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Abstract 

Microbially driven ammonia oxidation to nitrite is the rate limiting step in nitrification and as such an 

important part of the global nitrogen cycle. Nitrification has a direct impact on primary producers in a 

wide variety of ecosystems such as soils, oceans and freshwater lakes. Lake Constance, located at the 

borders between Germany, Switzerland and Austria, is Central Europe’s third largest lake and the most 

important source of potable water for south-western Germany. This thesis followed potential 

nitrification rates and nitrifying organisms throughout the lake’s yearly cycle of spring and summer 

blooms and clear water phases. High nitrate and low ammonia concentrations suggest the presence of 

nitrifiers in Lake Constance throughout the year. Molecular methods employed (16S rRNA gene 

sequencing, phylogenetic analysis and terminal-restriction fragment length polymorphism (T-RFLP) 

analysis) further support this and give insight into the nature of the ammonia oxidising community.  

While complete ammonia oxidising (comammox) bacteria were not detectable in the water column of 

Lake Constance, both bacterial and thaumarchaeotal ammonia oxidisers were shown to be present in the 

lake water. The Thaumarchaeota were clearly the dominant group throughout the year. As has been 

shown in previous studies, the open water communities of ammonia oxidisers are not very diverse, with 

only two operational taxonomic units (OTU) within the Betaproteoacteria and one OTU within the 

Thaumarchaeota. In this study, the lifestyle of the lake nitrifiers was considered for the first time, by 

separating the molecular samples by size (5.0-30.0 micro meter (µm) and 0.1 to 5.0 µm groups). It could 

be clearly seen that the vast majority of both bacterial and thaumarchaeotal nitrifiers were in the smaller 

size group (0.1 to 5.0 µm) and therefore presumably free-living rather than particle-bound.  
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Zusammenfassung 

Mikrobiell katalysierte Ammoniumoxidation ist der ratenlimitierende Schritt in der Nitrifikation und 

somit ein wichtiger Teil des Stickstoffkreislaufes. Nitrifikation beeinflusst Primärproduzenten in vielen 

verschiedenen Lebensräumen z.B. Böden, Meeren und Süßwasserseen direkt.  Der Bodensee, an der 

Grenze zwischen Deutschland, Österreich und der Schweiz gelegen, ist Zentraleuropas drittgrößter See 

und die wichtigste Trinkwasserquelle für Südwest-Deutschland. Diese Doktorarbeit untersuchte 

potentielle Nitrifikationsraten und Nitrifizierer durch den jährlichen Kreislauf von Frühjahrs- und 

Sommerblüten sowie Klarwasserphasen des Bodensees hindurch. Hohe Nitrat- und niedrige 

Ammoniumkonzentrationen legten nahe, dass Nitrifizierer das ganze Jahr hindurch im Bodensee 

vorhanden sind. Molekulare Methoden (16S rRNA Gen-Sequenzierung, phylogenetische Analysen und 

terminal-restriction fragment length polymorphism (T-RFLP) Analysen) unterstützen dies weiter und 

gaben Einblick in die Zusammensetzung der Ammonium-oxidierenden Gemeinschaft. Während 

komplett Ammonium-oxidierende Bakterien (comammox) nicht in der Wassersäule nachgewiesen 

werden konnten, waren sowohl Ammonium-oxidierende Bakterien als auch Thaumarchaeota im Wasser 

des Sees präsent. Die Thaumarchaeota waren durch das Jahr hindurch klar dominierend. Wie auch schon 

in vorherigen Studien festgestellt wurde, sind die Ammoniumoxidierer in der Wassersäule nicht sehr 

divers. Die Betaproteobakterien-zugehörigen Ammoniumoxidierer zeigten nur zwei OTUs auf und die 

den Thaumarchaeota zugehörigen nur eine. In dieser Studie wurde zum ersten Mal auf die 

Lebensumstände der Nitrifizierer geachtet, indem im Wasser befindliche Lebewesen und deren 

Aggregate anhand ihrer Größe getrennt wurden (5,0 bis 30,0 Mikrometer (µm) und 0,1 bis 5,0 µm 

Gruppen). Es konnte klar nachgewiesen werden, dass die Überzahl der bakteriellen und 

thaumaerchaeellen Nitrifizierer beide in die Gruppe der kleineren Größe fielen und damit 

wahrscheinlich freilebend sind, statt an Partikel gebunden.  
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1. Introduction  

1.1 Lake Constance as an environment: A large pre-alpine freshwater lake 

Lake Constance is a large pre-alpine freshwater lake. Freshwater lakes can be divided into different 

zones with a diverse population. They can be either classified by light penetration or by temperature 

change. The benthic zone (the ground of the lake) is separated into the littoral zone (light input to allows 

for a positive photosynthetic balance) and the profundal zone (photosynthesis is not sustainable). The 

separating layer is called compensation layer. The pelagic zone (the water column) is also divided into 

the upper euphotic pelagic (with photoautotroph production) and the lower aphotic pelagic (without or 

little photoautotroph production). The euphotic pelagic zone and the littoral zone together form the 

trophogenic zone. The aphotic pelagic zone and the profundal zone together form the tropholytic zone. 

The lake water can also be divided into zones according to water temperature. During spring and summer 

the epilimnion (surface water) can reach higher temperatures and thus can be mixed by winds (summer 

stagnation). The metalimnion is a steep temperature gradient with low heat transport into the deeper 

water layers, the hypolimnion, which maintains 4 degrees Celsius (°C) throughout the whole year 

(Schwoerbel and Brendelberger, 2013).  

 

Throughout the 1960s and 70s Lake Constance became increasingly eutrophic, due to extreme pollution 

from all its surrounding nations. After the ‘Internationale Gewässerschutzkommission für den 

Bodensee (IGKB)’ concluded phosphate to be the main pollutant, measures were taken to reduce the 

phosphate output of the surrounding countries. Wastewater treatment plants were established and the 

phosphate concentration in Lake Constance slowly decreased over the following years. Today it is back 

at its natural value, making Lake Constance once again an oligotrophic lake. The nitrate concentration 

also increased until 1985 to 0.9 to 1.0 mg/L and has been holding at that level ever since (Jahresbericht 

2016/2017; IKGB).  

 

https://de.wikipedia.org/wiki/Internationale_Gew%C3%A4sserschutzkommission_f%C3%BCr_den_Bodensee
https://de.wikipedia.org/wiki/Internationale_Gew%C3%A4sserschutzkommission_f%C3%BCr_den_Bodensee
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Lake Constance is located at the borders between Germany, Switzerland and Austria, 395 meter (m) 

above sea level. It is Central Europe’s third largest lake, covering approximately 571 km2. At its deepest 

it is 252 m deep. It is the most important source of potable water for southwestern Germany (Bodensee 

Wasserversorgung). Lake Constance goes through a yearly cycle of stratification and mixing. Two 

phytoplankton blooms can occur each year, one in spring (between April and June) and one in summer 

(Between July and August), usually separated by a phase of clear water. During the summer months the 

lake stratifies due to the increasing temperatures in the upper layers. In autumn, with decreasing air 

temperatures, the lake is mixed through again. The lake is consistently studied by the Limnological 

Institute of the University of Constance, although the factors taken into consideration do not include 

ammonia oxidation. 
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1.2 The global nitrogen cycle: Ammonia oxidation 

Nitrogen is an important nutrient and component of amino acids, nucleotides and N-glycans. While the 

majority (78%) of N is the inert triple bound dinitrogen gas in the atmosphere, this inert nitrogen is not 

directly available to all organisms. Ammonium/ammonia (NH3), nitrite and nitrate are a form of fixed 

nitrogen available to organisms for consumption. Nitrification is the process of biochemical oxidation 

of reduced nitrogen species to more oxidized ones (Figure 1). Microbially driven ammonia oxidation to 

NO2
- is the rate limiting step in nitrification and as such an important part of the global nitrogen cycle 

(Jetten, 2008). Although nitrification does not directly change the inventory of fixed N in freshwater 

ecosystems, it constitutes the only known biological source of nitrate and as such a critical link between 

organic N and its eventual loss as N2 by denitrification or anaerobic ammonia oxidation to the 

atmosphere (Jetten, 2008). In addition, it changes the quality of nitrogen available for assimilation by 

plants, phyto- and bacterioplankton since the energy necessary to assimilate nitrogen is lowest for 

ammonia total nitrogen and increases for NO3
–-N. Thus, nitrification has a direct impact on primary 

producers in a wide variety of ecosystems such as soils, oceans and freshwater lakes, such as Lake 

Constance.  

 

Figure 1: Overview of the global nitrogen cycle, including ammonia oxidation to nitrite, nitrite oxidation to nitrate 

and complete ammonia oxidation (comammox), as well as dissimilatory nitrate reduction, denitrification, 

anaerobic ammonium oxidation and nitrogen fixation. Functional marker genes used to study microorganisms 

responsible for the individual processes are shown next to the reaction arrows. 
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Ammonia is oxidized to nitrite in two steps. Ammonia is oxidised with oxygen to hydroxylamine 

through the enzyme ammonia monooxygenase. Hydroxylamine is then further oxidised to nitrite. The 

overall reaction is exergonic (ΔG0’ = -274.7 kJ mol-1) to conserve energy in the form of adenosine 

triphosphate (ATP). This step is carried out by ammonia oxidising bacteria and thaumarchaeota, 

distinctly identifiable by their ammonia monooxygenase genes. 

 NH3 + 1.5O2 → NO2
- + H2O + 2H+ (ΔG°’ = -274.7 kJ mol-1) 

Nitrite is then oxidized to nitrate by nitrite oxidizing bacteria, e.g. Nitrobacter in another exergonic 

(ΔG0’ = -74.1 kJ mol-1) reaction. This step is carried out by nitrite oxidising bacteria. It is always carried 

out in tandem with ammonia oxidation in natural water bodies, as nitrite is toxic to many organisms. In 

artificial waters (such as waste water treatment plants) build-up of nitrite can be a challenge (Alleman, 

1985). 

NO2
- + 0.5O2 → NO3

- (ΔG°’ = -74.1 kJ mol-1) 

 

An explanation for this division of labour is offered based on the kinetic theory of optimal design of 

metabolic pathways, which postulates the existence of an optimal length for a pathway that maximizes 

the rate of ATP production. Shortening long pathways could, therefore, increase growth rate. However, 

this would reduce growth yield if the shorter pathway has fewer ATP-generating steps. High yields 

would be advantageous when bacteria grow in clonal clusters, as is typical for biofilms. Therefore, it 

was postulated that bacteria that completely oxidize ammonia to nitrate exist in such environments.’ 

(Costa et al., 2006) 
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Complete ammonia to nitrate (rather than nitrite) oxidation is another exergonic reaction (ΔG°’ = -348.9 

kJ mol-1). This process has now been shown to occur in some bacteria (complete ammonia oxidation 

(Comammox)) (Daims et al., 2015; van Kessel et al., 2015).  

