZ gene accounted for approximately 1% of 16S ribosomal RNA 

(rRNA) from the soil microbial community (data not shown). Our results suggest spatial 

patterns. Relatively high numbers of clade I N2O reducers were found in peatlands of the 

Pastaza-Marañón foreland basin (Fig. 4.3, QUI, SJO, CHO, SRQ, 107-108 gene copies   

g–1). Clade II N2O reducers had higher abundances (>108 gene copies g–1) at AUC and 

SRQ. In contrast, we did not detect any nosZ sequences affiliated with clade II in the 

CHO peatland. With the exception of CHO, all peatlands of the Amazon basin showed 

higher proportions of clade II N2O reducers (nosZ I:II ratio 0.1-0.9), whereas the 

peatlands outside of the Amazon basin consistently showed more N2O reducers of the 

clade I guild (nosZ I:II ratio 1.5-6.9).  

Alterations in relative clade I and II abundances have been reported previously 

from Puerto Rican peatlands (Espenberg et al., 2018) and between communities of the 

rhizosphere and bulk soil across biomes (Graf et al., 2016). Our data indicate that clade II 

bacteria generally outcompete clade I bacteria in the pristine Amazonian peats. This is 

supported by the NosZ enzyme kinetic properties described for clade II (S. Yoon et al., 

2016; Suenaga et al., 2019) and predicted for conditions that meet those found in some of 
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the tropical peat soils tested (soil N2O steady-state concentrations <5 ppm; Chapter 5). 

Although evidence suggesting higher N2O affinity for clade II N2O reducers has been 

contradictory (Conthe et al., 2018), the adaptation to lower steady-state N2O 

concentrations would explain our observed abundance patterns.  

 

 

Fig. 4.3. NosZ gene quantities across peatlands. NosZ clade II sequences were not 
detected in CHO peat soil within the limit of detection of our qPCR method. Units were 
normalized to soil dry weight. Red central marks indicate the median, bottom and top 
edges of boxes show 25th and 75th percentiles, respectively, and whiskers extend to the 
most extreme data points. Data boxes marked with the same letter are not significantly 
different from each other (ANOVA, p > 0.05, n=4). 
 

Constraining a coupled abiotic-biotic N2O cycle. To explore the observed trend of 

concomitantly increasing N2O production and consumption rates in our 15N data, we 
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plotted the abiotic production potential against the consumption potential. We then 

overlaid the kinetic data with nosZ I:II ratios of the individual peatlands (Fig. 4.4). K-

means clustering (MacQueen, 1967) indicated 3 distinct clusters. A cluster of lower-rate 

values (FCA, SCB, SJO) and two clusters with increased N2O production and 

consumption rates, respectively (Fig. 4.4A). Sites QUI, SRQ, MEL and AUC consumed 

N2O at potential rates >30 nmol N2O g–1 h–1 and had nosZ I:II ratios <0.7. Sites VUL, 

CHO and MQE were characterized by high potential abiotic N2O production rates (≥8 

nmol N2O g–1 h–1) and had nosZ I:II ratios >1.5. Similar patterns were also reflected in in-

situ measured rates (Fig. 4.4B). Microbial N2O reduction correlated with abiotic N2O 

production at all sites (r2 = 0.93, n = 5, Fig. 4.4B) after the exclusion of N2O cycling rates 

from VUL. In regards of the differences in substrate concentration between laboratory 

and in-situ conditions (NO2
– levels were 100 times and N2O levels were 10x their 

ambient concentrations), the biotic rates increased accordingly but the abiotic rates did 

not.  
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A

B

 
Fig. 4.4. Relation of abiotic N2O production and microbial N2O consumption in lab 
(A) and in-situ incubations (B). (A) K-means clustering was applied to identify 
significant data clusters (dashed ellipses). NosZ I:II ratios < 2 are marked with a color 
gradient (CHO and MQE are off the scale for better visibility). Units were normalized to 
soil dry weight. Error bars denote SD. (B) Linear regression was conducted with VUL 
treated as outlier. The regression line (dashed) has a slope = 1.05. NosZ I:II ratios < 2 are 
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marked with a color gradient (MQE is off the scale for better visibility). Data points at 
the lower left were from FCA and SCB soil.  
 

Nitrous oxide cycling, where abiotically derived N2O is followed by N2O 

consumption mediated by chemodenitrifiers (Onley et al., 2018), revealed distinct 

balances across peatlands at increased substrate levels in lab incubations. Higher sink 

potential was associated with a predominance of clade II N2O-reducers over clade I 

reducers and vice versa. Microbial N2O reduction exceeded abiotic N2O production in all 

samples except of SCB under the controlled laboratory conditions (Fig. 4.4A). However, 

at substrate levels closer to environmental conditions, in-situ N2O reduction rates 

resembled abiotic N2O production rates more similarly (Fig. 4.4B). Both in-situ and 

laboratory abiotic N2O production rates from the bulk of the sites remained in the same 

range, which may suggest limited availability of Fe2+/organic reaction sites. This 

limitation is not present for the biotic N2O consumption process because microbial cells 

possess the advantage of an adaptive response to increased substrate availaibity by a 

more pronounced expression of NosZ enzyme. The regression line slope of ~1 (Fig. 4.4B) 

suggests coupling of production and consumption under in-situ conditions. We note that 

rates obtained from VUL peatland had a higher standard deviation (Fig. 4.4) and we 

cannot exclude temperature effects retarding metabolic rates (Jauhiainen et al., 2014). 

Moreover, VUL peatland is a highland peat bog with a very contrasting plant cover than 

encountered in the other sites. The plant debris organic substrates derive from can 

strongly affect heterotrophic activity levels and therefore N2O reduction rates (Shirokova 

et al., 2016). Assigning a specific clade to the adaptation to abiotic N2O fluxes seemed 

complex because in incubations, clade I-dominated sites were closer to a slope = 1 



 
 

  88 

trajectory while the sites under in-situ conditions (except VUL) had mixed abundances 

from both clades. We must also acknowledge that our insight into the temporal activity 

response is limited. Information on the actual in-situ transcription levels are needed to 

better assess how the clades are stimulated by abiotic pulses of N2O (Drewer et al., 

2020). Such stimulations may not necessarily serve the metabolic purpose of energy 

conservation. First, N2O can have cytotoxic effects on microbial cells due to inactivation 

of vitamin B12 which is needed for DNA and methionine synthesis (Drummond and 

Matthews, 1994a; Drummond and Matthews, 1994b; Sullivan et al., 2013). Rapid N2O 

consumption would therefore make sense as a detoxification strategy. Second, abiotically 

derived N2O could aide to overcome O2 starvation. Clade II bacteria have been shown to 

be positively impacted by either N2O or O2 exposure. For example, Azospira 

(Rhodocyclales) exhibited more resilience in reducing N2O under aerobic conditions than 

clade I species (Suenaga et al., 2018). In contrast, N2O reduction helped the obligate 

aerobe Gemmatimonas aurantiaca to overcome O2 starvation (D. Park et al., 2017). 

Therefore, clade II N2O reducers could have a physiological advantage in soils that 

experience hydrological fluctuations, such as our peat soils with water tables that can 

deviate by several meters between rain and dry seasons (S. Wang et al., 2018). 

 

Conclusion 

We presented evidence that abiotic N2O formation succeeded by microbial N2O 

consumption may be prevalent in tropical peatlands. The implications provide a fruitful 

avenue to a more accurate picture of the reductive branch of the nitrogen cycle. Our 

results suggest denitrification in tropical soils is not a purely biological pathway, but 
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rather a “mosaic” of biotic and abiotic reduction reactions. They also support the idea that 

functional modularity not only complements the mutuality of microbial groups, but also a 

synchronized interaction between microbes and spontaneous abiotic chemical reactions. 

The larger ramifications of this abiotic process remain to be evaluated; specifically, in the 

context of organic carbon sequestration in tropical peatlands. It would be interesting to 

test how oxidation of soil organic matter differs between microbial denitrification and 

chemodenitrification, how this would affect the identity of recalcitrant organics, and if 

CO2 and methane emissions were possibly influenced. Lastly, the extension of abiotic 

N2O formation beyond tropical peatlands, such as to northern peatlands, must be 

explored. The biotic or abiotic origin of N2O could essentially determine net N2O fluxes 

from systems affected by global climate change. Our study represents a first glance at the 

magnitude of a coupled abiotic-biotic process in the nitrogen cycle of tropical peatlands. 

With more abiotic activity data from other environments on hand, it will be possible to 

assess its global importance. 
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CHAPTER 5 

MICROBIAL COMMUNITIES AND THE PUTATIVE INTERACTIONS OF 

METHANOGENS WITH NITROGEN OXIDES IN DIVERSE PEATLANDS OF THE 

AMAZON BASIN4 

Abstract 

High uncertainties and spatial variation in methane (CH4) fluxes from the 

Amazon basin pose a problem for predicting greenhouse gas sources. Tropical peatlands 

have been identified as hotspots of CH4 as they provide conditions (anoxia, high 

abundance of organic matter) for microbial methanogenesis. Nitrogen oxides have been 

known for their inhibitory effects on methanogenesis from culture experiments, but their 

interactive role in CH4 cycling in tropical peats has never been evaluated. We 

investigated the effects of soil NOx (nitrate, nitrite, nitric oxide) and nitrous oxide (N2O) 

on methanogenic abundance and activity in three geochemically diverse peatlands of the 

Pastaza-Marañón foreland basin. To characterize the soil geochemistry, we probed 1-m-

soil profiles and measured concentrations of (in)organic nitrogen and carbon species, 

redox, and 13C enrichment in dissolved inorganic carbon and CH4 pools. The overall soil 

microbial community was characterized based on 16S rRNA and the functional gene 

mcrA was used to assess methanogen diversity as well as abundance deploying 

quantitative PCR (qPCR). Our molecular data revealed high potential of novel and 

diverse methanogens affiliated to the Methanomicrobiales order. Geochemical conditions 

                                                
4 This chapter is in preparation as manuscript for publication in Environmental Microbiology. Co-authors 
are S. Buessecker, Z. Zamora, A.F. Sarno, D. R. Finn, A.M. Hoyt, J. van Haren, J.D. Urquiza Muñoz, H. 
Cadillo-Quiroz. 
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were distinct, based on pH, DOC, NO3
– pore water concentrations and C/N ratios of 

shallow soils. We observed a strong stratification in abundances of microbial groups 

putatively involved in NOx cycling. Thaumarchaeota and Nitrospira, both producers of 

NOx, claimed similar ecological niches, with the archaea being more abundant in more 

acidic peat. We also conducted nitrite incubations with soil slurries and obtained N2O-

spiked enrichments from two of the peat soils to evaluate cross-effects of nitrogen oxides 

on CH4 formation. Methanogenesis in contrasting soils showed differential sensitivity to 

nitrite and N2O, which may have implications on net CH4 outputs. Overall, we present 

evidence that potential interactions of nitrogen species with methanogens contribute to 

variable CH4 fluxes. 

 

Introduction 

Though oxygen (O2) depletion remains a main regulator of methanogenesis, 

influence from other high-redox species, such as nitrogen oxides (NOx), have remained 

poorly understood in microbial soil habitats. In particular, peat soils are commonly 

anoxic due to slower O2 diffusion in water-saturated soils and because heterotrophic 

respiration rapidly consumes free O2 at the soil-atmosphere or soil-root interface 

(Elberling et al., 2011). Vertical soil stratification under anoxic conditions dictates 

microbial composition in peatlands (Noll et al., 2005; Jackson et al., 2008; Watanabe et 

al., 2010; Puglisi et al., 2014; R. Bai et al., 2017) and leads to the formation of NOx 

gradients (Pett-Ridge et al., 2006; Stone et al., 2015; Senga et al., 2015; X. Wang et al., 

2016).  
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NOx species are a set of N-O compounds, including nitrate (NO3
–), nitrite (NO2

–), and 

nitric oxide (NO). Importantly, the microbial metabolism for NOx production and 

consumption has been found to change with depth in sub-tropical forest soil (Y. Tang et 

al., 2018). Within diverse microbial communities, fermentative enzymes and NOx 

reductases have been found to correlate with chemical gradients (Chen et al., 2017). In 

tropical soils, heterotrophic denitrification and dissimilatory nitrate reduction to 

ammonium (DNRA) – a competitive reductive reaction to denitrification – have been 

identified as the main pathways of NOx cycling. Of these two pathways, denitrification 

(i.e. the reduction of NOx into N2O and N2) has been found to be the dominant nitrogen 

loss pathway in tropical biomes, accounting for 24-53% of total ecosystem nitrogen loss 

(Sharon J Hall and Matson, 1999; Houlton et al., 2006).  