NH3 + 2O2 → NO3
- + H2O + 2H+ (ΔG°’ = -348.9 kJ mol-1) 

 

To determine whether ammonia oxidation was bacterially or thaumarchaeotally driven and to find how 

fast ammonia was oxidized, assays were carried out that measure the depletion of ammonia or the 

accumulation of nitrate over time (in natural waters nitrite is typically oxidized further to nitrate before 

it has a chance to accumulate). Traditionally, this was done by simple addition of ammonia to lake water 

and measurement of decrease over time. In 2015, Zhou et al. conducted a molecular survey, in which 

they also measured the Potential (Net) Nitrogen Rates (PNR) of inland waters across China. In this study 

they found that AOB predominated the ammonia oxidation rate over AOA in inland water ecosystems, 

even though AOA occupied a broader habitat range than AOB, especially in extreme environments. This 

included extreme acidic, alkaline, hot, cold, eutrophic and oligotrophic environments and expanded the 

tolerance limits of AOA, especially their known temperature tolerance to −25 °C, and substrate load to 

42.04 mM. AOA outnumbered ammonia-oxidizing bacteria (AOB) in the inland waters where little 

human activities were involved. However, when they conducted a correlation analysis between PNR, 

archaeal & bacterial amoA abundance and environmental variables, bacterial amoA abundance and pH 

were significantly correlated with PNR. The archaeal amoA abundance showed no correlation with 

PNR. Multiple linear regression (stepwise regression) on PNR also showed that bacterial amoA 

abundance was the most determining variable for nitrification followed by pH (bacterial amoA 

abundance explained 29.5% of the variability of PNR, while pH explained 3.2%, n = 45). These results 

led Zhou et al. to believe AOB, rather than AOA, contribute more to nitrification in Chinese inland 

water ecosystems. 
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However, this method has several drawbacks such as artificially altering the ammonia concentration can 

alter the rates of oxidation, it can act as an enrichment culture and newly grown microorganisms can 

contribute to oxidation that were not present before or it can even be poisonous to some indigenous 

organisms. With the advent of Stable Isotope probing a new possibility has arisen. 15N can be added to 

either the ammonia or nitrate pool and the relation between natural N and 15N can be observed over time. 

Because 15N does not occur naturally it can be detected in much smaller quantities and the normal 

concentrations of ammonia or nitrate in the water need not be altered. In 2014, Gerbl et al. 2014 used 

15N-Nitrogen in gross rate assays for microcosm experiments with isolates from a subsurface spring 

called Franz Josef Quelle (FJQ), a slightly radioactive thermal mineral spring with a temperature of 

43.6–47°C near the alpine village of Bad Gastein, Austria, in which ammonia mono-oxygenase genes 

were found. In this work both the traditional and the new 15N method were tried to determine the 

ammonia oxidation rates.  

 

Additionally, to determine whether thaumarchaeotal or bacterial ammonia oxidizers are responsible for 

nitrification and to which extend, different selective inhibitor for thaumarchaeotal and bacterial 

nitrification can be applied: The mode of action for N-allylthiourea (ATU) was theorized to work by 

copper chelation (Bédard and Knowles, 1989), although addition of copper could not restore the 

oxidizing activity of nitrifying sludge in the presence of ATU (Vandevivere et al., 1998). Shen et al. 

(Shen et al., 2013) determined an EC50 of 193.3 μM for the nitrifying archaea Nitrososphaera viennensis 

and, compared to Nitrosomonas, a much lower EC50 value (0.2 μM) for the ammonia oxidizing 

bacterium Nitrosospira multiformis. Hyman et al. (1988) found that 40 μM 1-octyne, inhibits the 

ammonia-dependent O2 uptake in whole cells. Taylor et al. differentiated these findings in a way that 2 

μM octyne already inhibits bacterial ammonia oxidation while thaumarchaeotal ammonia oxidation was 

not affected by 1-octyne concentrations up to 10 μM (Taylor et al., 2013; Taylor et al., 2015). 2-phenyl-

4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl (PTIO) is a nitric oxide radical scavenger (Amano and 

Noda, 1995, Akaike and Maeda, 1996, Ellis et al., 2001). Shen et al. investigated PTIO as nitrification 

inhibitor. For the thaumarchaeon N. viennensis an EC50 of 18.3 μM and for the bacterium N. multiformis 



 
13 

 

the EC50 concentration was out of the tested range, which meant over 400 μM. Based on this, a 

concentration of 52 μM was chosen to inhibit thaumarchaeotal ammonia oxidizing activity (Shen et al., 

2013). This supports the suggested difference of ammonia oxidation physiology in archaea and bacteria 

and allows for selective inhibition of the respective organisms. 
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1.3 Ammonia oxidising organisms: Bacteria, thaumarchaeota and comammox 

For over a century, it was believed that ammonia oxidation was a twostep process, with the oxidation of 

ammonia to nitrite being done exclusively by one set of bacteria (Nitrosobacteria) and the subsequent 

oxidation of the unstable and toxic nitrite being done in tandem by another set of bacteria (Nitrobacteria) 

(Winogratzky, 1890).  Although, as mentioned above, it had been theorized that an organism capable of 

complete ammonia oxidation could outcompete organisms that utilize partial ammonia oxidation to 

nitrite under the right conditions (Costa et al., 2006), it was not shown for a long time. 

 

However, in recent years, it was demonstrated that there is much more to the ammonia oxidation process. 

Firstly, a group of archaea was discovered to also carry the ammonia-monooxygenase gene necessary 

for ammonia oxidation (Venter et al., 2004; Treusch et al., 2005). These archaeal ammonia oxidizers 

explain the rates of ammonia oxidation in places where the bacteria alone could not be responsible 

(Hashimoto et al., 1983; Bollmann et al., 2002). In 2008, ammonia oxidizing archaea have been re-

classified into their own phylum, the Thaumarchaeota (Brochier-Armanet et al., 2008; Spang et al., 

2010; Pester et al., 2011). After the first thaumarchaeotal ammonia oxidizer, Nitrosopumilus martimus, 

was successfully isolated from an aquarium tank by Könneke et al. in 2015, several more 

thaumarchaeotal ammonia oxidizer were isolated from varying isolation sources, such as different soils, 

hot springs and even wastewater treatment plants (de la Torre et al., 2008; Blainey et al., 2011; Tourna 

et al., 2011). This indicates that thaumarchaeotal ammonia oxidizers are almost omnipresent in nature, 

presumably taking on a large part of the ammonia oxidation process. 

 

As stated above, it had also been theorized to a long time that certain bacteria might be able to oxidize 

ammonia to nitrate in a single step (Costa et al., 2006). This theory was validated when two papers were 

released (Daims et al., 2015; van Kessel et al. 2015), which showed bacteria had been enriched that 

could oxidize ammonia completely to nitrate, vie nitrite. In 2015, Van Kessel et al. enriched two 

organisms (designated Nitrospira sp. 1 and sp. 2) had genomic pairwise average nucleotide identities of 
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75 % and thus clearly represented different species but both genomes contained the full set of AMO and 

hydroxylamine dehydrogenase (HAO) genes for ammonia oxidation, in addition to the nitrite 

oxidoreductase (NXR) subunits necessary for nitrite oxidation in Nitrospira. Also, in 2015 Daims et al. 

discovered and cultivated another Nitrospira organism, capable of complete ammonia oxidation. This 

chemolithoautotrophic bacterium encodes the pathways both for ammonia and nitrite oxidation. Its 

genes code for both ammonia monooxygenase and hydroxylamine dehydrogenase. 

 

Ammonia oxidising organisms have been extensively studied in marine and soil environments but are 

not yet well understood in freshwater ecosystems (Bianchi et al., 1995; Prosser and Nicol, 2008), 

although in recent years, several studies about freshwater lakes of several sizes and depths have been 

published (Okasaki et al., 2016; Mukherjee et al., 2015; Callieri et al., 2016). In 2016, Callieri et al. 

investigated the microplankton community in six freshwater lakes during spring and summer. They 

discovered the relative abundance of thaumarchaeotal ammonia oxidizer increases in most of the lakes 

studied in the deeper water layers (at 50 meters below lake surface (mbls)), especially during the summer 

bloom (Callieri et al., 2016), while the bacterial community showed steady numbers.  

The Lake Magiorre was also studied by Coci et al. in 2015 along with its lake tributary, River Maggia. 

This study found that the thaumarchaeotal ammonia oxidizers in the lake occur only in the hypolimnion 

and are seasonally stable. Furthermore, their diversity is very low, with only two OTUs, in contrast with 

the tributary river, in which thaumarchaeotal diversity was much higher. Coci et al. speculate that the 

river inoculates the hypolimnion of the lake and that the lower diversity is due to environmental filtering.  

Similarly, Okazaki et al. observed only one OTU in 2016, when they investigated the oxygenated 

hypolimnion in ten deep freshwater lakes in Japan from August to December in 2015, including Lake 

Mashu, Kusharo, Toya, Inawashiro, Chuzenji, Sai, Motosu, Biwa, Ikeda, and T-Reservoir. Similarly, 

Mukherjee et al. studied two of the laurentian great lakes (Lake Superior and Lake Erie) and found that 

in warmer Lake Erie the thaumarchaeotal ammonia oxidizers dominated the bacterial (in contrast with 

the colder, deeper Lake Superior) and both represented only one OTU but were distinct from one another 

(Okazaki et al., 2016). Thus, low diversity is a well-documented phenomenon in fresh water lakes. 
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In their study, in 2014, Wang et al. used 454 pyrosequencing and Illumina high-throughput sequencing, 

combined with molecular methods, to comprehensively characterize structures and functions of 

nitrification bacterial communities in aerobic sludge of two full-scale tannery waste-water treatment 

plants. Pyrosequencing of 16S rRNA genes showed that Proteobacteria dominated in the sludge. 

Bacterial amoA gene cloning revealed that Nitrosomonas europaea dominated the ammonia-oxidizing 

community in the WWTPs. 

In 2015 Coci et al. used the specifically designed probe MGI-535 and applied to fluorescence in situ 

hybridization and catalysed reporter deposition (CARD-FISH) analysis, in order to reach a high 

resolution at the thaumarchaeal community level in the deepest layers of the oligotrophic Lake 

Maggiore, showing differences in abundance and distribution within the water column without 

significant seasonal trends. 
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1.4. Aims and objectives of this thesis 

The aim of this study was to better understand the ammonia oxidising community in Lake Constance. 

This included measurements of the natural concentrations of ammonia and nitrate in the lake water. It 

also included the identity of bacterial and thaumarchaeal ammonia oxidizers and their relationship with 

each other. Moreover, it included the influence the natural cycling of the lake water throughout the 

seasons had on these factors, as well as the influence of the water depths and life-style (free-living or 

particle-bound) had on the ammonia oxidizing microorganisms. 

To reach these aims, the following objectives were carried out: The natural levels of ammonia and nitrate 

were measured at varying depths throughout the year, along with basic environmental factors such as 

water temperature and oxygen concentration. This included the different zones mentioned above; the 

epi-, meta- and hypolimnion, as well as the different states of the water throughout the seasons, the 

spring bloom, clear water phase, summer bloom and autumn/winter phase. The potential rates of 

ammonia oxidation were then measured with different methods throughout the seasons at different 

depths.  

To fulfil the aim of identifying the bacterial and thaumarchaeal ammonia oxidizers these objectives were 

carried out: Next generation gene sequencing analysis based on 16S rRNA-genes was used in 

conjunction with qualitative PCR of both the 16S rRNA gene and the bacterial and thaumarchaeotal 

amoA gene. Additionally, the newly discovered comammox amoA gene was used in qualitative PCR. 

The next generation gene sequencing results were used to construct 16S rRNA-based bacterial and 

thaumarchaeotal phylogenetic trees. The PCR results were expanded into clone libraries, which were 

used for sequencing and the construction of amoA-based bacterial and thaumarchaeotal phylogenetic 

trees for comparison. Furthermore, for the PCR results, which could not be further analysed T-FRLP 

was carried out to confirm the sequencing results. 
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2. Materials and methods  

2.1. Materials 

Table 1: Chemicals used in this study and their manufacturers  

Chemicals Company 

1-Octyne Sigma-Aldrich Co. LLC. 

10⨯ Taq-polymerase Buffer Thermo Fisher Scientific GmbH 

4′,6-Diamidin-2-Phenylindol Sigma-Aldrich Co. LLC. 

6⨯ DNA Loading Dye Thermo Fisher Scientific GmbH 

Achromopeptidase Sigma-Aldrich Co. LLC. 

Af1 Citifluor 

Agarose LE Genaxxon Bioscience 

Bacto Agar BD Difco Laboratories 

Blocking Reagent Roche 

Bovine Serum Albumin (Bsa) BioLabs 

Cacl2 Dihydrate Sigma-Aldrich Co. LLC. 

Chrom(Iii)-Kaliumsulfat-Dodecanhydrat Fluka Chemie AG 

Desoxynucleoside Triphosphate (dNTP) Thermo Fisher Scientific GmbH 

Dextran Sulfate Serva Feinbiochem Gmbh & Co 

Disodiumhydrogenphosphate Sigma-Aldrich Co. LLC. 

Ditriothreitol (DTT) Carl Roth GmbH + CoKG 

Dnase-/Rnase Free Water MP 

Emsure® Sodiumsulfate Merck KGaA 

Ethidium Bromide Sigma-Aldrich Co. LLC. 

Formamide Sigma-Aldrich Co. LLC. 

Gelatine Merck KGaA 

Gene Ruler 1 Kbp Dna Ladder Thermo Fisher Scientific GmbH 

Hydrochloric Acid (Hcl) VWR 

Hydrogen Peroxide (H2O2) Carl Roth GmbH + CoKG 

Isopropanol Sigma-Aldrich Co. LLC. 

Lysozyme Sigma-Aldrich Co. LLC. 

Magnesium Chloride (Molecular Trade) Thermo Fisher Scientific GmbH 

Milli-Q-Water Merck KGaA Millipore 

N-Allylthiourea Sigma-Aldrich Co. LLC. 

Para-Formaldehyde Sigma-Aldrich Co. LLC. 

Poly- L- Lysine Sigma-Aldrich Co. LLC. 

Potassiumhydroxide Sigma-Aldrich Co. LLC. 

Primer Microsynth 

Proteinase K Sigma-Aldrich Co. LLC. 

2-Phenyl-4,4,5,5-Tetramethylimidazoline-3-Oxide-1-

Oxyl (PTIO) 

Sigma-Aldrich Co. LLC. 

Resazurin Sodiumsalt Sigma-Aldrich Co. LLC. 

Rothi® Phenol:Chloroform:Isoamyl Alcohol Carl Roth GmbH + CoKG 

Sodium Acetate Merck KGaA Millipore 

Sodium Chloride VWR 

Sodium Dodecyl Sulfate Sigma-Aldrich Co. LLC. 

Sodium Hydroxide (NaOH) Sigma-Aldrich Co. LLC. 

Sodiumdihydrogenphosphate Merck KGaA 

Taq-Polymerase Thermo Fisher Scientific GmbH 

Tris (Trizma Base) Sigma-Aldrich Co. LLC. 

Tryptone BD Difco Laboratories 

Yeast Extract BD Difco Laboratories 
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Table 2: Other work materials used in this study and their manufacturers 

Material Company 

Müller Krempel Flasks Müller & Krempel Bülach, Swiss 

Plates (92⨯16 Millimetre (mm)) Sarstedt 

Polycarbonate filter (0.1 μm) WhatmanTM Life Science 

Polycarbonate filter (5.0 μm) WhatmanTM Life Science 

Screw cap tubes (50 milli litre (ml), 15 ml) Sarstedt 

Sterile reaction tubes (0.2 mm, 1.6 mm 2.0 mm) Biozym Scientific GmbH 

Tips Biozym Scientific GmbH 

Zirconium beads 0.1mm Carl Roth GmbH + CoKG 

 

 

 

Table 3: Laboratory machines used in this study and their manufacturers  

Machines Company 

Autoclave Sanoclav 

Axiophot Zeiss 

Centrifuge 5417r Eppendorf AG 

Centrifuge 5804r Eppendorf AG 

Cleanspot - A Pcr/U Work Station Coy Laboratory Products 

Electrophoresis Power Pac 300 Bio-Rad Laboratories, Inc. 

Geldoc Uniersal Hood Ii Bio-Rad Laboratories, Inc. 

Incubator 37°C Memmert Gmbh + Co.Kg 

Incubator 46°C Binder 

Incubator 60°C Memmert Gmbh + Co.Kg 

Mastercycler Gradient/Personal Eppendorf AG 

Nanodrop 2000c Thermo Fisher Scientific Gmbh 

Thermomixer Comfort Eppendorf AG 

Vortexgenie2 Scientific Industries 

Waterbath Memmert Gmbh + Co.Kg 
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2.2 Methods 

2.2.1 The water column of Lake Constance 

2.2.1.1 Sampling lake water from Lake Constance for analysis 

Lake Constance’s yearly cycle of stratification and mixing was followed from summer 2014 to winter 

2016. At strategic time points samples were taken. These sampling times included winter, when the lake 

is mixed and homogenous in temperature and particle richness; spring bloom, when the upper layers of 

the lake begin to warm up and the first algal bloom occurs; late spring/early summer, when the lake 

usually goes through a clear water phase; summer bloom, when the lake is fully stratified and the second 

algal bloom occurs and fall, when the cooler weather and storms mix up the stratified lake and the lake 

once again becomes homogenous. All sampling was carried out at the University of Constance’s 

Limnological Institute’s regular sampling site near Wallhausen (47°45'27.19" N 9°7'44.60" E, Lake 

Constance, Konstanz-Wallhausen, Baden-Württemberg, Germany).  

 

To measure potential rates of ammonia oxidation samples were taken from 85 mbls, transferred into 10L 

plastic canisters and transported (at room temperature) to a 4°C or 15°C cold room, according to lake 

water temperature, until processed the same or the following day. To analyse the fractions of bacteria 

and archaea in the water of Lake Constance the water was sampled following the natural cycle of 

stratification the lake undergoes each year. Several different amounts of water and filtration methods 

were tested beforehand. Samples were first taken in this fashion on 19th August 2014 for Summer Bloom. 

The next three samplings were taken during the colder time in mixed waters on 25th November 2014, 

13th of January 2015 and 10th of March for fall and winter samples, respectively. The samples for the 

spring bloom were taken on 21st of April 2015, followed by the samples for the clear water phase on 

24th of June 2015. The cycle was continued by taking samples from the summer bloom again on the 29th 

of July 2015.  The last three samples were again taken during the mixed water times on the 6th of October 

2015, 24th of November 2015 and 2nd of February 2016 for more fall and winter samples (See Table 4). 
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Table 4: Overview of all sampling seasons and dates 

Season Date 

Summer Bloom 2014 19.08.2014 

Fall 2014 25.11.2014 

Winter I 2015 13.01.2015 

Winter II 2015 10.03.2015 

Spring Bloom 2015 21.04.2015 

Clear Water Phase 2015 24.06.2015 

Summer Bloom I 2015 29.07.2015 

Summer Bloom II 2015 01.09.2015 

Fall I 2015 06.10.2015 

Fall II 2015 24.11.2015 

Winter 2016 02.02.2016 

 

 

At each of these samplings, four water depths were taken. For each of these four replicates were taken. 

Six litres of water were used for each replicate. One sample was taken from the epilimnion at 1 mbls. 

Another sample was taken from the metalimnion, which can be said to span between seasons from 3 

mbls to 30 mbls. In the warmer season, that temperature decreases from 15°C to 20°C in the surface 

waters to 4°C in the deeper waters. A depth was chosen, at which the most intense difference in 

temperature could be seen. In most cases this sample was taken from 15 mbls and is called so in the text. 

For correct depths, see Table II. Two more samples were taken from the hypolimnion, one from 85 mbls, 

which is roughly halfway between the metalimnion and the bottom of the lake and the other from 130 

mbls to 140 mbls, which is just above the bottom of the lake. This depth varied slightly between seasons, 

as the water levels rose and sank. It was rounded up to 135 mbls for this study.  
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2.2.1.2 Environmental factors of Lake Constance 

Several environmental factors that influence the water were measured at each sampling time. An RBR 

multi-sampling probe was descended through the entire water column of Lake Constance (135±5 m). 

O2 concentration (micro mol per litre (µM)), temperature (°C), conductivity (micro Siemens per 

centimetre (µS)/cm) and turbidity (nephelometric turbidity unit (NTU)) were measured simultaneously.  

Total ammonia (NH3 + NH4
+) and total nitrate/nitrite were measured via a photometric method (see 

below). Water was taken from the sampling container with a 50 ml syringe and filtered through a 

Chromafil® GF/ Polyethylenterephthalat (PET)-20/25 polyester &glass-fibre prefilter (VWR, 

MANA729032) into a 50 ml PET bottle. The bottles were kept at -20°C until analysis. Total ammonia 

and nitrate/nitrite were measured via a photometric auto-analyser method, according to the 

manufacturer’s instructions (Seal Analytical Methods G-171-96 and G-172-96, respectively). 
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2.2.2. Determining the ammonia turnover in Lake Constance 

2.2.2.1. Ammonium oxidation and its inhibitors 

To inhibit bacterial ammonia oxidation, 10 μM 98% pure N-Allylthiourea (ATU) and 2 µM octyne were 

chosen. ATU (98%) is a sulphur-containing & copper-chelating inhibitor. It’s mechanism of inhibition 

with CS2 as the functional group has been suggested to involve a reversible reaction with nucleophilic 

amino acids in the active centre of Amo. Potentially differences in responses of AOA & AOB to ATU 

might reflect differences of amino acid sequences in the active centre of Amo (Shen et al., 2013). 