Depending on the geochemical conditions (pH, DOM, metals) and microbial 

activity, NOx are differently distributed in the soil, which can affect the microbial 

community. For instance, NO3
– concentrations are typically higher in shallow soil layers 

where microbial nitrification is most active, but it can also accumulate in deeper layers, 

where its consumption may be inhibited by humic substances (Senga et al., 2010). 

Meanwhile, NO2
– is unstable in acidic peat pore water, because it decomposes under 

acidic conditions (pH < 5.5) and rapidly reacts with organic soil moieties or metals 

(Cleemput and Samater, 1996). The relative degree to which soil microbiota are exposed 

to NO2
– is controlled by the inherent soil properties in addition to the activity of 

microbial NO2
– oxidoreductases or reductases. Also, NO2

– reducing reactions generate 

NO as reactive intermediate, which typically is a very transient species with negligible 

steady concentrations. Its various availability and interactions makes NOx generally 



 
 

  93 

difficult to identify as stimulators or inhibitors of microbial processes. Effects of NOx 

have to be evaluated within the geochemical context of their soils or complementarily 

tested under controlled conditions.  

Methanogens have been shown to be inhibited by free NOx in pure culture 

experiments (Klüber and Conrad, 1998b) and paddy soil incubations (Klüber and Conrad, 

1998a). However, inhibitory effects showed different sensitivity depending on the 

methanogenic species tested. In addition, NOx can also serve as oxidants in the anaerobic 

oxidation of CH4 (AOM). In contrast to marine taxa that rely on sulfate, members of both 

the domains Archaea and Bacteria possess the potential to use NO3
– (Haroon et al., 2013) 

and NO2
– (Ettwig et al., 2010) to oxidize CH4. The metabolism of AOM-mediating 

bacteria (known as NC-10, and affiliated with Candidatus Methylomirabilis oxyfera) has 

been demonstrated, and members of this clade were detected in sub-tropical peat soil (B. 

L. Hu et al., 2014). Thus, the concentration and species make-up of NOx has the potential 

potential to influence the production and flux of CH4 in anaerobic soils, such as those in 

tropical peatlands. 

Peatlands have been overlooked as strong CH4 sources within tropical latitudes 

(A. C. I. Tang et al., 2018; G. X. Wong et al., 2018; Sakabe et al., 2018; G. X. Wong et 

al., 2020), including recently documented sites in the Peruvian Amazon (Teh et al., 2017; 

Winton et al., 2017). However, CH4 emissions in the tropics have been associated with 

high uncertainties due to lacking spatial and temporal in-situ monitoring and a poor 

mechanistic understanding of soil CH4 fluxes (Kirschke et al., 2013). The origin of this 

CH4 is accumulated organic matter. Tropical peatlands are a type of wetlands where the 

accumulation of organic matter exceeds its rates of decomposition (Gore, 1983) and large 



 
 

  94 

swaths of areas holding tropical peatlands have been reported in the Amazon basin 

(Gumbricht et al., 2017). The Pastaza-Marañón foreland basin (PMFB) contains soil 

carbon (SC) stocks estimated to be at least 3.1 x 1012 kg, or ~32% that of South America 

in total (Draper et al., 2014), which could be slightly underestimating true extents 

according to more recent models (Gumbricht et al., 2017). Therefore, peatlands of the 

PMFB pose a major potential source pool for atmospheric CH4 in the region. Given the 

role of CH4 as a powerful greenhouse gas and the predicted shift in environmental 

conditions of the Amazon basin in the wake of global climate change (Davidson et al., 

2012), it is critical to address uncertainties in the CH4 flux of these environments.  

To assess the origin and flux of CH4 vertically through peat soils of the PMFB, 

we conducted field measurements in soil profiles at three vegetation and hydrologically 

distinct peatland sites, characterized the geochemical conditions, and assessed the overall 

and methanogenic microbial community composition. We focused on the distribution of 

inorganic nitrogen species (incl. NOx) and tested activity responses of soil methanogens 

under manipulated, NO2
– and N2O amended conditions.  

 

Methods 

Study sites and field sampling. The peatlands in this study are located in the 

Pastaza-Marañón basin, Loreto Region, in the Western Peruvian Amazon. We chose 

peatlands with contrasting geochemistry and formation history (Lähteenoja et al., 2009). 

San Jorge (SJO, 4°03’41.6” S, 73°11’48.1” W), is a dome-type peatland that receives 

most of its water from precipitation (ombrotrophic), has oligotrophic and acidic 

conditions in its soils and is a “pole forest” dominated site. Quistococha (QUI) is 
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adjacent to a lagoon (3°50’5.6” S, 73°19’24.0” W) and is characterized as a forested 

swamp dominated by Mauritia flexuosa palms, with intermediate to poor nutrient levels 

and mildly acidic soils. In contrast, Buena Vista (BVA, 4°14’23.3” S, 73°12’08.2” W) is 

a forested minerotrophic peatland with a groundwater-influenced hydrology undergoing 

long riverine floods, high nutrient content and soils with pH ~6-6.5. Field work was 

conducted in Summer 2014 (QUI, SJO) and 2015 (BVA) after onset of the rain season 

when the water tables were at or close to the surface (QUI, BVA) or at ~10 cm below soil 

surface (SJO). Samples for isotopic analysis were collected in 2017. 

 

To extract soil pore water from a vertical profile of 1m deep, PTFE tubing ending 

in a porous teflon macro-rhizon (4.5 mm OD, 0.15 µm pore seize, Sunvalley Solutions) 

was pushed into the peat soil. Peat pore water was pulled with a plastic syringe and 

filtered (0.8/0.2 µm pore seize, Acrodisc) into acid-washed Nalgene HDPE plastic bottles 

(Nalge Nunc Int.). Samples for ion chromatography and spectrometric analysis received 

the biocide Thymol (Fisher Scientific) to a 100 mg/L final concentration (Cape et al., 

2001). To sample soil gas for the quantification of CH4 and CO2, we used a modification 

to a soil gas equilibration-by-diffusion through gas-permeable teflon membrane method 

(B. L. Hu et al., 2014). Ten PTFE tubes of 10-100 cm length with a 10cm-long teflon 

stub were inserted into the soil over an area of ~1 m2, closed at the top, and left at place 

for 24 hours.  After the equilibration period, a gas-tight syringe (Monoject) was used to 

draw sample gas and to inject it into pre-evacuated glass vials through a butyl rubber 

stopper. All liquid and gas samples were stored under cold or frozen conditions upon 

analysis. To sample soil for DNA extraction, a Russian soil corer was used to take 1 m 
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cores. Three samples of 500 mg soil were aseptically weighted into screw cap tubes at 

every 10 cm, for two soil cores at each site (60 samples per site). Soil samples were 

frozen and kept at < 0°C throughout the field work and transport. pH measurements were 

done on a 1:5 soil sample dilution using the same soil intervals as for the molecular work 

with a pH meter 10A (Ecosense, YSI). 

 

Geochemical analyses and determination of the C isotopic composition. Pore 

water cations were analyzed by ion chromatography using the Dionex ICS2000 series at a 

1 mL/min eluent flow rate. A CG12A pre-column, followed by a CS12A analytical 

column was used with an eluent of 35 mM methanesulfonic acid. DOC was determined 

by a TOC-V Total Organic Carbon Analyzer (Shimadzu Scientific Instruments). 

Inorganic nitrogen species were quantified spectrometrically using an AQ2 Discrete 

Analyzer (Seal Analytical) and approved method EPA-103-A Rev.10 for ammonium 

(LoD 0.004 mg-N/L, range 0.02- 2.0 mg-N/L) and method EPA-127-A for NO3
–/NO2

– 

(LoD 0.003 mg-N/L, range 0.012- 2 mg-N/L). TC and TN in soil pore water was 

determined with a Shimadzu TOC-V/CSN connected to a TNM-1 unit (Shimadzu 

Scientific Instruments) and GEL method based on Standard Methods 5310B and ASTM 

D8083 was used. δ13C in CH4 was measured with a ThermoScientific Precon 

concentration unit interfaced to a ThermoScientific Delta V Plus isotope ratio mass 

spectrometer (ThermoScientific) at the Stable Isotope Facility at U.C. Davis. A more 

detailed method description can be obtained consulting the facility website 

(https://stableisotopefacility.ucdavis.edu, July 2018). DIC concentrations and δ13C of 

DIC measurements were measured on the SHIVA platform in the EcoLab laboratory 
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(Toulouse, France). The δ13C of DIC was analyzed using a mass spectrometer (Isoprime 

100, Elementar) coupled with an equilibration system (MultiFlow-Geo, Elementar). 

Samples were acidified using phosphoric acid and flushed with helium. Standards 

included Na2CO3 and NaHCO3 as well as internal water standards. All standards were 

analyzed every 8 samples to check for instrument stability. All samples were analyzed in 

replicates. 

 

The fractionation factor α was derived with the formula 

𝛼 =  
𝛿!"! + 10

!

𝛿!"! + 10!
 

Trace metal (Mo) soil content was determined by inductively coupled plasma 

mass-spectrometry (ICP-MS) after acid digestion. In brief, an acid mix (HF+HNO3+HCl) 

was added to soil samples in acid-cleaned Teflon vials. Soil organic matter was oxidized 

overnight. After another HCl addition, the sample was microwaved and the top liquid 

was decanted and evaporated on a hotplate. Repeated acid addition and evaporation 

concentrated the residual soil metals. A diluted sample was then measured on an iCAP-Q 

(Thermo Scientific) with Mo calibrated for 0.018–126 ppb (3% error range). 

 

Eh calculations. The partial pressure of CO2 and CH4 (
!!"!
!!"!

) in soil gas samples 

was used to derive the equilibrium redox potential (Eh) between the redox couple. For 

each depth interval, Eh was pH-corrected. All calculations were based on the equation 

CO2 + 4 H2 = CH4 + 2 H2O for methanogenesis.                            



 
 

  98 

𝐸!"!  = 𝐸!",!! −
0.059 𝜈!!

𝑛  𝑝𝐻  

The standard potential at pH = 0 (𝐸!",!! ,Bratsch, 2009), the stoichiometric 

coefficient 𝜈!! = 8, and the number of electrons transferred per 1 mole of CO2 and CH4 

(n = 8) were used to derive the standard potential at distinct soil depths (𝐸!"! ). From there 

we calculated Eh using the Nernst formula. The temperature (T) was set to 298 K and we 

used 8.314 J mol–1 K–1 for the ideal gas constant (R) and 96,485 C mol–1 for the Faraday 

constant (F) according to (Stumm and Morgan, 2012). We used partial pressure as proxy 

for the activity of the redox species. 

𝐸! =  𝐸!"! − 2.303
𝑅 𝑇
𝑛 𝐹

 𝑙𝑜𝑔
𝑝!"!
𝑝!"!

 

 

DNA extraction, amplification and amplicon sequencing of 16S rRNA and mcrA. 

Frozen peat samples from the individual corer segments were used for subsequent DNA 

extraction at the lab. Soil DNA was extracted using a NucleoSpin Soil DNA extraction 

kit (Macherey-Nagel GmbH). PCR was performed with the archeal-bacterial primers 

515F/909R (Tamaki et al., 2011) and mlas/mcrA-rev (Steinberg and Regan, 2009) to 

target methanogenic euryarchaeota. Both pairs were combined with unique barcodes 

(Tamaki et al., 2011). For 16S rRNA amplification reactions, we used 0.3 µM of forward 

and reverse primers, 0.2 mg/L bovine serum albumin, and 1x GoTaq Green Master Mix 

(Promega). The thermal cycling conditions were the following: initial denaturation at 

95°C for 5 min, 25 cycles of denaturation at 94°C for 30 sec, annealing at 52°C for 1 min, 

and extension at 72°C for 1 min, as well as a subsequent final elongation step at 72°C for 

10 min. The reaction chemistry for mcrA amplification reactions was used as described 
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elsewhere (Steinberg and Regan, 2009). Thermal cycling included denaturation at 95°C 

for 3 min, 5 cycles of denaturation at 95°C for 30 sec, annealing at 48°C for 45 sec, and 

extension at 72°C for 30 sec, accompanied by another 30 cycles of 95°C for 30 sec, 55°C 

for 45 sec, 72°C for 30 sec, and one final elongation at 72°C for 10 min. 