Prokaryotic Cu-containing monooxygenases (MOs) have substrates with a variable range of n-alkane 

chain length that might be linked with sensitivity/ resistance to aliphatic n-alkynes of different chain 

lengths. For instance, the chain length range of 1-alkynes that successfully inactivate Amo of AOB 

(N.europeae) closely mirrors the chain length of linear alkanes (C1 to C8) that are Amo substrates. The 

relative insensitivity of AOA (N.maritimus) Amo to C6 to C9 alkynes may infer that it has an alkane 

substrate range more restricted than that of AOB (N.europeae) Amo or that C6 to C9 alkynes are much 

poorer substrates & inactivators. (Taylor et al., 2013). For inhibition of thaumarchaeotal ammonia 

oxidation 52 µM PTIO was selected. PTIO reacts stochiometrically with NO to form NO2
- or NO3

- and 

has been used as a scavenger of the free radical NO in medical research. The significant differences in 

the effect of PTIO in inhibiting AOA & AOB might be attributable to differences in the process of 

ammonia oxidation. One could speculate that NO might be a direct intermediate or an activator of the 

archaeal oxidation process (Shen et al. 2013). To inhibit all ammonia oxidation either 2 µM octyne and 

52 µM PTIO was combined or else in some later tries 1 mM ATU was used (Hall, 1984).  

 

 

Figure 2: Chemical Structures of ATU (left), octyne (middle) and PTIO (right) 
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2.2.2.2 Ammonia turnover rates assay 

Ammonia turnover was measured through potential rates of ammonia oxidation. Additionally, the 

attempt was made to study only the bacterial or thaumarchaeotal driven oxidation of ammonia by adding 

octyne (bacterial ammonia oxidation inactivator), PTIO (thaumarchaeotal ammonia oxidation 

inactivator) or ATU (bacterial and thaumarchaeotal ammonia oxidation inactivator) to the flasks. Six 

approaches were prepared for each water depth (1, 15, 85 and 135 mbls) (Figure 3) in triplicate, leading 

to a total number of 72 bottles. Octyne inhibited assays were prepared in 60 ml ‘Müller-Krempel’ bottles 

with natural-rubber-stoppers and others in 50 ml conical flasks with cotton stoppers. The bottles were 

prepared by stopping a possible ammonia contamination by keeping them in a 10 % HCL solution for15 

minutes, rinsing with Milli Q grade water and shaking dry. The ‘Müller-Krempel’ bottles and conical 

flasks (with heat-proof stoppers) were baked at 180°C for 8 hours. The natural-rubber-stoppers for the 

‘Müller-Krempel’ bottles could not be sterilized by baking, as they cannot withstand such high 

temperatures. Instead they were autoclaved first in a solution of water and cleaning lotion, rinsed and 

autoclaved in deionized water twice before being autoclaved again without liquid. 

 

For the assay each bottle was first rinsed with the sample water before 20 ml of sample water were added 

to each bottle. The bottles were than supplemented with their individual conditions. One kind was kept 

with only water and ammonia. The second kind was autoclaved afterwards as a negative control. The 

third kind was supplemented with 52 µM PTIO. The fourth kind was supplemented with 10 µM ATU. 

The fifth kind was supplemented with 2 µM octyne. For this assay octyne was first evaporated under 

sterile conditions, by shaking a bottle with 1 gr of small glass beads, then the gas was transferred with a 

syringe to the sealed of ‘Müller-Kremper’ flasks. The last kind was supplemented with both 52 µM 

PTIO and 2 µM octyne or, alternatively, with 1 mM ATU. All flasks were also supplemented with 20 

µM NaClO3 to suppress nitrite oxidation (Hynes and Knowles, 1983). The flasks were shaken briefly 

and left for 30 minutes at room temperature before 20 µM of ammonia were added. All flasks were kept 

at 4°C in the dark. Initially, 1.8 ml samples were taken every day. Later this was adjusted to 1.8 ml every 
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two days to achieve better results. The samples were centrifuged at 18000 g for 5 minutes, 1.6 ml 

supernatant was taken and frozen until all samples were completed. The samples were than thawed out, 

centrifuged again at 18000 g for 5 minutes and the supernatant analysed for total ammonia (Chaney and 

Marbach, 1962), nitrite and nitrate (Deutsche Einheitsverfahren zur Wasser-, Abwasser-, und 

Schlammuntersuchungen, 1983) by photometric assays. 

 

Ammonia was determined via photometry. It was initially done using 1 ml of sample and 1.5 ml cuvettes. 

However, when a TECAN reader became available to the group, the assay was successfully adjusted to 

be used with only 100 micro litre (µl) of sample in black 96 well microtiter plates (Thermo Fisher). This 

format leaves the possibility of repeat measurements, as well as speeding up the process by using a 

multi-channel pipette to add the appropriate solutions. This analysis is based on the reaction of ammonia 

with hypochlorite and phenol to a blue-coloured Indigo-phenol colorant (Chaney and Marbach, 1962). 

The extinction of this colorant at 635 nanometres (nm) is used to quantify the ammonia concentration 

in the samples. Solutions made were A) 1.5 gram (g) Phenol and 1.5 mg Nitroprussid-Sodium diluted 

in 50 ml distilled water and B) 1 g NaOH dissolved in 40 ml distilled water and let cool down before 

adding 2 ml Sodium-hypochlorite (12 %) and 50 ml distilled water. All solutions were stored at 4°C in 

the dark. A standard curve was prepared with standards between 0 µM (negative control) and 40 µM 

ammonia chloride. 100 µl standard or sample were mixed with 10 µl of solution A and 10 µl of solution 

B. The mixture was left for 1 hour in the dark and measured in the TECAN reader at 630 nm. The 

original procedure called for 635 nm, which unfortunately was not available for the TECAN reader, 

however after a careful calibration process it could be concluded that a 630 nm filter could be used with 

reasonably similar results. 
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Nitrite and nitrate were both attempted to be measured with an ion chromatograph (YKNM) with a 

Column LCA A14 column, and an eluent of 5 mM NaCO3 
+ at a flowrate of 1mL/L, but it found not to 

be sensitive enough for this assay, which had very low amounts of both nitrite and nitrate. They were 

then measured with two specific photometric methods. Nitrite was measured with a protocol modified 

from the ‘Deutsche Einheitsverfahren zur Wasser-, Abwasser- und Schlammuntersuchung, 1983. The 

principle reaction being that nitrite-Ions react in acidic solution with sulfanilic acid to sulphanilamide, 

which then forms a red compound through coupling to an α-Naphthylamin. The two solutions made 

were 1.65 g sulfanilic acid diluted in 375 ml hot water + 125 ml pure acetic acid and B) 100 ml distilled 

water and 125 ml pure acetic acid were mixed, 0.5 g α-Naphthylamin was diluted in it and the solution 

was filled up with water to 500 ml. Both solutions were kept t 4°C in the dark. Solution B is a strong 

carcinogen and was handled accordingly. A standard curve with standards between 0 µM (negative 

control) and 40 µM KNO2 (also a strong carcinogen) was prepared. 100 µl of sample was mixed with 

100 µl of solution A and 500 µl of solution B. The mixture was left for 10 minutes and measured at 530 

nm. 

 

Nitrate was also measured with a photometric method adapted from the ‘Deutsche Einheitsverfahren 

zur Wasser-, Abwasser- und Schlammuntersuchung, 1983). Here the principle of the reaction involves 

the reaction of nitrate in sulphuric and phosphoric acid solution with 2,6-Dimethylphenol to 4-Nitro-

2,6-dimethylphenol with a reaction time of about five minutes. The solutions used here were A) an acid 

mix: 50 ml H2SO4 were mixed with 50 ml H3PO4 and B) a 2,6-Dimethylphenol-solution: 0.12 g 2,6-

Dimethylphenol were dissolved in 100 ml pure acetic acid. A standard curve was prepared with 

standards from 0 µM (negative control) to 40 µMKNO3. 100 µl of the standard or sample were mixed 

with 800 µl of solution A and 100 µl of solution B. The mixture was left for 10 minutes and the extinction 

was measured at 324 nm. 
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Figure 3: Overview of the typical set-up of an ammonia turnover assay: On the left, top to bottom: All ammonia 

oxidation, uninhibited, negative control, AOA inhibited through PTIO, AOB inhibited through ATU, AOB 

inhibited through Octyne (gaseous), AOA+AOB inhibited through PTIO and octyne (alternatively through 1 mM 

ATU), in the middle typical treatment of all assay flasks, on the right possible measurement of ammonia turnover 

to nitrite and further to nitrate. 
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2.2.3 Determining ammonia oxidizing organisms in Lake Constance 

To determine the identity and relation of ammonia oxidizing organisms in Lake Constance’s water 

column, a host of molecular methods were employed. Lake water was filtered and the deoxyribonucleic 

acid (DNA) extracted and next generation sequencing of the 16S rRNA gene was utilized to get a more 

complete overview of the phyla present. The DNA was also amplified using bacterial and thaumarchaeal 

monooxygenase alpha-subunit (amoA and CamoA, respectively) specific qualitative and quantitative 

Polymerase Chains Reactions (PCR), as well as 16S rRNA gene-targeted PCRs.  Two respective clone 

libraries were constructed for amoA genes of ammonia oxidizing bacteria and thaumarchaeota. 

Phylogenetic trees were constructed from these clone libraries. Terminal-restriction fragment length 

polymorphism (T-RFLP) analyses of thaumarchaeotal and bacterial amoA genes in Lake Constance 

were also performed. This gave a fingerprint of the bacterial and archaeal ammonia oxidising 

communities.  

 

2.2.3.1 Filtration and DNA extraction for molecular methods 

Aquatic microorganisms have traditionally been captured on 0.22 µm pore size filters (Hugoni, 2013) 

for molecular analysis. However, it has become more and more clear that some microbes, especially the 

newly discovered thaumarchaeotal ammonia oxidizers, are smaller than 0.22 µm in diameter and thus 

cannot be captured on these filters. 0.1 µm filters are commercially available and could be used in 

combination with peristaltic filtration. With this new information a comprehensive study of the diversity 

of ammonia oxidising microorganisms was carried out and supplemented with ammonia turnover rates 

of the same. Through pre-filtration through a 30.0 µm mesh and serial filtration through 5.0 µm and 0.1 

µm filters the DNA found can be structured into two fractions: Microorganisms that were caught on the 

5.0 µm filters had to be between 5.0 µm and 30.0 µm in size or rather attached to larger cells or clumped 

together to form aggregates.  
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Several different amounts of water and filtration methods were tested beforehand. At first it was 

expected that vacuum filtration would be the best method for retaining as many microbial cells as 

possible. However, as it was discovered around the same time that 0.2 µm filters were too large a filter 

size to catch some cells and thaumarchaeota were suspected to be among them, filters with a 0.1 µm 

pore size were brought into the process. Water samples were thus filtered through a 5.0 µm and a 0.1 

µm polycarbonate filter (Millipore) in series to capture the microorganisms present. These smaller pore 

sizes however had the distinct disadvantage of slowing down the vacuum filtration to almost 0 ml / 

minute. In these initial experiments 2 l of lake water were used, and it took over ten hours to filter this 

amount. These experiments also showed that two litres of lake water yielded only very little DNA (3 – 

140 nano gram (ng)/µl), so for workable concentrations of DNA to be yielded it was projected to use 6 

l of Lake water for each sample. In addition, for reliable results each sampled depth was to be sampled 

in quadruplet. For so much water the vacuum filtration was not feasible, and the idea was abandoned.  

 

The next method to be considered was a filtration through pre-made filter units with 5.0 and 0.1 µm 

filers put in tandem through a peristaltic filtration apparatus (Kesberg and Schleheck, 2013). These filter 

units cannot be opened to extract DNA from the filters, so instead a backflushing protocol in conjunction 

with an enzymatic DNA extraction protocol was tried. For this 6 l lake water were pushed through a 5.0 

µm filter and a 0.1 µm filter unit, consecutively. To gain a high enough biomass yield 6 l of water 

were filtered through three filters sets in parallel and used for each extraction. The filters units 

were frozen until the extraction protocol could be carried out.  

 

The filter units were immersed in an ultrasonic water bath and sonified until thawed (10 to 15 minutes). 

For the backflushing procedure, sterile disposable 1-ml syringes and autoclaved Luer-Lock 

(female/female) connectors were used in order to inject the solutions into the filter-units in the direction 

opposite to the filtration-direction (i.e. via the male end); between the backflushing steps, the opposite 

(female) end of the filter was kept locked with a Luer-Lock plug to prevent air from entering the filters. 

The flow-through from each backflushed filter was pooled into one sterile tube (15 ml) and subjected to 
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the same treatments, by addition of appropriate amounts of enzymes/ Sodium dodecyl sulfate (SDS)-

stock solutions.  

 

Firstly, 1 ml of freshly prepared TE/lysozyme solution (TL) (10 mM Tris/HCl pH 8.0, 10 mM 

Ethylenediaminetetraacetic acid (EDTA), and 7.5 mg/ml lysozyme) was injected into the filter, and 300 

μl of TE/lysozyme solution was mixed into the flow-through; filter and flow-through were incubated 

for 20 minutes at RT.  Secondly, 1 ml TE/proteinase K/SDS solution (TPS) (10 mM Tris/HCl pH 8.0, 

10 mM EDTA, 300 μg/ml proteinase K, 1% SDS [w/v]) was injected into the filter, and TPS-stock 

solutions mixed into the flow-through (30 μl of 10 mg/ml proteinase, 100 μl of 10% SDS); filter and 

flow-through were incubated for 15 minutes at room temperature and 65 °C (water bath), respectively. 

Finally, the DNA solution was drained from the filter completely by backflushing, first, 1 ml of TPS, 

and second, 1 ml of air through the filter three times. The collected, pooled flow-through was incubated 

for an additional 15 minutes at 65 °C. 

 

In order to purify and concentrate the DNA, silica-coated DNA-binding magnetic beads (Dynabeads 

MyOne SILANE, Invitrogen) were used essentially as recommended by the manufacturer: isopropanol 

(final concentration, 45% [v/v]) and magnetic-beads stock solution (50 μl) were added to the flow-

through followed by incubation on a shaking table for 2 h at room temperature; magnetic beads were 

collected and washed according to the manufacturer's instructions. The DNA was eluted by the addition 

of 200 μl Tris/EDTA (TE) (10 mM Tris/HCl pH 9.0, 0.1 mM EDTA) and vortexing (30 seconds), 

yielding DNA stocks at concentrations in the range of 10–80 ng/μl; a second elution (100 μl) recovered 

additional DNA.  

 
This method unfortunately could not be used for the samples at hand as several tries to extract DNA 

through this protocol resulted in absolute failure to extract anything. This may have been due to the very 

low number of cells or possible contamination of the protocol from environmental factors interacting 

with the enzyme solution, negating their effectiveness. To solve this problem, it was considered to 

combine pre-made filter units with a physical and chemical extraction protocol. However, the filter units 
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are not meant to be opened and the attempt to do so proved unsuccessful. It was tried to collect the cells 

from the filters by backflushing with a mixture of 400 µl TE (10 mM Tris-HCl pH 8, 1 mM EDTA) and 

600 µl phenol/chloroform/isoamylalcohol 25:24:1 (Carl Roth GmbH). This also proved to be 

unsuccessful, as the plastic of the units proved to be susceptible to the phenol and lost both its colour 

(discolouring the liquid) and its finish, suggesting large amounts of contamination in the liquid, which 

indeed made DNA extraction impossible.  

 

Considering these limitations, a simpler approach was used. 25 mm large filters with the appropriate 

filter sizes were individually purchased along with filter units that may be screwed open and shut and 

be used several times, autoclaving between uses to sterilize the filters. This way 6 l of water could still 

be filtered through 3 set ups with a 5.0 µm filter and a 0.1 µm filter in parallel. The filters could then be 

used in the same extraction. This method could combine the powerful peristaltic pump filtration 

(Kesberg and Schleheck, 2013) with a physical and chemical extraction protocol (Loy et al., 2005). It 

was determined, that it made no difference for the extraction whether the process was performed with 

1, 2 or 3 filters. More filters, however, were not possible due to the size of the extraction tubes. There 

were problems with leakage, as these filter units are designed to work with syringes, rather than a 

peristaltic pump, but after several tries it was discovered that they could be sealed with PTFE sealing 

tape. For this the filter units were first autoclaved in their separate components, then three layers of 

TPFE sealing tape was wrapped around the screw thread, before placing the filters inside and screwing 

the parts together. A layer of parafilm was then placed around the filter to keep it secure. While there 

was no visible leaking and all further filtration for DNA extraction was conducted this way, a complete 

absence of leakage could not be excluded. Sectional filters adjusted to work with a peristaltic pump were 

found to be the most practical. 

 

After filtration, the filters were frozen at -20 °C (1 freeze thaw cycle increases DNA yield 3-fold). The 

DNA extraction from water samples was adapted from Loy et al., (2005). The polycarbonate filters were 

placed into a 2 ml zirconium bead containing tube. 400 µl TE (10 mM Tris-HCl pH 8, 1 mM EDTA) 
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and 600 µl phenol/chloroform/isoamylalcohol 25:24:1 (Carl Roth GmbH) were added. The tube was 

vortexed for 15 minutes and then centrifuged at 18000 ×g for 10 minutes at 4°C. The supernatant was 

transferred into a fresh 1.6 ml Eppendorf tube. A further 500 µl phenol/chloroform/isoamylalcohol 

25:24:1 was added for purification. The tube was briefly mixed by inversion, then centrifuged as before. 

The supernatant was transferred into a fresh 2 ml Eppendorf tube and 0.1 vol 3 M sodium acetate and 

2.5 vol 100% molecular-grade ethanol (Carl Roth GmbH) were added. The tube was incubated at -20°C 

overnight. Afterwards, the tube was centrifuged at 18000 ×g for 15 minutes at 4°C. The supernatant was 

discarded, and the pellet washed in ice cold 70 % molecular-grade ethanol (Carl Roth GmbH) twice, 

then dried five minutes. The DNA was re-suspended in 50 µl dH2O. After extraction, the DNA 

concentration was measured photometrically using a NanoDrop as well as visualized on a 1% agarose 

gel. From these results PCR reactions were set up to amplify different DNA fragments and prove the 

presence of thaumarchaeotal and bacterial ammonia oxidizers.  

This method was used for all sampling considered in this study. Note: there was no DNA procured for 

the following samples: Clear Water Phase 2015, 85 mbls depth, Parallel A, Group 0.1 and Parallel C, 

Group 5.0 and 0.1, as well as Winter 2016, 1 mbls depth, Parallels B, C and D. 

 

2.2.3.2 Polymerase chain reaction of bacterial 16S rRNA gene 

In order to prove the amplifyablity of the DNA extracts as well as check for bacterial presence in general 

a standard 16S rRNA gene-based PCR was carried out. The primer pair consisted of 8f (5'-AGA GTT 

TGA TYM TGG CTC-3'; (Loy et al., 2002) as the forward primer and 1492r (5‘-

GGYTACCTTGTTACGACTT-3‘) (Loy et al., 2002) as the reverse primer. In each reaction tube there 

were 33.3 µl H2O, 5 µl 10x Taq-polymerase buffer, 5 µl desoxynucleoside triphosphate (dNTP) (1 mmol 

/1), 4 µl MgCl2 (25 mmol/1), 0.5 µl BSA (1 mg/ml), 0.5 µl forward primer (100pmol/µl), 0.5 µl reverse 

primer (100 pmol/µl) and 0.2 µl Taq-Polymerase (5 Unit per microlitre (U/µl)) as well as 1µl of the 

DNA extract (when the DNA concentration was between 10 and 50 µg / µl). Amplification was 

performed in a PCR thermocycler. The first denaturation took place at 95°C for 5 minutes, with every 

following denaturation lasting 30 seconds. Annealing took place at 50°C for 30 seconds. Elongation 
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took place at 72°C for 90 seconds. This cycle was repeated 35 times and followed by a final elongation 

for 5 minutes. In all cases, the 16S rRNA gene could be amplified via PCR, including all the parallels 

of all depths and both filter sizes, throughout the yearly cycle. This showed that no samples included 

contaminants prohibiting PCR amplification. It also showed that the extraction method used was 

efficient enough to allow PCR-based analyses. Knowing this, more specific PCR could then be carried 

out to determine the presence or absence of thaumarchaeotal and bacterial ammonia oxidizers. 