PCR products were verified by fragment size in a 1% (w/v) agarose gel with 0.5x 

TBE buffer. Samples were multiplexed (Herbold et al., 2015), normalized (SequalPrep 

kit #1051001, Invitrogen), and submitted for sequencing to the DNASU core facility, 

with 2x 300-bp paired-end Illumina MiSeq (Tempe, AZ). 

 

For archeal 16S rRNA and mcrA gene quantification, the Promega GoTaq qPCR 

kit (Promega) was used for standards and samples. The reaction mix consisted of 4 mM 

MgCl2, 1.5x CXR reference dye, 0.3 µM of forward and reverse primer, and 1x GoTaq 

qPCR master mix. The universal primer pair ARC787f /ARC1059r (Y. Yu et al., 2005) 

was used to broadly target archaea, whereas mlas/mcrA-rev (Steinberg and Regan, 2008) 

served to target mcrA. Optimal qPCR cycling conditions in reactions with ARC787f 

/ARC1059r were found to be denaturation at 94°C for 10 min, 45 cycles of 94°C for 10 

sec and 60°C for 30 sec. Cycling stages for mlas/mcrA-rev comprised primary 

denaturation at 95°C for 2 min, followed by 40 cycles of 95°C for 30 sec, 55°C for 45 

sec, 72°C for 30 sec, and 83°C for 8 sec. A melting-curve was established to exclude 

chances of primer dimers. Standard curves were created with sufficient efficiency and 

linearity (R2 > 0.99) in the measurement range of the samples. 
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16S rRNA and mcrA phylogenetic analyses. Sequencing data was merged and 

demultiplexed with an in-house script developed in R, all subsequent analysis was 

conducted on the Qiime 2 platform (https://qiime2.org, releases 2017.12 and 2018.8, 

(Caporaso et al., 2010). Each soil core was run through the pipeline as sample set of 10 

samples with duplicate cores per site. Reads’ dereplication was done via the VSEARCH 

module. The dereplicated sequences were then de-novo chimera-checked. After chimera-

filtering, open-reference clustering was applied at a 97% identity level and using the 

SILVA database (release 128). Dereplication and clustering reduced the mean and 

median of sequences per sample from 87,379 and 70,016 to 54,155 and 44,371, 

respectively.  As a next step, singletons were removed by utilizing the feature-table filter-

features command. An alpha-rarefaction curve was created for every sample set to test 

for species richness (Figure D.2). The maximum sampling depth was chosen to be 75,000 

across all sets. Taxonomic classification was done using VSEARCH consensus classifier 

with SILVA’s 99 majority taxonomy as a reference. Percentage identity was set to 0.94, 

min-consensus was set to 0.6, and maximum hits accepted were 10. Next, a phylogenetic 

tree was constructed de-novo with the built-in module FastTree 2 (M. N. Price et al., 

2009). First, multiple sequence alignment was perfomed using MAFFT Version 7 

(Nakamura et al., 2017) before unconserved and highly gapped columns were masked 

from the alignment. FastTree command created an unrooted tree, on which midpoint 

rooting was applied.  

The mcrA pipeline was made up of concatenated single steps that were part of the 

Qiime 2 or USEARCH (R. Edgar, 2010) pipeline, and other stand-alone programs. First, 

sequences were dereplicated using the -fastx_uniques command in USEARCH. Then, 
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samples were normalized to ~20,000 sequences per sample (Yang et al., 2017). We tested 

potential artifacts with repeated subsampling (n = 3) of the same input sequences and 

found no major differences in OTU abundances. Next, USEARCH’s unoise3 command 

was applied to denoise and to filter chimeras. Singleton sequences were retained (-

minsize 1) to include very low abundance OTUs. The sequences were then translated and 

frameshift-corrected by Framebot (Q. Wang et al., 2013) with a low loss (< 10%) of 

sequences. Subsequent clustering was administered using 85% identity level in 

accordance to a previous assessment of processing mcrA data as amino acids (Yang et al., 

2017). -cluster_fast (variant of the UCLUST algorithm) was fed with centroid sequences 

which were derived from a custom-made database. The database was built with 

sequences retrieved from the FunGene collection (http://fungene.cme.msu.edu) in 

January 2018, and complemented with additional reads from tropical mangroves 

(Taketani et al., 2010) and a peat swamp forest (Kanokratana et al., 2010). The output of 

the -cluster_fast command was used to make an OTU table, to classify centroid 

sequences, and to derive core diversity metrics. At this stage, OTUs with 5 or less 

sequences over all soil layers were removed. To classify the ~150 amino acids long 

centroid sequences, we tested two different search algorithms on their performance with a 

subset of our sample data. The standalone version of BlastP (2.7.1+) and HMMer 3.0 

(Eddy, 2011) did not show substantial differences in sensitivity and specifity as noted 

previously (Orellana et al., 2014). Hence, BlastP was run on the non-aligned centroid 

queries and typically attained e-values of 10-80 or lower, as done in earlier studies of 

relevance (Takeuchi et al., 2011; Penton et al., 2015). We determined the depth of the 

lineage taxonomy with an optimized approach as developped previously (Steinberg and 



 
 

  102 

Regan, 2008). We refined the evaluation of sequence similarity cutoffs for methanogen 

taxonomic levels by (i) including 102 methanogen species that were all represented by 

mcrA sequences from isolates in swissprot, (ii) extending the taxonomy to 14 

methanogen families, (iii) using the Jone-Taylor-Thornton (JTT) algorithm, (iv) 

introducing archaea-adjusted gamma-distribution based on an elongation factor 

specifically determined for archaea (Gaucher et al., 2001). Distance matrices and 

phylogenetic trees were derived in MEGA Version 7.0.26 (Kumar et al., 2016). The 

phylogenetic tree was constructed by aligning sequences while ambiguous positions were 

removed for each sequence pair. Distances were calculated using the JTT method. 

 

Microcosm incubations and activity measurements. In a glove box with a 

reducing, O2-free atmopshere (0.5% H2 in N2), fresh soil (not older than 2 months) was 

root-picked, coarse particles (> 5 mm in diameter) were removed, and diluted 1:10 in 

anoxic, sterile 18.2 MΩ⋅cm water. The slurry was well homogenized and mixed before 

equal quantities were distributed to culture vials, which were subsequently closed with 

butyl rubber stoppers. Next, an anoxic stock solution of NO2
– was injected (final 

concentration 200 µM) to a subset before the vial headspace was flushed with pure N2. 

The microcosms were agitated briefly to disperse the NO2
– added and were then kept 

under dark and static conditions at room temperature for a total of 3 weeks. 200 µL of 

headspace was sampled in even time steps with a gas-tight, N2-purged syringe (VICI 

Precision Sampling) and injected into a gas chromatograph (GC) equipped with a flame-

ionization detector (FID). Two continuous HayeSep-D columns were kept at 90°C (oven 

temperature) with N2 (UHP grade 99.999%, Praxair Inc.) as carrier gas and H2 for FID 
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combustion (supplied by a H2 generator GCGS-7890, Parker Balston). CH4 concentration 

measurements were calibrated with customized standard mixtures (Scott Specialty Gases, 

accuracy ±5%) over a range of 5-5,000 ppmv. Gas phase concentrations were corrected 

using Henry’s law and the dimensionless concentration constants KH
cc(CH4) = 0.0342 

(Stumm and Morgan, 2012) to account for gas dispersed into the aqueous phase at 25°C. 

CH4 production rates were calculated based on the linear part of the concentration curve 

for manipulated and control incubations. 

 

Soil enrichments. Wet peat soil was initially inoculated into anaerobic peat media 

(Cadillo-Quiroz et al., 2008) at a 1:10 (w/v) proportion and well blended. We adjusted 

pH to in-situ measured values for BVA and SJO using organic buffers as described 

previously (Cadillo-Quiroz et al., 2008). Sterile glass beads (0.5 g) were added to 5 mL 

of inoculated media within closed Balch tubes to stimulate microbial interaction. Then, 

culture vials were overpressurized by 12 PSI of an H2/CO2 (80/20) mixture and N2O was 

injected to 500 ppm final headspace concentration. Methane development and N2O 

consumption was monitored by GC injections as described above. For N2O detection, an 

electron-capture detector (ECD) was used in line with the FID. Once N2O levels dropped 

below detectability, the cultures were spiked again with 500 ppm N2O. Turbidity (OD600 

measurements) and hence biomass growth was generally very low for enrichments from 

BVA and SJO. Therefore, microbial growth was confirmed by microscopy. Cultures were 

incubated at 30°C incubation temperature. 
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Statistical Analyses. All basic statistical tests were performed with 

JMP Pro software (Version 13.1.0, SAS Institute Inc.). Raw sequence counts were 

normalized by Johnson transformation. Principal components were explored using the 

multivariate analysis toolbox on JMP. PERMDISP and PERMANOVA was conducted 

on the Qiime 2 platform using the diversity beta-group-significance command including 

pairwise testing on 9999 permutations. Alpha and beta diversity indices were calculated 

using the diversity core-metrics-phylogenetic command configured with sampling depths 

according to individual sample sets. Plotting and regression analysis was done with the 

Matlab R2018a software package (Version 9.4.0.813654, Mathworks Inc.). 

 

Results & Discussion 

The peatlands Quistococha (QUI), San Jorge (SJO), and Buena Vista (BVA) 

served as the study sites and represent the geochemical diversity of anoxic, tropical peat 

soils found in the PMFB (Figs. D.1 and D.2). The dome-type, ombrotrophic peatland San 

Jorge is characterized by low soil pH (~3.5), whereas the minerotrophic peatland Buena 

Vista has Ca-buffered peats at circum-neutral pH (~6.5). The palm swamp Quistococha is 

in the middle of this spectrum (pH ~4.3). We explored these soils by complementing 

geochemical profile data collected in the field with molecular analyses and laboratory 

incubations. 

 

PMFB peatlands show differing soil CH4 profiles, DOC loads, and inorganic N 

levels. We measured maxima in CH4 concentrations with up to 2.5% (v/v) in SJ, 4.7% 

(v/v) in QUI and 6.9% (v/v) in BVA predominantly in deep peat (Fig. 5.1). N2O 
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concentration showed that throughout the profiles (Fig. 5.1) all sites contained roughly 10 

times higher N2O levels than the mean ambient atmosphere (Stocker et al., 2013). We 

observed that particularly soil cores of the less acidic site (BVA) showed increasing N2O 

concentrations with soil depth (Fig. 5.1). Also, NO2
– concentrations in SJO and QUI did 

not show statistically significant differences from the method’s limit of detection (LoD), 

and only BVA samples yielded NO2
– levels statistically above LoD (p < 0.05). Across 

evaluated peatlands, NO3
– reached highest concentrations in shallow soil layers, with 

maxima at 0.4 mg L–1 (BVA), 0.05 mg L–1 (QUI), and 0.02 mg L–1 (SJO). NOx were 10 

times more concentrated in BVA than at other sites. Ammonium (NH4
+) showed a 

vertical pattern opposite to the other nitrogen species. Concentrations increased by 

roughly a factor of 4 from top to bottom layers in SJO, and followed a similar, but less 

pronounced, trend at the other locations. 

Since molybdenum (Mo) is an important trace metal in N2 fixation, we 

determined soil Mo abundances to exclude the possibility of Mo limitation at the 

beginning. Acid-digested peat extracts yielded molybdenum concentrations of 0.53±0.01 

ppm (QUI), 1.25±0.2 ppm (SJO), and 1.32±0.1 ppm (BVA, all n = 3). Soil pore water 

dissolved organic carbon (DOC) profiles differed significantly across sites (ANOVA, p < 

0.05, Fig. 5.1). QUI showed the lowest DOC pore water levels, with a mean minimum at 

40 cm depth (12.8 mg L–1) and a maximum at 70 cm (15.1 mg L–1). Conversely, SJO 

profiles reached a mean minimum at 80 cm (16.8 mg L–1) and a mean maximum at the 

top layer (20.3 mg L–1). Highest DOC concentrations were found in BVA peat (up to 29.1 

mg L–1), where the entire 1 m-profile could not be obtained due to a dense network of 

roots that impeded the deployment of some but not all our sample tubing. Unlike DOC 
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profiles, C/N ratios resulted in significant variation along soil depth. A trend of 

increasing C/N values with increasing depth was observed in BVA where the mean ratio 

at the 60 cm-layer was ~3.6 times the mean ratio of the surface layers (Fig. 5.1). In 

contrast, the C/N profile at SJO was decreasing with increasing depth with values from 

uppermost and lowermost layer being ~2.4 fold apart.  