 

2.2.3.3 Polymerase chain reaction of thaumarchaeal and bacterial amoA gene 

For the amplification of the thaumarchaeal amoA gene the primer pair CamoA-19f (5'-FAM-ATG GTC 

TGG YTW AGA CG) (Tourna et al., 2011) as the forward primer and CamoA-616r (5'-GCC ATC CAB 

CKR TAN GTC CA) (Nicol et al., 2008) as the reverse primer were used. For the amplification of the 

bacterial amoA gene the primer pair amoA-1F (5'-FAM-GGG GHT TYT ACT GGT GGT) (Stephen et 

al., 1999) as the forward primer and amoA-2R (5'-CCC CTC KGS AAA GCC TTC TTC) (Rotthauwe 

et al., 1997) as the reverse primer were used. In each reaction tube there was 5 µl of PCR buffer (10x), 

5 µl of dNTP (2 mmol/l), 3 µl magnesium chloride (25mmol/l), 0.5 µl BSA (1mg/ml), 0.5 µl of the 

forward primer (100 pmol/µl), 5 µl of the reverse primer (100 pmol/µl), 0.2 µl of Taq polymerase (5 

U/µl) and 1 µl of template DNA. Amplification was performed by using a PCR thermocycler 

(Eppendorf). The first denaturation took place at 95°C for 5 minutes. Every following denaturation 

lasted 30 seconds. Annealing took place at 54°C for 30 seconds for bacterial amoA and 50°C for archaeal 

amoA. Elongation took place at 72°C for 1 minute. This cycle was repeated 35 times and followed by a 

final elongation for 5 minutes.  
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2.2.3.4 Illumina 16S rRNA gene amplicon sequencing 

Bacterial and archaeal 16S rRNA genes were amplified according to the manual of the NEXTflexTM 16S 

V4 amplicon sequencing kit 2.0 (Bioo Scientific, Austin, TX, USA), which included the preparation of 

a multiplexed amplicon library for paired-end sequencing on the Illumina® MiSeq platform. In brief, 5 

ng of total extracted DNA were used as template for amplifying the V4 region of bacterial 16S rRNA 

genes using the universal primers F515 (5’-GTGCCAGCMGCCGCGGTAA-3’) and R806 (5’-

GGACTACHVGGGTWTCTAAT-3’) (Caporaso et al., 2011) that were elongated by oligonucleotide 

adaptors for subsequent PCR barcoding. The PCR consisted of an initial denaturation at 95°C for 4 min 

followed by 10 cycles of denaturation at 95°C for 30 s, annealing at 56°C for 30 s, and elongation at 

72°C for 90 s with a final elongation for 4 min at 72°C. PCR products were purified using Agencourt 

AMPure XP Magnetic beads (Beckman Coulter, Indianapolis, IN, USA) and used as template in a 

subsequent PCR with 12 cycles to introduce barcodes and Illumina sequencing adaptors according to 

the manufacturer’s instructions. PCR conditions were the same as outlined for the first PCR except that 

the annealing temperature was set to 60°C and the elongation time shortened to 30 sec. 

 

Amplicon sequencing was performed on the Illumina MiSeq platform using paired-end sequencing 

(2×300 bp) based on the MiSeq Reagents kit v3. Amplicon reads were processed in mothur v.1.39.5 

(Schloss et al., 2009) including quality control, removal of unique singletons, de novo chimera filtering 

using UCHIME (Edgar et al., 2011), de novo clustering of operational taxonomic units (OTUs) at 97% 

sequence identity, and removal of OTUs with fewer than 3 reads to discriminate against sequencing 

artefacts. This resulted in 8.25 million high-quality paired-end reads forming 5,780 species-level OTUs. 

All amplicon sequences were deposited at the Sequence Read Archive at NCBI under the bioproject 

number PRJNA464048.  
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2.2.3.5 Quantitative polymerase chain reaction of thaumarchaeal and bacterial 16S rRNA gene and 

amoA gene 

In order to quantify all bacteria and archaea as well as ammonia oxidising bacteria and thaumarchaeota 

a quantitative polymerase chain reaction protocol was employed. 96 well plates were used. In each well 

there was 10 µl of GoTaq® qPCR Master Mix (2x) (Promega), 0.2 µl BSA (1mg/ml), 0.2 µl of the 

forward primer (75 µM), 0.2 µl of the reverse primer (100 µM), and 5 µl of template DNA (1 ng/µl). 

Water was added to make up 20 µl of amplification solution. Amplification was performed by using an 

ABI 7500 cycler (Applied Biosystems). For the amplification of all bacterial and archaeal 16S rRNA 

genes the primer pair consisted of 1389f (75 µM) (5′-TGY ACA CAC CGC CCG T-3′) as the forward 

primer and 1492r (100 µM) (5‘-TACGGYTACCTTGTTACGACTT-3‘) (Loy et al., 2005) as the 

reverse primer. For the amplification of the 16S rRNA gene, the following parameters were used: The 

first denaturation took place at 95°C for 5 minutes. Every following denaturation lasted 40 seconds. 

Annealing took place at 52°C for 40 seconds. Elongation took place at 72°C for 1 minute. This cycle 

was repeated 40 times and followed by a final elongation for 5 minutes.  

 

For the amplification of the thaumarchaeal amoA gene the primer pair CamoA-19f (75 µM) (5'-FAM-

ATG GTC TGG YTW AGA CG) (Tourna et al., 2011) as the forward primer and CamoA-616r (100 

µM) (5'-GCC ATC CAB CKR TAN GTC CA) (Nicol et al., 2008) as the reverse primer were used. For 

the amplification of the bacterial amoA gene the primer pair amoA-1F (100 µM) (5'-FAM-GGG GHT 

TYT ACT GGT GGT) (Stephen et al., 1999) as the forward primer and amoA-2R (100 µM) (5'-CCC 

CTC KGS AAA GCC TTC TTC) (Rotthauwe et al., 1997) as the reverse primer were used. For the 

amplification of the both thaumarchaeotal and bacterial amoA-gene, the following parameters were 

used: The first denaturation took place at 95°C for 5 minutes. Every following denaturation lasted 30 

seconds. Annealing took place at 54°C for 30 seconds. Elongation took place at 72°C for 1 minute. This 

cycle was repeated 40 times and followed by a final elongation for 5 minutes.  
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In order to quantify gene copy numbers, a standard curve had to be produced. This was achieved by 

using PCR products of one of the clones obtained from the clone libraries (described below) each for 

16S rRNA genes (these were supplied by Lisa Pihan) and the bacterial and thaumarchaeal amoA genes. 

The DNA concentration was measured using a Pico Green measuring kit and converted to copy numbers 

per volume as based on the known sequence of the employed standards. A standard curve between 101 

and 108 bases was then made through serial dilution. Lambda DNA was added to each standard to make 

the DNA concentration 1 ng/µl to make the standards more closely resemble the samples and avoid 

adsorbance of DNA to the plastic of the equipment. 

 

2.2.3.6 Clone library construction based on bacterial and thaumarchaeal amoA genes 

For the construction of clone libraries, the TOPO® TA Cloning® Kit for Sequencing (Invitrogen) was 

used, according to the manufacturer’s instructions. 4 µl fresh PCR product were gently mixed with 1 µl 

salt solution and 1 µl TOPO® TA vector and incubated for 30 minutes at room temperature, then placed 

on ice. 2 μl of this TOPO® Cloning reaction were added into a vial of One Shot®chemically competent 

cells and mixed gently. The tube was then incubated on ice for 30 minutes. The cells were heat-shocked 

for 30 seconds at 42°C. Immediately afterwards the tubes were transferred to ice. 250 μl of room 

temperature S.O.C. medium was added. The tube was shaken horizontally at 300 g at 37°C for 1 hour, 

then placed on ice. 50 µl, two times 75 µl and 100 μl from each transformation were spread on pre-

warmed Luria Bertani plates. The plates were incubated overnight at 37°C. From the colonies grown 50 

were picked per sample and diluted in 50 µl water. The DNA was extracted per heat-shock protocol (10 

minutes at 99°C followed by 30 seconds on ice) and sent out for sequencing (Microsynth GmbH). The 

sequence data obtained was checked for ambivalent bases and cut at the primer pair, using FinchTV 

(Version 1.4.0, provided by Geospiza, http://www.geospiza.com/). The sequence data was then 

imported into the ARB software for further analysis (Ludwig et al., 2004). Species-level amoA OTUs 

were delineated using 85% and 80% nucleotide sequence identity as a cutoff-value for thaumarchaeal 

http://www.geospiza.com/
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(Pester et al., 2012a) and beta-proteobacterial (Purkhold et al., 2000) amoA sequences, respectively. 

Sequences were submitted to NCBI under the accession numbers MH780501-MH780654. 
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2.2.3.7 Phylogenetic tree construction based on 16S rRNA and amoA-genes 

Several phylogenetic trees were calculated using the ARB software (Ludwig et al., 2004) for each group 

of ammonia oxidizing microorganisms. Within the distance matrix method, the Neighbour Joining 

method and the Phylip Distance were used to calculate a Neighbour Joining and a Fitch-Margoliash tree. 

With the Maximum Parsimony Method, a Phylip DNA PARS tree was calculated. The online tool 

CYPRES (Cyberinfrastructure for Phylogenetic Research, www.phylo.org, Miller et al., 2010) was used 

to calculate a RAxML phylogenetic tree (Stamatakis, 2006). To calculate bootstrap values, the tool was 

set to rapid bootstrapping and to allow RAxML to halt bootstrapping automatically. The tool halted 

bootstrapping after 402 trees for both bacterial and thaumarchaeotal ammonia oxidizers.  

Clone libraries of positive amplificates were constructed using the TOPO® TA Cloning® Kit for 

sequencing (Invitrogen-Thermo Fischer Scientific) according to the manufacturer’s instructions. 

Obtained sequences were analysed using the ARB software (Ludwig et al., 2004b) and published (Pester 

et al., 2012a) as well as in-house amoA databases. Species-level amoA OTUs were delineated using 85% 

and 80% nucleotide sequence identity as a cutoff-value for thaumarchaeal (Pester et al., 2012a) and beta-

proteobacterial (Purkhold et al., 2000) amoA sequences, respectively. Phylogenetic maximum likelihood 

trees were calculated using RAxML v8.2.9 (Stamatakis, 2006) as implemented on the CIPRES 

webserver (Miller et al., 2010, www.phylo.org). Rapid bootstrap analyses were performed by RAxML 

using the automatic MRE-based bootstrapping criterion (extended majority-rule consensus tree 

criterion), which stopped after 402 and 402 replicates for thaumarchaeal and beta-proteobacterial amoA 

genes, respectively.  

 

To calculate trees based on the 16S rRNA genes of ammonia oxidizing bacteria and thaumarchaeota, 

representative sequences of OTUs were chosen from the Illumina 16S rRNA gene amplicon sequencing 

results. They were added by the Quick Add Parsominy tool in ARB (Ludwig et al., 2004b)  to near full-

length 16S rRNA gene maximum likelihood trees that were generated using RAxML v8.2.9 (Stamatakis, 

2006) as implemented on the CIPRES webserver (Miller et al., 2010, www.phylo.org). Rapid bootstrap 

http://www.phylo.org/
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analyses were performed by RAxML using the automatic MRE-based bootstrapping criterion (extended 

majority-rule consensus tree criterion), which stopped after 702 and 402 replicates for thaumarchaeal 

and bacterial ammonia oxidizers, respectively.  
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2.2.3.8 T-RFLP profiling based on bacterial and thaumarchaeal amoA-genes 

For T-RFLP profiling, the sequences of the clone libraries constructed above were compared with the 

ARB (Ludwig et al., 2004) aligning tool. A restriction enzyme was chosen, that fit the sequence. For 

both bacterial and thaumarchaeotal ammonia oxidizers, the enzyme Hhal (GCGC) (Wan et al., 2014) 

(Thermo Scientific GmbH) and its appropriate Tango buffer were chosen. Both the thaumarchaeal and 

the bacterial forward primer were 5'- labelled with the dye 5-carboxyfluorescein in PCRs used to prepare 

PCR products suitable for T-RFLP analysis (for PCR protocols see above). The concentration of each 

purified PCR product was determined photometrically (NanoDrop). A DNA digest was carried out. For 

each PCR product, 7-10 ng of DNA was combined with 2 µl restriction enzyme buffer, 1 µl restriction 

enzyme and H2O to a total volume of 20 µl. The digest was carried out for 3 hours at 37°C and 20 

minutes at 80°C (Meyer et al., 2014; Wan et al., 2014). After restriction digest the samples were purified 

through a Sephadex® G-50 purification system (Sigma-Aldrich), according to manufacturer’s 

instructions. For 1 run (16 reactions) a master mix of 170μl HiDi Formamide and 4μl T-RFLP standard 

(CST ROX 35-1000; BioVentures Incorporated) was prepared. 10µl of the master mix is put into each 

well along with 4μl of sample. The plate was heated to 95°C for 3 minutes, placed on ice and measured 

in a T-RFLP analyser (Modell: ABI 3130; Capillary 36 cm; Polymer POP 7; Dye set G5; from Applied 

Biosystems). The resulting spectra were analysed using the ‘Peak Scanner Software Two’ program (also 

from Applied Biosystems).  

Table 5: Primer Pairs used in this thesis. 

Primer Pair Name Sequence Reference 

Bacterial amoA 

gene 

amoA-1F* 5’-GGGGHTTYT ACTGGTGGT-3’ Stephen et al., 1999 

 amoA-2R 5’-CCCCTCKGSAAAGCCTTCTTC-3’ Rotthauwe et al., 1997 

Thaumarchaeal 

amoA gene 

CamoA-

19f 

5‘-ATGGTCTGGYTWAGACG-3‘ Tourna et al., 2011 

 CamoA-

616r 

5‘-GCCATCCABCKRTANGTCCA-3‘ Nicol et al., 2008 

Bacterial 16S 

rRNA gene 

8f 5'-AGA GTT TGA TYM TGG CTC-3' Loy et al., 2002 

 1389f 5′-TGY ACA CAC CGC CCG T-3′  

 1492r 5‘-GGYTACCTTGTTACGACTT-3‘ Loy et al., 2002 

 

Clone Segment 

 

M13f 

 

5‘-GTAAAACGACGGCCAGT-3‘ 

 

TOPO® TA Cloning 

Kit 

 M13r 5‘-GCGGATAACAATTTCACACAGG-3‘ TOPO® TA Cloning 

Kit 
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3. Results 

3.1. Environmental factors in Lake Constance show nitrate as the dominant state of total nitrogen, 

indicating ammonia is oxidized rapidly 

Four environmental factors were regularly measured through an RBR_CTD multi-parameter probe in 

the water column of Lake Constance: Oxygen levels, temperature, conductivity and turbidity. For this 

study, the oxygen levels and temperature changes were given consideration. Shown are values of four 

dates in between winter 2015 and summer 2015, covering the wintertime, a spring bloom, clear water 

phase and a summer bloom. In addition to the standard environmental factors, for this study total 

environmental Nitrogen as ammonia and nitrate were also measured. While the photometric method 

employed cannot differentiate between nitrate and nitrite, nitrite is empirically virtually non-existent in 

freshwater lakes (below 0.1 µM) (Bodensee-Wasserversorgung, 2016) and was thus disregarded. Total 

nitrate and ammonia were measured less highly resolved, at only one depth in the epi- and metalimnion 

and two depths in the hypolimnion. They were taken at the depths according to the molecular samples 

(1, 15 85 and 135 mbls) (Figure 4). 

The oxygen concentration in Lake Constance varied greatly (between 212 and 407 µmol/l), both over 

the measured timeframe and over the measured depths. The highest concentration was seen at the surface 

water during spring bloom 2015 and the lowest at the bottom of the lake in winter 2016. The 

concentration seems to follow a yearly cycle with the highest concentrations measured in spring 2015 

(339±52 µM) throughout the water column and the lowest concentrations measured in autumn 2014 

(254±11 µM) and autumn 2015 (253±11 µM). The concentration is also highly dependent on the water 

depth, the upper water layers (15 mbls) averaging at 298±41 µM and the deepest layers (135 mbls) at 

233±12 µM O2 (Figure 4). The temperature of Lake Constance follows a similar setup. Both season and 

water depth influence the temperature in Lake Constance. However, the temperature under 30 mbls stays 

constant at 5 to 6°C throughout the year. The temperature of the surface layers though ranges between 

16±6.56°C in summer 2015 and 6±0.05°C winter 2015 (Figure 4).  
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Figure 4: Temperature (°C) left and oxygen levels (µM) right. The temperature and oxygen levels were taken by 

an RBR multi-sampling probe. 

 

 

Figure 5: Naturally occurring nitrogen throughout the water column. This includes ammonia (µM) and nitrate 

(µM) (nitrite is usually almost non-existent in natural waterbodies). 
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3.2. Ammonia turnover in Lake Constance 

Although the chemicals (ATU, PTIO and octyne) that were added should inhibit either the bacterial or 

thaumarchaeotal ammonia oxidation the resulting rates showed nothing of the kind. In some cases, 

assays with chemicals added had even higher turnover rates than the assays without anything added. 

The assays with both octyne and PTIO should have had no ammonia turnover at all, but often had rates 

as high as pure lake water. In many cases the ammonia concentration even went up over the course of 

the study. This last phaenomenon was probably due to decaying cells bursting open and releasing 

ammonia. Other cells might have been taking up the added ammonia. Only very small amounts of 

ammonia were added (between 10 µM and 100 µM). This is still several magnitudes higher than the 

natural ammonia concentration in Lake Constance. Adding less ammonia was not possible as it would 

not have been detectable by the methods of detection available at the time.  However, the increase in 

ammonia might still have had a severe effect on the microorganisms in the lake water. For example, the 

assay carried out between the 24.11.2015 and 02.12.2015 shown below demonstrates that ammonia 

turnover rates do not rise or drop consistently with the chemicals added that would be expected. Pure 

lake water has a smaller rate at 85 mbls than assays with added ATU, PTIO and octyne and the assay 

containing both octyne and PTIO have the same rate as the assay containing only octyne. For a closer 

view the assays at 1 mbls show nearly no difference between assays with inhibitors added and pure lake 

water. 
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Figure 6: Effect of ammonia oxidation inhibitors on ammonia oxidation rates in net rate assays. Positive: Lake 

water with no added inhibitor, negative: Autoclaved lake water, ATU: ATU was added to lake water, PTIO: PTIO 

was added to lake water, octyne: octyne was added to lake water, both: PTIO and octyne were added to lake water 

(in some assays larger concentrations of ATU were added instead) Upper graph: Results of assays using lake water 

from 1, 15, 85 and 135 mbls, lower graph: results from assay using lake water from 85 mbls. 
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3.3. Ammonia oxidizing communities 

3.3.1 Lake water filtration 

While the method of filtration that was eventually settled on did succeed in capturing cells on the filters 

and extracting DNA from then, it is very possible that despite the best efforts to prevent this some 

leakage still occurred. Because of this bias no absolute cells numbers are referenced in the following 

results. 

3.3.2 Polymerase chain reaction of bacterial 16S rRNA gene shows DNA present and amplifiable 

The 16S rRNA gene PCR of the DNA retrieved from the filters showed bands in all cases, all seasons, 

depths, replicates and cell sizes. DNA was therefore present on all filters and could be amplified using 

standard PCR techniques (See Figure 7 and supplementary Figure S1). 

 

 

Figure 7: PCR bands of 16S rRNA gene-based Polymerase Chain Reaction. Taken from sampling Winter 2015 

(13.01.2015). Depth Left to right: 1 mbls, 15 mbls, 85 mbls and 135 mbls. For each sampling depths four parallels 

were taken (designated A, B, C and D for referencing purposes) and each parallel was divided into the particle-

bound group (between 5.0 µm and 30.0 µm in size, here designated 5) and the free-living group (between 0.1 µm 

and 5.0 µm in size, here designated 0.1) of microorganisms. 
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3.3.3 Polymerase chain reaction of bacterial and archaeal amoA-gene shows both thaumarchaeotal 

and bacterial amoA genes are present in lake water 

Specific PCR targeting the thaumarchaeotal and bacterial amoA gene revealed that ammonia oxidizing 

thaumarchaeota and bacteria are both present in Lake Constance. Microorganisms that escaped the 5.0 

µm filter and were caught on the 0.1 µm filter instead were smaller in size or rather free-floating in the 

water column. While both lifestyles were present, free-floating ammonia oxidizers were observed much 

more often than aggregates, especially in the lower depths of 85 meter below the lake surface (mbls) 

and 135 mbls. It could be seen in the spring bloom, clear water phase and even early in the summer 

bloom that both thaumarchaeotal and bacterial amoA genes were difficult to detect at all. Through all 

seasons both thaumarchaeotal and bacterial amoA genes could be found in all depths. Signal strength 

from PCR bands did not vary with depth (See Figure 8 and supplementary Figures S2 and S3). 

 

 

Fig.8: PCR bands of bacterial (upper image) and thaumarchaeotal (lower image) amoA gene-based Polymerase 

Chain Reaction. Taken from sampling winter 2015 (13.01.2015). Depth Left to right: 1 mbls, 15 mbls, 85 mbls 

and 135 mbls. For each sampling depths four parallels were taken (designated A, B, C and D for referencing 

purposes) and each parallel was divided into the particle-bound group (between 5.0 µm and 30.0 µm in size, here 

designated 5) and the free-living group (between 0.1 µm and 5.0 µm in size, here designated 0.1) of 

microorganisms. 
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3.3.4 16S rRNA gene sequencing analysis shows thaumarchaeota are a dominant group in the lower 

water levels of Lake Constance all year round 

After qualitatively detecting the presence of ammonia oxidisers, the obvious question of ‘who is the 

most abundant’ was addressed first by using 16S rRNA gene sequencing. This is a rapid method of 

providing an overview of all phyla present in the water, throughout the year. The sequencing detected 8 

different OTUs of the thaumarchaeotal ammonia oxidizers and 10 different OTUs of the bacterial 

ammonia oxidizers. The main OTU of the thaumarchaeotal ammonia oxidizers, present in the 

sequencing data, was identified as Nitrosopumilus species. It represented between 77 % and 100 % of 

all thaumarchaeotal ammonia oxidizers detected throughout the sampling period (Table S1). The two 

main OTUs of the bacterial ammonia oxidizers, present in the sequencing data were identified as 

Nitrosospira and Nitrosomonas, respectively. They represented together between 84 % and 100 % of all 

bacterial ammonia oxidizers throughout the sampling period (Table S1). The percentage of the ammonia 

oxidizing bacterial and thaumarchaeotal OTUs varied, as indicated by PCR results greatly with the 

seasons, the depth of the water layer and the lifestyle of the thaumarchaeota. 