 

 
Figure 5.1. Levels of carbon and nitrogen along soil profiles of three tropical 
peatlands (QUI, SJO, BVA). Two separately sampled (duplicate) profiles from 
Quistococha (QUI), San Jorge (SJO), and Buena Vista (BVA) were each set up to sample 
pore water and soil gas. Ions, total carbon and nitrogen abundances, and DOC were 
determined from pore water, whereas gas concentrations were measured in equilibrated 
gas samples. Liquid samples in BVA were not collected below 60 cm due to blocked 
sampling paths. 
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DOC has emerged as an important predictor of CH4 production in wetland soils 

(D. Liu et al., 2012; Morrissey et al., 2013). DOC concentrations obtained in this study 

are at the lower end of values compared to tropical peat soils of Borneo (Gandois et al., 

2014). All concentration profiles appear stable along soil depth with no indication of 

sinks. These would conceivably occur in more shallow regions where the fraction of 

refractory SC is less prevalent (Artz et al., 2006). A DOC sink due to mineralization is 

not present based on our data. The DOC pool is comprised of diverse organic molecules 

characterized by a wide molecular size range, organic acids, humic substances of 

different aromaticities, and protein groups. These compounds may vary with depth even 

though the bulk concentration may be stagnant. Extracellular enzymes and humic 

substances may play a crucial role in diverting electron flow from methanogenesis, given 

the thermodynamic preference over CO2 (Heitmann et al., 2007; Knorr and Blodau, 

2009), that would ultimately suppress CH4 production. Based on our results, we can 

exclude fluctuations of the total DOC pool to have major effects on carbon mineralization 

in distinct soil layers, but organic compounds could structurally differ along depth and 

impact specific microbial activities. 

 

C/N ratios are important indicators of potential nitrogen limitation (Sharon J Hall 

and Matson, 2003). The moderate ratios observed in the QUI cores are consistent with 

previous measurements at that site (Lawson et al., 2014). SJO profiles show comparably 

high C/N values indicating relative nitrogen scarcity. High NO3
– concentrations in BVA 

shallow peat and low concentrations throughout the SJO soil profile lower and raise the 

C/N ratio, respectively. The source for NH4
+ includes release from OM through 
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ammonification, N2 fixation, or DNRA. The latter would not serve as a net source of 

dissolved inorganic nitrogen. Plant debris with low C/N ratio tends to trigger net N 

mineralization (Manzoni et al., 2010) which would result in increasing NH4
+ 

concentrations as observed in SJO deep peat. Microbial fixation of N2 mediated by the 

molybdenum-based nitrogenase enzyme represents another source of NH4
+. The unusual 

temperature dependence of the enzyme grants a high N2-fixing capacity to tropical peats 

(Houlton et al., 2008), with implications for the retention of inorganic nitrogen. In fact, 

the measured molybdenum content among sites are above the limiting range for N2 

fixation by free-living heterotrophic bacteria in tropical forest soils (Barron et al., 2008). 

We consider that active N2 fixation in the anoxic regime of SJO soils could exist. In 

contrast to NH4
+, NOx species were more abundant in shallow soils, irrespective of the 

site-specific geochemistry, which is consistent with previous reports (B. L. Hu et al., 

2014; Palmer and Horn, 2015; Y. Tang et al., 2018). Based on observed N2O profiles, we 

propose that higher sink potential at the top and higher source potential in bottom layers 

(Palmer and Horn, 2015) is likely in the evaluated sites.  

 

Overall microbial community composition in peat soil profiles. The geochemical 

diversity of the three peatlands was reflected in their contrasting microbial community 

composition. A total of 4,980,584 data reads were clustered to operational taxonomic 

units (OTUs) with 3% identity radius for taxa assignment on the family level or above. 

Alpha rarefaction analysis showed an appropriate sampling depth was achieved for most 

sites (Fig. D.3). SJO with 6,636 OTUs had the lowest richness while BVA yielded about 

3 times as many OTUs (18,649).  
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To evaluate co-dependencies of the geochemistry and specific microbial taxa, we 

focused henceforth on microbial groups putatively relevant to the cycling and vertical 

distribution of soil NOx (Table D.1) but also included very abundant groups or those 

known to undergo syntrophic relationships with methanogenic archaea (Fig. 5.2). We 

assumed ecological coherence within the family taxonomic rank as proposed elsewhere 

(Philippot et al., 2010). Accordingly, Acidobacteriaceae were abundant in QUI and SJO 

soil (up to 8.2% and 5.0% of total OTUs in average along soil depth). Shallow soils of 

SJO harbor a substantial fraction of Acidothermaceae with 4-9% of total OTUs. 

Bacillaceae and Paenibacillaceae seem to be a special occurrence in the palm swamp of 

QUI with abundances of up to 8%. Nitrospiraceae were most abundant in BVA in soil 

layers slightly below the top layer (15-25 cm in both duplicate cores), suggesting 

preference to suboxic niches. Xanthobacteraceae revealed interesting distribution 

patterns in all sites. Abundances peaked at mid profile depth in QUI (5.4% and 3.5% of 

total OTUs in each core). In SJO peat soil, the group reached even higher values of 

17.9% and remained significant at ~1% of total OTUs in a depth of 75 cm before ceasing 

in the bottom layers. BVA showed maximum abundances for Xanthobacteriaceae (4.7% 

and 5.4%) exclusively in shallow layers. Interestingly, we detected sequences affiliated 

with Desulfurellaceae, which were represented by almost 2% of total OTUs in SJO and 

BVA predominantly in surface soils. We subsequently included this group as NOx non-

metabolizing taxon. Another taxon whose relative abundance seems homogenous and can 

be interpreted as a group not affected by the soil vertical gradients might be 

Spirochaetaceae (consistent abundances of 0.5-1.0% in average per core).  
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Bathyarchaeota was a very abundant phylum frequently making up 20% of total 

OTU counts. Their distribution suggests they may persist in deeper regions of the peat 

soils. In contrast, OTUs assigned to Euryarchaeota were less abundant and did not show a 

preference for deeper layers. The uppermost soil layer in BVA cores was among the 

richest in Euryarchaeota with ~3% of total OTUs. In QUI and SJO, maxima in 

Euryarchaeota OTUs (1.5% and 1%, respectively) were found in moderate depths. 

Thaumarchaeota showed a peculiar distribution across sites, with high abundances in 

QUI and SJO (up to 23.7% and 16.8%), and low abundances in BVA. Principal 

component (PC) analysis showed data point clusters well separated into the three peat 

soils (Fig. 5.3A). OTU abundances of Bathyarchaeota, Methanomicrobia and 

Methanobacteria were similarly associated to principal component 1 (PC 1), while CH4 

concentration was related to PC 2.  

The high abundance of Xanthobacteriaceae, and Bathyarchaeota (Fig. 5.2) across 

sites is likely related to a putative role as degraders of peat organic matter. Particularly 

under O2-limiting conditions, Xanthobacteriaceae have a broad suite of organic 

substrates, including alkanes, alkenes, (poly)aromatic compounds, thiopenes, organic 

acids, or xylose and xylan (Zaichikova et al., 2010). Those substrates are common and 

accumulate in peat soils (Moers et al., 1990). Bathyarchaeota is an abundant group likely 

to have been overlooked by the lack of recognition of the phyla in older databases (as in 

SILVA 115 or priors; Y. Bai et al., 2018), or because several primers are incapable of 

amplification (like the mcrA set in this study that has 10-18 base pair mismatches; Evans 

et al., 2015). The genetic potential of Bathyarchaeota includes enzymes to hydrolyze 

plant-derived carbohydrates and detrital proteins, and to produce acetate for energy 
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conservation (Lazar et al., 2016). PC analysis (Fig. 5.3B) indicates interactions where 

over 50% of data variation along PC-1 is concomitantly explained by Bathyarchaeota 

diversity, pH and NOx. A putative relationship Bathyarchaeota-NOx is supported by a 

report indicating that NO2
–/NO3

– transporter proteins, an enzymatic set to support DNRA, 

were detected in reconstructed Bathyarchaeota metagenomes (Lazar et al., 2016).  
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Figure 5.2. Relative 16S rRNA abundance heatmap of archaeal (left) and bacterial 
(right) taxa. Archaeal 16S abundances were summarized on the phylum level with 
Bathyarchaeota, Euryarchaeota, and Thaumarchaeota consistently making up >90% of all 
taxa. Only Bacterial 16S taxa at the family level that were either most dominant (at least 
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2% of total OTUs), had the potential of a syntrophic relationship to methanogens, or were 
affiliated to known metabolic reactions involving NOx are depicted here. The number of 
unassigned sequences (no match in the SILVA database) increased notably in deeper 
layers. Table D.1 contains the abundance values for individual cores.  
 

Two other abundant groups, Thaumarchaeota and Nitrospira (Fig. 5.2) likely play 

an important role in regulating pulses of NOx through peat soils. Thaumarchaeota are 

ammonia-oxidizing archaea (AOA), while Nitrosomonadaceae (genus Nitrosomonas) 

and Nitrospiraceae (genus Nitrospira) are members of the ammonia-oxidizing bacteria 

(AOB). AOA and AOB generally prefer inorganic N sources, even though AOA have 

been shown to metabolize organic N, too (Weber et al., 2015). Both AOA and AOB 

aerobically convert NH4
+ into NO2

–. Several studies have pointed out that AOA are more 

dominant in acidic soils than their AOB counterparts (Zhang et al., 2011), which could be 

due to indirect pH effects on the preferred substrates (Höfferle et al., 2010; Yao et al., 

2011; Daebeler et al., 2014; Weber et al., 2015). The partitioning of AOA and AOB 

groups across the peatlands in this study reflects this pH and NOx patterns with the 

dominance of AOB over AOA in BVA, and the opposite pattern in mildly acidic QUI and 

highly acidic SJO. We propose nitrification to be mostly carried out by archaea in the 

oligotrophic and acidic sites and AOB-dependent nitrification to prevail in the 

minerotrophic closer to neutral pH site. This preferential niche selection would have 

further implications on the NO3
– to NO2

– ratio. Some species of the Nitrospiraceae 

(AOB) are also able to oxidize NO2
– further to NO3

–, therefore complete nitrification 

(Daims et al., 2015; van Kessel et al., 2015) can explain the higher levels of NO3
– 

detected in the NOx profile of BVA (Fig. 5.2).  
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Figure 5.3. PCA ordination plots of microbial and environmental data from three 
soil profiles of contrasting Amazon peatlands. Samples were derived from QUI (blue), 
SJO (red) and BVA (green) with abbreviations as in Fig. 5.1. (A) CH4 concentration, 16S 
rRNA OTU abundances, and mcrA gene copy number (A) and Bathyarchaeota alpha 
(Shannon) and beta (Unifrac) diversity indices, NOx concentrations and pH (B) were 
evaluated against microbial distribution. 
 

Methanogenic pathways, vertical distribution and redox conditions are reflected 

in the structure of methanogenic communities. To evaluate the potential pathways of 

methanogenesis across sites, we measured the isotopic composition (δ13C) of dissolved 

CH4 and inorganic carbon (DIC) of several soil layers. 𝛿13C values in CH4 and DIC from 

BVA and QUI were indistinguishable from each other but distinct from SJO, which had a 

more depleted δ13C signature (Fig. 5.4). In SJO, 𝛿13C abundances in CH4 also showed 

variation between duplicate cores with a core showing a sudden depletion at 20 cm depth 

by 6‰ (Fig 5.4). This “hook” shape of the 13C-CH4 profile likely indicates aerobic 

methane oxidation (AMO), which preferentially converts 12CH4 to CO2, resulting in an 

enrichment of 13CH4 in the residual dissolved CH4 pool. All sites showed evidence of 

active methanogenesis. The isotopic CH4 and DIC proportions yield fractionation factors 
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(α) of 1.075±0.0015 in SJO, 1.071±0.0009 in QU, and 1.067±0.0015 in BVA (±SD/2, n = 

10-12), and are within the range observed in a tropical peatland in Panama (Holmes et al., 

2015). According to the current consensus, α < 1.055 and α > 1.065 are characteristic for 

environments dominated by acetoclastic or hydrogenotrophic methanogenesis, 

respectively (Whiticar, 1999). Thus, the source of CH4 is preferentially H2/CO2 in the 

studied peatlands, with a more noticeable contribution of acetoclastic methanogenesis in 

BVA.  

We also estimated the redox potential (Eh) based on the CH4/CO2 pair and soil pH 

(Fig. 5.4). Along soil profiles, Eh in SJO decreased from –0.03 to –0.035 V, increased in 

QUI from –0.098 V to –0.067 V, while BVA showed negligible change at –0.21 V. The 

average Eh among sites decreased with more positive values in SJO, followed in order by 

QUI and BVA, consistent with observed levels of CH4 emissions and abundance trends 

of the mcrA/16S rRNA fraction (see below).  

 

 

 



 
 

  116 

 

Figure 5.4. Redox gradient and carbon isotope composition of CH4 and dissolved 
inorganic carbon along soil profiles of three tropical peatlands (BVA, QUI, SJO). 
Redox potential (Eh) is based on the ratio of the redox couple CH4-CO2 and soil pH-
corrected. VPDB, Vienna Pee Dee Belemnite. Each data point corresponds to one 
replicate soil core. 

 

The methanogen functional composition was evaluated by sequencing and 

quantitative PCR of the alpha subunit gene of the MCR enzyme (mcrA), which catalyzes 

the final step in methanogenesis (Ermler et al., 1997). PERMANOVA tests on mcrA 

amplicons from all cores indicated significant differences among peatlands. Site 

replicates were not distinguishable (F = 1.11, p = 0.2494), but values across sites showed 

increasing dissimilarity with BVA closer but distinct to QUI (F = 7.5±1.6), p <0.0005), 

and further and more distinct to SJO (F = 11.4±0.7, p < 0.0001). McrA analysis identified 

264, 509, and 1104 OTUs for all sequences from SJO, QUI, and BVA, respectively, and 
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a standardized OTU abundance analysis (Table D.1) confirmed BVA as the site with the 

most diverse methanogen community followed by QUI, and SJO as the least diverse. 

Also, a large fraction of unclassified Methanomicrobiales was detected in all soils (62-

33%), and further verification efforts (see Methods) found those sequences to cluster with 

environmental clones outside the established phylogeny (Fig. 5.5). Those OTUs were less 

than 67% similar to any known family and are likely novel groups in the order. 
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Figure 5.5. Neighbor-joining (1000 iterations) phylogenetic analysis of selected 
Methanomicrobiales mcrA sequences from three Amazon peatlands. Reference 
sequences were picked from environmental data derived from tropical peatlands, Amazon 
lakes (Conrad et al., 2010), and tropical vegetation (Goffredi et al., 2011), and from 
isolates for which the accession number is provided. 
 

OTU abundances allow comparison of methanogens and their putative 

methanogenic pathways contributions (Table 5.1). Jointly, Methanobacteriales and 
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Methanomicrobiales OTU’s abundance (87%-71%) explain the dominance of 

hydrogenotrophic methanogenesis across the contrasting peatlands, consistent with the 

calculated δ13C fractionation factors. Methanomicrobiales are most dominant across sites 

(~75-42%) especially in SJO, while Methanobacteriales reached its highest fraction 

(39%) in BVA and lowest (12.5%) in acidic oligotrophic SJO. OTU fractions also 

evidenced the putative acetoclastic contribution by Methanosaetacea and 

Methanosarcinacea particularly in BVA (~22%), a lesser degree in QUI (15%) and SJO 

(9%). In BVA, the site with highest pH (~6.5) and minerotrophic conditions, 

Methanosaetaceae (including Methanothrix) represented nearly a fifth (18.5%) of the 

community. Meanwhile, in QUI Methanosarcinacea (including Methanosarcina) made 

up a bigger fraction (9%) than Methanosaetacea (5.9%), suggesting differential 

acetoclastic contributions likely related to acetate availability and the much lower 

minimum threshold for acetate utilization of Methanothrix than Methanosarcina (Min 

and Zinder, 1989; Jetten, 1992). 
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Table 5.1. mcrA-based standardized taxa abundances with soil layers and cores combined 
for each peatland in study. 

Class Order Family Genus Relative OTU abundance 
(%) 

 SJO QUI BVA 
Methano-
microbia 

unclassified 
Methano-
microbiales 

  
62.5 45.4 33.4 

  Methanoregulaceae  9.1 7.3 6.3 
  Methanoregulaceae Methano-

regula 2.7 1.4 1.0 

  Methanoregulaceae Methanolinea 0.8 0.4 1.7 
 Methano-

sarcinales 
Methanosaetaceae  7.2 5.7 18.1 

  Methanosaetaceae Methanothrix 0.4 0.2 0.5 
  Methano-

sarcinaceae 
 0.8 8.1 3.3 

  Methano-
sarcinaceae 

Methano-
sarcina 0.8 1.0 0.5 

 Methano-
cellales 

Methanocellaceae  6.8 7.9 3.6 

  Methanocellaceae Methanocella 1.5 0.6 0.5 
Methano-
bacteria 

Methano-
bacteriales 

Methano-
bacteriaceae 

 6.8 15.9 24.7 

  Methano-
bacteriaceae 

Methano-
bacterium 5.7 11.4 14.3 

Thermo-
plasmata 

Methano-
massiliicocca-
les 

unclassified 
Methano-
massiliicoccaceae 

 
3.0 4.3 3.3 

Shannon 
index  

(SI)   2.7±0.5 
 

3.6±0.4  
 

4.3±0.4 
 

 

 

Importantly, qPCR gene copy results exhibited distinct abundances and vertical 

distributions across sites. To relate the mcrA gene quantification to that of the total 

microbial community (16S rRNA), we expressed the ratios of gene copy numbers of 

mcrA versus 16S rRNA. In general, all three peatlands showed distinct ranges, orders of 

magnitude apart, of the putative fraction of mcrA (methanogenic) abundance (Fig. 5.6) 
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with the following order:  QUI > SJO > BVA. This is consistent with measured CH4 

surface fluxes and dissolved CH4 concentrations (Fig. 5.1) as well as Euryarchaeota 16S 

rRNA abundances (Fig. 5.2). In soil profiles, mcrA relative frequency increased from the 

surface to 20-30 cm deep in QUI and SJO, while in BVA a notable decrease (2 orders of 

magnitude) from the surface to 35 cm deep was observed. Depths below 30-40 cm 

showed a decrease (SJO, BVA) or had no variation (QUI) but maintained overall 

differences of abundance among sites. 

 

Figure 5.6. McrA/archaeal 16S rRNA gene copy ratios along soil depth. Gene copy 
ratios are based on qPCR analysis and data from both soil cores are shown (dark and light 
gray lines). 
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Composition of methanogenic community along vertical profiles correlate with 

NOx values. We tested the differences in the methanogen communities along vertical 

profiles within sites and found them statistically significant, although at lesser degree 

than across peatlands. Specifically, PERMANOVA tests indicated a significant shift of 

the overall mcrA-derived methanogenic community between the depth interval that was 

relatively enriched in NOx (0-50 cm) and the one relatively depleted in NOx (50-100 cm) 

for both cores in BVA (F = 5.39, p = 0.0170), QUI (F = 4.13, p = 0.0190), and SJO (F = 

3.71, p = 0.0493). The differences in variation were unaffected by dispersion (p > 0.05).  

Additional testing of Bathyarchaeota alpha and beta diversity indices did not 

correlate with NOx profiles, although there was a significant correlation of 

Bathyarchaeota OTU abundance with pH (Spearman’s rank, ρ = 0.78, p > 0.001).  

Spearman’s rank correlation pointed out significant relationships between counts of 

sequences assigned to Methanosaetaceae and NO3
– (ρ = 0.76, p < 0.005) in SJO, 

Methanosarcinaceae and NO3
– (ρ = 0.73, p < 0.005) in SJO, and Methanoregulaceae and 

NO2
– (ρ = -0.79, p < 0.005) in BVA. At the SJO site, other geochemical parameters tested 

(pH, phosphate, sulfate) did not reveal significant relationships.  

In summary, we obtained different trends in the correlations of NOx with 

abundances of distinct methanogenic groups along soil profiles. Together with the PC 

analysis (Fig. 5.3), Spearman correlation pointed to an overall positive correlation of 

NO3
– with methanogen abundances. However, NO2

– did not show clear trends across 

approaches. We therefore subjected soil samples to NO2
– incubation experiments at the 

lab in order to assess effects on the potential activity of these methangenic groups. 
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CH4 production potentials in SJO, QUI, BVA peat soils show different responses 

to NO2
– amendment and N2O halts methanogenesis. To explore the interaction of NOx 

compounds with methanogenesis in peat soils, we tested effects of (i) NO2
– on 

methanogenesis rates in soil slurries and (ii) N2O on methanogenesis rates in enrichment 

cultures. To address (i), we amended anoxic soil microcosms with 200 µM NO2
– and 

followed CH4 evolution. As illustrated by the residual percentage of CH4 production with 

reference to untreated controls (Fig. 5.7A), NO2
– exerted differential, although mostly 

negative, effects on the potential for net CH4 production across contrasting tropical 

peatlands. Samples from deeper soils showed the highest reduction (~10% or below 

detection residual activity) across all sites. However, shallow, presumably most active, 

soil samples showed the most variation. The oligotrophic site with the least CH4 

accumulation (SJO) was not affected or instead stimulated (90% or over 100% residual 

activity). The intermediate site (QUI) had a mild or moderate reduction (~60-80% 

residual activity), and the minerotrophic and most CH4 -producing site (BVA) had the 

harshest reduction (~15-30% residual activity). This differential response is likely born 

from the geochemical conditions and microbial groups affecting NOx and CH4 pools 

directly or indirectly in the contrasting study sites. For instance, NO2
–-based anaerobic 

methane oxidation (AOM) could affect the results without direct effects on 

methanogenesis since our experiment only measures net CH4 accumulation. However, 

considering the slow CH4 oxidation rates observed in other freshwater experiments (B. 

Zhu et al., 2012), it is unlikely that CH4 levels can be significantly affected by AOM 

during our incubations. We propose the NO2
– amendment results show effects likely 
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based on the direct inhibition of methanogenesis and propose 3 plausible explanations. 

First, the introduction of NO2
– can change redox potential and thus decrease CH4 

production. NOx have naturally high redox potentials, methanogenesis operates 

preferentially at negative potentials, and soil communities have been shown to be 

sensitive to changes in redox conditions (Fetzer and Conrad, 1993; Jugsujinda et al., 

2008; S. Hirano et al., 2013). Moreover, the magnitude of observed inhibition is 

consistent with the redox gradients measured in-situ. Methanogens of BVA soil would 

experience the greatest difference in redox because the CH4/CO2 balance in BVA is most 

reduced (Fig. 5.4), and hence, exposure to oxidized radicals would result in harsh 

disruption of the redox balance. Second, denitrifying microorganisms concomitantly can 

deplete H2 or acetate as substrates, thus competing with methanogens. The predominance 

of the hydrogenotrophic or acetoclastic methanogenic pathway together with the substrate 

preference of the indigenous denitrifying community could lead to our observed results 

(Klüber and Conrad, 1998a; Conrad, 1999). Third, NO2
– negatively affects methanogens 

on a physiological level. Here, derivatives of transformation processes from NO2
– might 

be stronger agents than NO2
– itself. Under natural soil conditions, NO2

– can biotically or 

abiotically be transformed into NO and N2O (Buessecker et al., 2019), and elevated NO 

concentrations affects a variety of cellular processes, often leading to cytotoxicity 

(Saraiva et al., 2004). Similarly, N2O at ~0.1 mM levels has been found to be an inhibitor 

of methanogenesis in environmental samples (Balderston and Payne, 1976). N2O has 

been shown to bind and inactivate vitamin B12 (Drummond and Matthews, 1994a; 

Drummond and Matthews, 1994b), a key metabolite for methanogens because its 

cobalt(I) center serves at methyl acceptor during methanol to methane transformation 
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(Matthews, 2001). Resistance of some methanogenic groups to N2O exposure by vitamin 

B12 synthesis or the presence of complementing phyla generating vitamin B12 (e.g. 

Thaumarchaeota, Doxey et al., 2014) could result in the differential suppression of CH4 

production across sites as observed in our incubations.  
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Figure 5.7. Effect of NO2
– amendment on methanogenic activity of peat soil 

incubated under anoxic conditions and effect of N2O on enrichment cultures. (A) For 
each site, shallow (0-15 cm) and deep (15-30 cm) soil was used as slurry for batch 
incubations in N2-flushed microcosms (n = 3). Samples were each derived from three 
independent sampling points within the peatland, two from shallow soil and one from 
deeper soil. We expected vertical differences based on the position in the NOx gradient 
measured in-situ. Residual activity denotes fractional CH4 production relative to controls 
without additions. Boxplots comprise 1st and 3rd quartile and the median as centerline. 
Deep soil manipulation from SJO showed CH4 levels beyond detectability. Levels not 
connected by the same letter are significantly different (Student’s t, p = 0.05). (B) N2O 
(full symbols) and CH4 (open symbols) abundances in enrichment cultures from SJO and 
BVA. Error bars denote one standard deviation. 

 

To probe the scenario in which NO2
– transforms into N2O to then affect 

methanogenesis (ii), we chose two sites that showed the most contrasting sensitivity to 

NO2
– additions (SJO and BVA). From these soils, we derived methanogenic enrichment 
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cultures in order to reduce microbial complexity and exposed them to N2O by headspace 

injections. Enrichments obtained after 7 (SJO) and 4 (BVA) dilution-to-extinction 

transfers sustained methanogenic growth and still contained a low number of bacteria 

(per PCR tests, data not shown). Under H2/CO2 overpressure (no organic substrates 

added) and without added N2O, SJO and BVA enrichments showed linear CH4 

production by 0.6 and 4.7 nmol day–1, respectively. Enrichments receiving N2O injections 

showed N2O reduction concomitant to CH4 production after a few days of incubation 

(Fig. 5.7B). CH4 accumulation halted when cultures were spiked with 28 µM N2O 

(dissolved concentration) and resumed when N2O fell below a threshold of ~10 µM in 

BVA and to < 0.004 µM in SJO (after 17 days). N2O only controls and H2/CO2 only 

controls showed no change of N2O in non-inoculated media (data not shown). 

Surprisingly, fast N2O consumption was observed in the SJO enrichment despite known 

hindrance that pH < 5 poses for N2O reductases (B. Liu et al., 2010; B. Liu et al., 2014). 

CH4 production was measured at significantly lower levels than BVA. In fact, 

methanogenesis barely recovered in SJO to 0.13 nmol CH4 accumulated after 83 days. 

Thus, N2O – a stable nitrogen oxide species under peat soil conditions (contrary to NO2
–) 

– that can only be removed enzymatically, inhibits methanogenesis if present above a 

distinct threshold. We determined thresholds of 0.004-10 µM pointing at a wide range in 

individual N2O affinity among methanogenic communities. The equilibrated N2O soil gas 

concentrations we measured in-situ (Fig. 5.1) correspond to 0.05-0.1 µM N2O dissolved 

in soil pore water. Thus, steady-state N2O could have retarding effects on CH4 

accumulation at SJO peatland but is insufficient to affect methanogenesis at BVA. This 

may contribute to the general emission pattern of higher CH4 emissions from BVA peat 
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and low CH4 emissions from SJO peat (Finn et al., in prep.). The NO2
– or N2O effects on 

CH4 accumulation in soil incubations or culture enrichments suggest that complex links 

between the nitrogen and carbon cycle occur in Amazon peatlands. These may likely 

comprise interactions of nitrifying microbes and methanogens, which may account for the 

general spatial variation in CH4 production observed in peatlands. Nevertheless, further 

work is required to elucidate such interactions and potential implications. 

 

Conclusion 

Taken together, the PMFB harbors peatlands with diverse edaphic chemistries, 

which is especially reflected in pH, DOC, NO3
– pore water concentrations and C/N ratios 

of shallow soils. Based on the physicochemical conditions in the waterlogged peats 

(redox, trace metal availability, substrates) the tropical soils provide feasible conditions 

for microbial methanogenesis, predominantly via the hydrogenotrophic pathway. The 

overall microbial communities show strong patterns of vertical stratification in the top 

1m. Bathyarchaeota are highly abundant throughout the profiles, suggesting they may 

play a role in organic carbon degradation especially in deeper soil layers. 

Thaumarchaeota and Nitrospira have similar ecological niches as producers of NOx 

species. Thaumarchaeota are more abundant in the low-pH sites SJO and QUI, whereas 

Nitrospira appear more dominant in the more neutral-pH soil BVA. Our data revealed 

high potential of novel and diverse methanogens affiliated with the Methanomicrobiales 

order. We presented evidence that soil NOx species impact methanogen abundances and 

activities. Our lab incubations showed significant effects of NO2
– and N2O on the soil 

methanogenic activity. This may have broad implications on how pulses of nitrogen 
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oxides, that are controlled by nitrifying/denitrifying groups and abiotic factors, could 

explain spatial and seasonal variation observed in CH4 emission data from tropical peat. 
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CHAPTER 6 

CONCLUSIONS 

The research presented in previous chapters suggests an important role of coupled 

abiotic-biotic N2O cycling in both ancient marine and modern terrestrial systems. The 

truncated core of the denitrification reaction chain, that is, the reduction of NO2
– to N2O, 

is present in all instances studied (Fig. 6.1). However, (i) the degree of how much non-

enzymatic catalysis contributes to cycling rates, (ii) the source of the reactant NO2
–, and 

(iii) the fate of product N2 is different. I will briefly summarize how these three aspects 

(i-iii) compare between the early Earth and the modern Amazon basin in order to grasp 

how this processes transcended through planetary environments. 

 It is a challenge to discern between abiotic and biotic reactions, especially in 

modern Earth sediments and soils that are dominated by microbial activity. We 

determined that γ irradiation is the most advantageous treatment for peat soil to arrest 

microbial activity and, concomitantly, to cause the least effect on soil iron and dissolved 

organic matter composition (Chapter 3). Similar to the widespread use of techniques to 

estimate a general denitrification capacity for soils (Yoshinari et al., 1977), we hope to 

have established a more systematic assessment of abiotic N2O fluxes from soil. This will 

help achieve a more complete picture of the true extent of (i). A first step was made with 

our work presented in Chapter 4. While abiotic N2O production contributed to total N2O 

production by 4-56%, we uncovered the potential of two peatlands to denitrify added 

NO2
– completely (given high NO production rates). If we scale these findings up, roughly 

20% of tropical peatlands could be capable of complete abiotic denitrification without 

intervention of denitrifying microbes. On the consumption side, we observed diverse 
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N2O-reducing microbial groups and high N2O reducing potential of all peat soils tested 

based on nosZ gene quantities (Chapter 4). Rapid consumption was also apparent in 

acidic soil (pH < 4) under artificial conditions (Chapter 5) and in-situ (Chapter 4). In 

contrast, ferruginous seawater containing Fe2+-bearing minerals sustained fully abiotic 

formation of N2O because we created sterile conditions. A complete abiotic N2O cycle 

was indeed conceivable, but was later on likely co-opted by microbes. The degree to 

which N2O was produced abiotically therefore shifted in time, and life accelerated 

existing reaction pathways rather than inventing them from scratch. N2O reduction was 

also in the early oceans mainly biotically mediated (Fig. 1.1). A striking difference to 

tropical peatlands was the scarcity of organic substrates in the Archean. This had 

tremendous influence on N2O respiration rates assuming heterotrophic lifestyles. Rates of 

N2O consumption were likely fluctuating as Bacillus-type N2O reducers were dependent 

on 2 sources of organic compounds. First, autotrophic microbes could have fixed 

inorganic carbon into biomass of which organic substrate for N2O reduction was then 

derived. Second, organic hazes, which comprised photochemically fixed carbon from a 

methane-rich atmopshere, could have delivered substrate for anaerobic heterotrophs to 

the early oceans. Both sources remain speculative, but they hint to how essential the 

consumption component is for the cycle to become apparent in the first place. If 

microbial consumption is too aggressive, such as in the Las Vueltas peatland (Chapter 4), 

N2O cycling becomes hidden, similar to the cryptic sulfur cycle in oxygen minimum 

zones (Canfield et al., 2010). Thus, the substrate source for microbial N2O reduction is 

critical to the overall N2O production/consumption balance. 
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 The source of NO2
– (ii) was fundamentally different on the anoxic Earth, because 

the aerobic nitrification branch of the modern nitrogen cycle had not yet evolved. We 

performed back-of-the-envelope calculations in Chapter 2 focusing on the question if 

abiotic nitrogen fixation rates possibly limited mineral-catalyzed N2O production in the 

oceans. Indeed, even moderate N2O fluxes based on average NO2
– concetrations in 

surface waters (20-35 µM) were impossible to reach, despite optimal mineral surface 

availability. Limitations of NO2
– are perhaps less severe in tropical peatlands (Fig. 6.1). 

Ammonium derived from organic matter mineralization is abundant predominantly in 

deeper peat soil layers (up to ~3 mg L–1, Chapter 5). We identified Thaumarchaeota as 

candidate group to carry out ammonia oxidation in acidic peats (Chapter 5). The pH-

dependent ammonium-ammonia equilibrium gives archaea an advantage because of 

higher ammonia affinities in comparison to their bacterial counterparts (D. G. Lewis et 

al., 2014). Bacteria of the class Nitrospira were more prevalent NOx producers in more 

alkaline peat (Chapter 5). Moreover, this group presumably drives the NO3
–/ NO2

– ratio 

in these soils because they are capable of NO2
– oxidation to NO3

– under sufficient O2 

levels. NO3
– is a much stronger source for NO2

– in peat soils than in early oceans, where 

photo-reduction (albeit at lower rates) could have occurred (Ranjan et al., 2019). In the 

tropics, NO3
– is either derived from wet deposition or from denitrifier activity (Chapter 

5). Given the stronger source pathways from ammonium and NO3
–, NO2

– turnover is 

higher in tropical peat soils and can sustain mixed abiotic-biotic N2O production rates 

orders of magnitude higher than those in early oceans. 

 The fate of the product of N2O reduction, N2 (iii), appears enigmatic in both 

systems. Based on the current literature, little is known about the flow of N2 following 
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the reduction reaction. It is reasonable to assume direct conversion into biomass could be 

an efficient way to relieve nitrogen limitation, especially in oligotrophic peats or 

seawater. We confirmed sufficient availability of Mo in three peatlands of the Pastaza-

Marañón basin in Chapter 5. Because nitrogen fixation is a trait found in a multitude of 

microbial taxa, we are unable to assign this activity to an organism based on the 

experimental setup of our study. Tropical conditions are suggestively optimal for an 

efficient nitrogenase catalysis (Houlton et al., 2008); more so than in early oceans (Glass 

et al., 2009). To assess nitrogen fixation after N2O reduction in peat soil, isotopic labeling 

could be deployed and tracer signal could be searched for in cell biomass.  
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Figure 6.1. Coupled abiotic-biotic N2O cycling placed into the chemical framework 
of the early Earth and tropical peatlands of the Amazon. Red color indicates abiotic 
processes and blue color biotic ones.  
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 To build on the findings presented in this thesis, another angle future research 

could be directed towards is the reaction mechanism of mineral-catalyzed NO2
– reduction 

to N2O. Specifically, what role nitrosyl plays in the intermediary cycling of NO and the 

retention of NO at the mineral surface would be of high interest (Chapter 2). 

Respectively, the fate of mineral-associated NO could be further investigated. NO 

provides great prospects of a suitable electron acceptor for early benthic life. In Chapter 

2, we proposed NO could be shuttled to the ocean floor including the assumption that NO 

remains stable under changing temperature-pressure conditions on its way along the 

water column. Changing the setting to tropical peatlands, the driver of abiotic N2O 

formation, organic functional groups of peat organic matter, should be properly 

characterized. The body of studies on N2O release from NO2
– interactions with soil 

organics is deficient, despite the importance of abiotic N2O production from organic-rich 

soils we revealed in Chapter 3 and 4. The identification of responsible functional groups 

would contribute to more accurate estimates of potential N2O emissions based on distinct 

soil composition. Moreover, the biological adaptation to soil N2O fluxes bears many 

questions to follow up on. How are Nos enzymes adapted to function under low soil pH? 

This question is justified given the observed N2O consumption at pH levels deemed 

inhibiting histidine ligation of Cu enzymes. For what purpose do clade II N2O reducers 

consume N2O? We found clade II abundances do not increase with abiotic N2O flux 

potential (Chapter 4), which would be expected if N2O were to be used as energy source. 

Detoxification could be an alternative purpose for Nos genes in clade II genomes because 

N2O can be harmful to some species, leading us to another question. What are the 

physiological effects of N2O on microbes? Besides the known tampering in vitamin B12 



 
 

  133 

metabolism, we have little insight into what N2O does to the microbial cell; if effects are 

of physiological nature or redox effects play a role (Chapter 5). Pure culture tests and 

transcriptome analysis could be a fruitful avenue towards a better understanding of the 

motivation of N2O consumption, and thus, its evolution. 

 We conclude that the geochemical conditions on the early Earth could have 

allowed abiotic N2O formation. Existing abiotic denitrification pathways were likely co-

opted by early organisms leading to the modern enzymatically driven nitrogen cycle. 

Provided suitable catalysts for the spontaneous chemical reduction of nitrogen oxides, 

such as found in organic-rich soils of the Amazon basin, abiotic N2O formation still 

occurs today to significant extent. To evaluate the molecular differences between abiotic 

and biotic N2O formation, or the nature of biological processes in general, the movement 

of electrons during reaction would have to be addressed. In Chapter 1, I singled out the 

oriented collision and accelerated electron transfer as key properties distinguishing biotic 

from abiotic reactions. The catalysts in the two systems studied (iron minerals and humic 

acids) succeed in providing a directed orientation to reactants and speed up the transfer of 

electrons. Density functional theory could be suited to quantify abiotic-biotic differences 

in the allocation of electrons during the transition state (Kohn and Sham, 1965; A. J. 

Cohen et al., 2008). Testing such calculations on their environmental relevance, it would 

be necessary to derive activation energies of mixed and abiotic (under sterile conditions) 

reactions from environmental samples more frequently. This work shows how 

overestimation of the contribution of biological catalysis may result in a biased 

understanding of a system. It underlines the importance to disentangle abiotic and biotic 

reactions, especially if disparities are subtle and their observable boundaries vanish.
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Table A.1. Activation energies of biotic, mixed, or abiotic nitrogen reduction reactions. 

Process Mechanism 
Activation energy  

(kJ mol-1) Reference 
Nitrate (NaNO3) reduction to 
ammonium by sulfate green 
rust abiotic 83.9 (Hansen and Koch, 1998) 
Nitrate [Ba(NO3)2] reduction 
to ammonium by sulfate 
green rust abiotic 90.5 (Hansen and Koch, 1998) 
Nitrate reduction by Fe2+ to 
ammonium abiotic 70 (Ottley et al., 1997) 
Nitrate reduction biotic 50.1 (Foglar et al., 2005) 
Nitrate reduction biotic 35.9 (J. H. Wang et al., 1995) 
Nitrite reduction to NO biotic 30.1 (J. H. Wang et al., 1995) 

NO production abiotic 67 
(Venterea and Rolston, 
2000) 

 
mixed 85.3 

(Schindlbacher et al., 
2004) 

 
mixed 100.4 

(Schindlbacher et al., 
2004) 

 
mixed 158.2 

(Schindlbacher et al., 
2004) 

 
mixed 125.3 

(Schindlbacher et al., 
2004) 

 
mixed 147.9 

(Schindlbacher et al., 
2004) 

 
mixed 172.3 

(Schindlbacher et al., 
2004) 

 
mixed 179.3 

(Schindlbacher et al., 
2004) 

 
mixed 198.6 

(Schindlbacher et al., 
2004) 

 
mixed 41.2 

(Schindlbacher et al., 
2004) 

 
mixed 81.3 

(Schindlbacher et al., 
2004) 

 
mixed 41.2 

(Schindlbacher et al., 
2004) 

 
mixed 93.3 

(Schindlbacher et al., 
2004) 

 
mixed 76.7 

(Schindlbacher et al., 
2004) 

 
mixed 63.2 

(Schindlbacher et al., 
2004) 

 
mixed 70 (McKenney et al., 1984) 

 
mixed 79 (McKenney et al., 1984) 

 
mixed 39.9 (McKenney et al., 1984) 

 
mixed 42.8 (McKenney et al., 1984) 
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Table A.1 continued.  

Process Mechanism 
Activation energy  

(kJ mol-1) Reference 
NO production abiotic  52.4 (McKenney et al., 1984) 

 
mixed 40.3 (Ormeci et al., 1999) 

 
mixed 42.6 (Ormeci et al., 1999) 

 
mixed 51.7 (Ormeci et al., 1999) 

N2O production mixed 57.6 
(Schindlbacher et al., 
2004) 

 
mixed 133.2 

(Schindlbacher et al., 
2004) 

 
mixed 102.2 

(Schindlbacher et al., 
2004) 

 
abiotic  18.4 (Samarkin et al., 2010) 

 
mixed 84 (McKenney et al., 1984) 

N2O consumption abiotic 250 (Tolman, 2010) 

 
mixed 28 

(Holtan-Hartwig et al., 
2002) 

 
mixed 49 

(Holtan-Hartwig et al., 
2002) 

 
mixed 57 

(Holtan-Hartwig et al., 
2002) 

 
mixed 59 

(Holtan-Hartwig et al., 
2002) 

 
mixed 60 

(Holtan-Hartwig et al., 
2002) 

 
biotic 54.4 

(Serge I Gorelsky et al., 
2005) 

 
biotic 10.46 (Tsai et al., 2014) 

Nitrogen fixation biotic 44.4 (Schwintzer, 1979) 

 
biotic 61.1 (R. C. Burns, 1969) 

 
biotic 59 (Kashyap et al., 1991) 

 
biotic 33 (Kashyap et al., 1991) 

 
abiotic 945.4 

(National Institute of 
Standards and 
Technology, U.S. 
Department of Commerce, 
1998)  
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Fig. B.1. XRD patterns obtained for magnetite and green rust. Patterns resemble XRD 
data previously obtained for magnetite (Byrne et al., 2015) and GR (Bocher et al., 2004). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

  169 

 
 
 
Fig. B.2. SEM image of a wet carbonate green rust sample. Precipitates are made of 
layered hexagonal sheets of approximately 1 µm in diameter. 
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Fig. B.3. Photograph of carbonate green rust prior to harvest of precipitates (see 
Methods).  
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Fig. B.4. TEM image of magnetite. The particles are roughly spherical and approximately 
15 µm in size. 
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Fig. B.5. Photograph of acid-digested particle suspension 20 hours after acid addition. No 
particles were visible anymore, excluding any surface effects from our measurements 
(Table B.2). 
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Fig. B.6. N2O production rates (normalized to mineral surface area) as a function of 
nitrite concentration for 15 green rust incubation runs. The apparent reaction order of 
~1.4 is consistent with previously reported values from soil (Venterea and Rolston, 
2000). 
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Fig. B.7. N2O fluxes (center of distribution, dashed line) under variation of N2O 
production rates from green rust r(GR). 95% confidence interval marked in green. (A) 
With [GR] half that found in Kabuno Bay at low NO2

– levels. (B) With [GR] five times 
that found in Kabuno Bay at low NO2

– levels. (C) With [GR] half that found in Kabuno 
Bay at moderate NO2

– levels. (D) With [GR] five times that found in Kabuno Bay at 
moderate NO2

– levels. 
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Fig. B.8. Affinity landscapes for (A) Reduction of nitrate by molecular hydrogen (H2), 
(B) Reduction of N2O gas by H2, (C) Magnetite reduction by H2 at pH 7.3, and (D) CO2 
reduction by H2 (methanogenesis). The colored curves in each plot represent lines of 
constant affinity, set 10 kcal apart. Black boxes represent regions of likely species 
activities (see text); i.e., each of these regions is aligned on the scale bar to the right for 
easier comparison between reactions. 
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Table B.1. BET surface area of dried, anoxically prepared minerals. 
 
Carbonate green rust Surface area (m2 g–1) Mean SD 
Sample 1  60.2088 57.1107 5.6369 
Sample 2  60.5191 

  Sample 3  50.6042 
  

Magnetite Surface area (m2 g–1) Mean SD 
Sample 1  56.9048 56.2855 0.8758 
Sample 2  55.6662 
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Table B.2. NO control incubations. Amount of NO produced in nmoles per reaction vial. 
Controls with acid treatment are marked as “(+) acid” and controls without acid treatment 
are marked with “(–) acid”. Incubations without nitrite substrate addition are marked with 
“(–) NO2

–”. Initial amount of NO2
– corresponds to moderate levels (Table B.3). Nitrite 

concentration was measured in particulate and particle-free (supernatant after 
centrifugation) sample liquid prior to acid addition and was < 2.5 µM throughout, except 
for magnetite incubations after 50 hrs. For magnetite incubations after 50 hrs, values in 
brackets are the measured NO quantity minus the residual NO2

– quantity. Incubations 
without precipitates (artificial seawater only) are marked with “(–) mineral”. 

  

H2SO4 addition (hrs after NO2
– 

injection) after 50 hrs after 220 hrs 

Magnetite (+) acid 286.6 (221) 195 

 (–) NO2
– 1.3 n.d. 

Green rust (+) acid 24 34.3 

 (–) NO2
– 1.5 n.d. 

(–) mineral  28.8 n.d. 

HCl addition (hrs after NO2
– 

injection) after 50 hrs after 220 hrs 

Magnetite (+) acid 227 (164.4) 164 

 (–) NO2
– n.d. 1.1 

Green rust (+) acid 24.5 34 

 (–) NO2
– n.d. 0.9 

(–) mineral  207.5 n.d. 

Magnetite (–) acid 4.5 11.9 

Green rust (–) acid 1 2.1 
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Table B.4. N2O fluxes with uncertainties and seawater N2O steady-state concentrations. 
We used Monte Carlo simulations to estimate uncertainties in the final flux values caused 
by variation in abiotic N2O production rates from GR (Fig. A.7). The error propagated for 
95% CI always fell within one order of magnitude of the mean. For comparison, the 
modern marine average N2O flux is 56.6 nmol m–2 h–1 (Battaglia and Joos, 2018) and 
steady-state N2O levels in modern oxygen minimum zones mostly reside between 10-50 
nM throughout water depth profiles (Babbin et al., 2015). The Fe mineral particle density 
observed in Kabuno Bay (KB) served as reference (see text).  

 
* 95% confidence interval (CI) given in brackets. 

 † at shallow water depth affected by wind turbulent mixing. 

 
 
 
 

 

initial 
[NO2

–] 
(µM) 

[GR]        
(µM Fe2+) 

particulate GR 
surface area  

(m2 L–1) 

Reference 
ocean 

depth (m) 

Φsed + Φpar  
(nmol m–2 h–1)* 

Steady-state 
[N2O]†    
(nM) 

1-5 µM 
(low) 50% KB 0.0499 40-140 32.68 [19.07 - 

50.63] 0.04 

1-5 µM 
(low) 500% KB 0.499 40-140 234.99 [98.09 - 

413.92] 0.3 

20-35 µM 
(moderate) 50% KB 0.0499 40-140 372.3 [219.8 - 

550.6]  0.5 

20-35 µM 
(moderate) 500% KB 0.499 40-140 3627.0 [2103.7 - 

5411.5] 4.7 
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Fig. C.1. Nitrite, NO and N2O concentrations as a function of time in 
chemodenitrification assays. Gamma-irradiated and untreated batch incubations are 
marked in black and gray, resepectively. Sites (rows) are ordered after their 
characterization as high-N2O (MQE, CHO, VUL, MEL) or high-NO (AUC, FCA, QUI, 
SRQ, SJO, SCB) site. See Table 4.1 for three-letter code of the peatlands. Samples were 
collected from liquid and headspace after initial amendment with 100 µM NO2

–. Units 
were normalized to soil dry weight. Error bars denote SD. 
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Fig. C.1 continued.  
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Fig. C.2. N2O production as a function of Fe2+ concentration in laboratory incubations 
(A) and in-situ incubations (B). Regression line formula and R2 are given in (B).  
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Fig. C.3. Isotopic composition of N2 as a function of time in incubations enriched with 
(15N)2O at t = 0 hours. Air-N2 was used as standard for isotope composition. See Table 
4.1 for three-letter code of the peatlands. Error bars denote SD. 
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Fig. C.4. Krona plots of nosZ I phylogeny based on amplicon sequencing. 
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Fig. C.4 continued. Krona plots of nosZ I phylogeny based on amplicon sequencing. 
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Fig. C.4 continued. Krona plots of nosZ I phylogeny based on amplicon sequencing. 
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Fig. C.4 continued. Krona plots of nosZ I phylogeny based on amplicon sequencing. 
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Fig. C.4 continued. Krona plots of nosZ I phylogeny based on amplicon sequencing. 
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Figure D.1. Left panel: Ca/Mg ratio in lines for QUI (dashed), BVA (solid), and SJO 
(point-dashed). pH in symbols for QUI (circles), SJO (triangles), and BVA (squares). 
Each point is derived from one replicate soil core. Middle panel: PO4

3– concentration 
with data points representing the mean of values from replicate soil cores. Right panel: 
SO4

2– concentration with data points representing the mean of values from replicate soil 
cores. Error bars denote one SD and symbols are consistent with left panel.  
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Figure D.2. Dissolved oxygen concentration in water of saturated soil. Measurements 
were done using a microelectrode, which was either inserted directly into soft peat (red 
symbols) or into a shallow (~3 cm) water pond (blue symbols). Measurements were 
conducted in QUI peatland. 
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Figure D.3. Alpha-rarefaction curves for 16S rRNA sequences.  
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Figure D.3 continued. Alpha-rarefaction curves for mcrA sequences.  
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Figure D.4. Principal component (PC) plots. QUI (blue), SJO (red) and BVA (green). 
Figure 5.3 is identical to panels C and D.  
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Figure D.5. 16S rRNA and mcrA phylogenetic trees based on the neighbor-joining 
method and 100 iterations. The trees reflect congruency of classified sequences from 16S 
and mcrA amplicon sequencing. 
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Table D.1. OTU abundances and microbial family traits. 

Taxon Core 

Mean relative 
abundance 
along depth 

(%) 

N metabolic 
reaction 

Potential 
syntrophy 

with 
methanogen 

Reference 

Acido-
bacteriaceae QUI-1 5.0 

N respiration not 
a dominant 
feature of this 
family. 

 

(Rosenberg et al., 
2014) 

 
QUI-2 3.5 

  
 

SJO-1 8.3 
  

 
SJO-2 6.0 

  
 

BVA-1 0.7 
  

 
BVA-2 0.7 

  
Solibacteraceae QUI-1 1.3 

N respiration not 
a dominant 
feature of this 
family. 

 

(Eichorst et al., 
2011) 

 
QUI-2 0.8 

  
 

SJO-1 2.3 
  

 
SJO-2 1.3 

  
 

BVA-1 0.3 
  

 
BVA-2 0.2 

  Acido-
thermaceae QUI-1 1.3 

Denitrification 
(Acidothermus) 
not verified in 
culture. 

 (Barta et al., 
2017) 

 
QUI-2 0.5 

 (Mohagheghi et 
al., 1986) 

 
SJO-1 1.6  

 
 

SJO-2 1.4  
 

 
BVA-1 0.1  

 
 

BVA-2 0.1  
 Bacillaceae QUI-1 8.4 Denitrification, 

DNRA and sole 
N2O reduction 
(Bacillus and 
Geobacillus). 
Nitrate reduction 
verified in 
culture. 

  

 
QUI-2 2.1 

 

(Mandić-Mulec et 
al., 2015) 

 
SJO-1 0.0 

  
 

SJO-2 0.0 
  

 
BVA-1 0.2 

  
 

BVA-2 0.2 
  Paeni-

bacillaceae QUI-1 2.7 
Nitrate reduction 
and N fixation 
(Paenibacillus). 
Nitrate reduction 
verified in 
culture. 

 
(J. H. Yoon, 2003) 

 
QUI-2 0.1 

 

(Beneduzi et al., 
2010) 

 
SJO-1 0.0 

  
 

SJO-2 0.0 
  

 
BVA-1 0.9 

  
 

BVA-2 0.6 
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Table D.1 continued 

Taxon Core 

Mean relative 
abundance 
along depth 

(%) 

N metabolic 
reaction 

Potential 
syntrophy 

with 
methanogen 

Reference 

Nitrospiraceae QUI-1 0.5 
Nitrite oxidation 
(Nitrospira), Fe2+ 
oxidation (Lepto-
spririllum). 
Nitrite oxidation 
verified in 
culture. 

 (Rosenberg et al., 
2014) 

 
QUI-2 0.5  

 
 

SJO-1 0.7  
 

 
SJO-2 0.9  

 
 

BVA-1 3.7  
 

 
BVA-2 3.3  

 Plancto-
mycetaceae QUI-1 3.0 

Anammox 
(Cand. 
Anammoxi-
microbium), 
Nitrate reduction 
(Planctomyces, 
Rhodopirellula). 
Nitrate reduction 
verified in 
culture. 

 

(Khramenkov et 
al., 2013) 

 
QUI-2 1.6 

  

 
SJO-1 1.9 

 

(Bondoso et al., 
2014) 

 
SJO-2 1.9 

  
 

BVA-1 2.2 
  

 
BVA-2 2.1 

  Bradyrhi-
zobiaceae QUI-1 0.1 

Nitrite oxidation 
(Nitrobacter), N 
fixation (Brady-
rhizobium). N 
mineralization 
and nitrate 
production 
activity verified 
in culture. 

 
(Zahran, 1999) 

 
QUI-2 0.1 

 (Rosenberg et al., 
2014) 

 
SJO-1 0.2  

 
 

SJO-2 0.1  
 

 
BVA-1 0.2  

 

 
BVA-2 0.1  

 Hypho-
microbiaceae QUI-1 0.5 

Denitrification 
(Hypho-
microbium). 
Nitrate reduction 
verified in 
culture. 

 (Martineau et al., 
2015) 

 
QUI-2 0.3  

 
 

SJO-1 0.1  
 

 
SJO-2 0.6  

 
 

BVA-1 0.9  
 

 
BVA-2 0.7  

 Xantho-
bacteraceae QUI-1 2.3 

N fixation.  

 

(Rosenberg et al., 
2014) 

 
QUI-2 1.7 

  
 

SJO-1 4.1 
  

 
SJO-2 5.4 

  
 

BVA-1 2.0 
  

 
BVA-2 1.9 
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Table D.1 continued 

Taxon Core 

Mean relative 
abundance 
along depth 

(%) 

N metabolic 
reaction 

Potential 
syntrophy 

with 
methanogen 

Reference 

Rhodo-
spirillaceae QUI-1 0.5 

N fixation 
(Azospirillum), 
Nitrate reduction 
(Azospirillum, 
Magneto-
spirillum), N2O 
reduction 
(Azospririllum). 
Nitrate reduction 
verified in 
culture. 

 (Rosenberg et al., 
2014) 

 
QUI-2 0.4  

 
 

SJO-1 0.6  
 

 
SJO-2 0.5  

 
 

BVA-1 0.2  
 

 
BVA-2 0.2 

 

 
Alcaligenaceae QUI-1 0.2 

Nitrate reduction 
(Candidimonas), 
Nitrite reduction 
(Alcaligenes). 
Nitrate reduction 
verified in 
culture. 

 (Rosenberg et al., 
2014) 

 
QUI-2 0.2 

 (Vaz-Moreira et 
al., 2011) 

 
SJO-1 0.5  

 
 

SJO-2 0.4  
 

 
BVA-1 0.0  

 
 

BVA-2 0.0  
 Burk-

holderiaceae QUI-1 0.3 
Denitrification. 
Nitrate reduction 
verified in 
culture. 

 

(Rosenberg et al., 
2014) 

 
QUI-2 1.6 

  
 

SJO-1 18.6 
  

 
SJO-2 11.1 

  
 

BVA-1 0.2 
  

 
BVA-2 0.2 

  Coma-
monadaceae QUI-1 0.0 

Nitrate reduction 
(Comamonas, 
Brachymonas, 
Diaphorobacter). 
Nitrate reduction 
verified in 
culture. 

 (Rosenberg et al., 
2014) 

 
QUI-2 0.0  

 
 

SJO-1 0.4  
 

 
SJO-2 0.0  

 
 

BVA-1 1.1  
 

 
BVA-2 1.2  

 Neisseriaceae QUI-1 0.0 Nitrite and NO 
reduction 
(Neisseria). 
Nitrite reduction 
verified in 
culture. 

 (Rock et al., 2005) 

 
QUI-2 0.0  

 
 

SJO-1 1.9  
 

 
SJO-2 0.0  

 
 

BVA-1 0.2  
 

 
BVA-2 0.3  
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Table D.1 continued 

Taxon Core 

Mean relative 
abundance 
along depth 

(%) 

N metabolic 
reaction 

Potential 
syntrophy 

with 
methanogen 

Reference 

Nitroso-
monadaceae QUI-1 0.1 

Ammonia 
oxidation. 
Verified in 
culture. 

 (Rosenberg et al., 
2014) 

 
QUI-2 0.0  

 
 

SJO-1 0.0  
 

 
SJO-2 0.0  

 
 

BVA-1 0.8  
 

 
BVA-2 0.7  

 Desulfu-
rellaceae QUI-1 0.5 

 

H2 con-
sumption and 
syntrophic 
association 
with 
methanogen? 
Competition 
possible. 

(Miroshnichenko 
et al., 1998) 

 
QUI-2 0.4 

  
 

SJO-1 0.9 
  

 
SJO-2 0.5 

  
 

BVA-1 0.8 
  

 
BVA-2 0.7 

  
Syntrophaceae QUI-1 1.0 

 

Propionate 
oxidation and 
syntrophy 
with 
methano-
gens. 
Syntrophy 
studied in 
cultures. 

(Lueders et al., 
2003) 

 
QUI-2 1.2 

  
 

SJO-1 0.6 
  

 
SJO-2 0.8 

  
 

BVA-1 2.1 
  

 
BVA-2 1.7 

  Syntropho-
bacteraceae QUI-1 0.8 

 

Fermenter or 
syntrophic 
association 
with 
H2/formate-
utilizing 
partners. 
Syntrophy 
studied in 
cultures. 

(Rosenberg et al., 
2014) 

 
QUI-2 0.6 

  
 

SJO-1 1.1 
  

 
SJO-2 0.8 

  
 

BVA-1 0.4 
  

 
BVA-2 0.3 

  Pseudo-
monadaceae QUI-1 2.2 

Denitrification 
(Pseudomonas). 
Nitrate and nitrite 
reduction verified 
in culture. 

 

(Rosenberg et al., 
2014) 

 
QUI-2 1.9 

  
 

SJO-1 0.0 
  

 
SJO-2 0.0 

  
 

BVA-1 1.0 
  

 
BVA-2 1.3 
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Table D.1 continued 

Taxon Core 

Mean relative 
abundance 
along depth 

(%) 

N metabolic 
reaction 

Potential 
syntrophy 

with 
methanogen 

Reference 

Spirochaetaceae QUI-1 0.8 
 

Fermenter 
with known 
syntrophic 
association 
with 
methano-
gens 
(Sphaero-
chaeta). 
Syntrophy 
studied in 
cultures. 

(Troshina et al., 
2015) 

 
QUI-2 0.7 

  
 

SJO-1 0.5 
  

 
SJO-2 0.6 

  
 

BVA-1 1.0 
  

 
BVA-2 1.0 

  Opitutaceae QUI-1 0.1 N fixation 
(Diplosphaera) 
and nitrate 
reduction 
(Opitutus). 
Nitrate reduction 
verified in 
culture. 

Propionate 
production 
(Opitutus). 
Syntrophy 
not assessed 
in culture. 

 
 

QUI-2 0.1 (Chin et al., 2001) 

 
SJO-1 0.1 

 
 

SJO-2 0.1 
 

 
BVA-1 0.0 

 

 
BVA-2 0.1 
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