 

Throughout the year all thaumarchaeal OTUs (size and depths) change in percentage (Fig. 9). The 

highest percentage is always observed between late autumn and winter. In autumn 2015 the percentage 

ranges from 0.5 % in the epilimnial aggregate group to 21.5 % in the hypolimnial free-living group. In 

winter 2016 it ranges from 1.4 % in the hypolimnial aggregate group to 21.4 % in the hypolimnial free-

living group. This trend can also be seen to a lesser extent in February 2016, when the percentage is up 

to 8.6 % in the metalimnial free-living group.  During the warmer time of the year the percentages are 

substantially lower, ranging from 0 % to 1.9 % for the epi- and metalimnion and between 1.3 % and 

17.2 % for the hypolimnion. In the same manner, the deeper layers of the lake always contained a higher 

percentage. In the epilimnion between 0 and 12 % of the total prokaryotic community is occupied by 

thaumarchaeotal ammonia oxidizers. In the metalimnion, this percentage changes to 0.0 to 8.3 %. In the 

hypolimnion this percentage rises to 1.2 to 21.4 % of all OTU sequenced.  
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Lastly, the lifestyle of the thaumarchaeotal ammonia oxidizers had the largest influence on the 

percentage. They had the highest percentage in the group ranging between, 0.1 µm to 5.0 µm in size, 

indicating that most are free living, as was suggested by the qualitative PCR results (Figure 9). 

The OTUs of the bacterial ammonia oxidizers also change percentage throughout the year. In general, 

bacterial ammonia oxidizers were less abundant than thaumarchaeotal ones, ranging between 0.0 % and 

1.9 % of all OTUs. Because of this low abundance it is more difficult to spot clear pattern throughout 

the bacterial OTU than through the thaumarchaeotal OTUs. There is a trend of the ammonia oxidizing 

bacteria being more prevalent in summer than in winter, the highest abundance being 1.9 % of all OTU 

in June 2015. However, there are other summer samplings, in which the abundance of the bacterial 

OTUs falls below the detection limit of the sequencing. The depth of the water layers also affects the 

bacterial ammonia oxidizers differently, as here it is the metalimnion that has the highest percentage 

rather than the hypolimnion. What remains constant is the effect of the lifestyle of the ammonia 

oxidizers. Among the bacteria as much as among the thaumarchaeota, the free-living group has much 

higher abundances than the aggregate group (0.5 % opposed to 1.9 %, respectively) (Figure 9). 

 

Fig.9. Relative abundance of thaumarchaeotal (upper row) and bacterial ammonia oxidizers (lower row) between 

August 2014 and February 2016.  Water depths: 1 mbls (left), 15 mbls (middle) and 85 mbls (right). Each graph 

shows free-living microorganisms (sizes 0.1 to 5.0 µm) and particle-bound microorganisms (5.0 to 30.0 µm). 
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The alpha-diversity of observed OTUs (sobs) in the samples had a mean value of 1131 with a standard 

deviation of 352 with no discernible pattern between lake depths, season and lifestyle of the 

microorganisms (free-living or aggregate-bound). The lowest value (361) was seen in January 2015 in 

the upper layers of the lake in the aggregate bound group. The highest value (1950) was in November 

2015 in the lowest water layer in the aggregate-bound group. The chao index followed a similar trend 

with no discernible pattern. It had a mean value of 1381 with a standard deviation of 401. The lowest 

value (436) was at the same time as the alpha-diversity (January 2015 in the upper layers of the lake in 

the aggregate bound group) and the highest value (2319) as well (November 20154 in the lowest water 

layer in the aggregate-bound group). The ace index again followed the same trend as the alpha-diversity 

and the chao index.  It had a mean value of 1420 with a standard deviation of 413. The lowest value 

(469) was at the same time as the alpha-diversity (January 2015 in the upper layers of the lake in the 

aggregate bound group) and the highest value (2393) as well (November 20154 in the lowest water layer 

in the aggregate-bound group) (See Figure 10 and figure S4).  
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Figure 10: Overview of the alpha-diversity profiles of 16S rRNA gene amplicons. In the left column the particle-

bound microorganisms can be seen (sizes 5.0 to 30.0 µm) and in the right column the free-living microorganisms 

(0.1 to 5.0 µm) can be observed. The upper row shows samples from 1 mbls, the middle row from 15 mbls and the 

lower row from 85 mbls Each individual graph shows alpha-diversity between August 2014 and January 2016. 

sobs – OTUs observed, chao – Chao1 index, ace – ACE index. 
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Using the 16S Ribosomal ribonucleic acid (rRNA) Sequencing Analysis, different phyla were also 

analysed over the course of the year. The alpha- beta- and gammaproteobacterial were itemized 

separately. In the aggregate group, the cyanobacteria/chloroplast dominated the upper layers of Lake 

Constance with 34.54 % of the total mass in summer 2015 as the highest value. In the free-floating 

group, the actinobacteria (highest value 37.7 % in summer 2015) and the bacteroidetes (highest value 

31.22 % in spring 2015) shared dominance. In the lower levels of the aggregate group, the no group 

clearly dominated, however the unclassified bacteria made out a large percentile (21.16 - 35.32 %) of 

the overall mass. In the free-living section the lower levels were dominated by the thaumarchaeota, 

which varied between 21.5 and 13.4 % (Figure 11 and figure S5). 

 

Using the same 16S Ribosomal ribonucleic acid (rRNA) Sequencing Analysis, the top ten most abundant 

OTUs were also analysed (This meant OTU 01 to OTU 11, as OTU 02 was an outlier and thus 

disregarded). Only one of these OTUs represents the ammonia oxidizers (OTU 03 Thaumarchaeota). 

Three represent Cyanobacteria (OTU 1, OTU 10 and OTU 11), three represent actinobacteria (OTU 04, 

OTU 08 and OTU 09), two represent unclassified bacteria (OTU 06 and OTU 07) and one represents 

proteobacteria (OTU 05) (Betaproteobacteria). These OTU range in abundance between 0 % and 59 % 

of the total microbial community detected in the sequencing analysis and are very dependent on both 

depths and season in their abundance. For example, OTU 01 was very abundant in the aggregated group 

(11±15 %), but not abundant at all in the free-living group (1±2%), but also very dependent on season, 

as the percentage of the free-ling group goes up significantly in the winter samples lower water layers 

(6 % at 15 mbls and 1 % at 85 mbls on 10.03.2015 and 1 % at 15 mbls and 9 % at 85 mbls on 02.02.2016) 

from being below 1 % for most of the year all water layers (Figure 12 and figure S6). 
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Figure 11: Overview of the relative abundance of different phyla found in the water column of Lake Constance 

(alpha- beta- and gammaproteobacterial are itemised separately). The samples shown are from the Winter 

(13.01.2015), Spring Bloom (21.04.2015), Clear Water Phase (24.06.2015) and Summer Bloom (01.09.2015) 

samplings. In the first column the particle-bound microorganisms (5.0 to 30.0 µm) can be seen and in the second 

column the free-living microorganisms (sizes 0.1 to 5.0 µm) can be observed. Each individual graph shows phyla 

from three depths throughout the water column, 1, 15 and 85 mbls, except for the Clear Water Phase samples for 

which there are no results for 85 mbls.  
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Figure 12: Overview of the relative abundance of the ten most abundant OTUs found in the water column of Lake 

Constance. The samples shown are from the Winter (13.01.2015), Spring Bloom (21.04.2015), Clear Water Phase 

(24.06.2015) and Summer Bloom (01.09.2015) samplings. In the first column the particle-bound microorganisms 

(5.0 to 30.0 µm) can be seen and in the second column the free-living microorganisms (sizes 0.1 to 5.0 µm) can 

be observed. Each individual graph shows the most abundant OTUs from three depths throughout the water 

column, 1, 15 and 85 mbls, except for the Clear Water Phase samples for which there are no results for 85 mbls.  
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3.3.5 Bacterial and thaumarchaeotal amoA gene-based quantitative polymerase chain reaction did not 

show reliable results 

Quantitative polymerase chain reaction methods work by comparing a threshold value a sample needs 

to become detectable in the linear range to a standard curve of known copy number. In this study the 

method could not be used to obtain reliable copy number due to several complications. Applying this 

method to the samples in this study was always going to be a challenge, due to the unusually low 

amounts of DNA harvested. Even initially creating a reliable standard curve, that could be used for all 

samples (thus reducing the risk of getting differing results due to differing standards) was a challenge. 

Lambda DNA was used to stabilize the standard DNA (as well as mimic environmental sample 

conditions), and standards were divided into small amounts to avoid cycles of freeze-thaw, but still the 

standards curves kept deteriorating from one quantitative Polymerase Chain Reaction (qPCR) run to the 

next. Several standard curves were made, and samples needed to be processed very quickly to get usable 

results (Figure 13). 

 

Figure 13: Different attempts at a qPCR standard curve. The top row shows earlier unusable attempt, the bottom 

row shows later usable, but not perfect attempt. In both rows, left to right: 16S rRNA gene-based qPCR, 

thaumarchaeal amoA gene-based qPCR and bacterial gene-based qPCR. 
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Another problem was presented by the samples; not all samples even cleared to minimal required 

concentration of 1 ng / µl, necessitating higher amounts of sample to be introduced into any one assay 

template. Also, the length of the amplicon might have posed a problem. Usually amplicons in qPCR are 

recommended to be between 50 and 150 base pairs in length (Debode, 2017). The amplicons used for 

the thaumarchaeotal and bacterial amoA genes were 628 and 491 base pairs long, respectively. 

Amplicons of this length are amplified with very low efficiency, which can lead to more variation in the 

results and less precise results. Samples were run in triplicate to exclude technical errors, but many 

samples just never showed any usable results. Notably, several samples showed lines on the qPCR 

machine, that were aslope to the lines of the standard curve. This occurred in all sections of the qPCR, 

whether the 16S rRNA gene or the bacterial or archaeal amoA gene was targeted (Figure 14). Several 

things were tried in order to rectify this problem, but ultimately no reliable results could be obtained for 

most of the samples. This was determined after comparing the qPCR results with those of the 16S rRNA 

next generation sequencing. The relative number of thaumarchaeotal and bacterial ammonia oxidizers 

(compared to the overall sequence numbers) should have been comparable in the two methods but were 

not. As the next generation sequencing method was determined to be more reliable and problems with 

the qPCR were obvious and remained unfixable, the qPCR results were disregarded. 

 

Figure 14: examples of aslope lines in qPCR runs. Left to right: 16S rRNA gene-based qPCR, thaumarchaeal 

amoA gene-based qPCR and bacterial gene-based qPCR. Arrows mark the aslope lines.  
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3.3.6 Bacterial and thaumarchaeotal amoA gene-based clone libraries confirm low diversity of 

ammonia oxidisers in Lake Constance 

Based on the bacterial and thaumarchaeotal amoA gene PCR, further phylogenetic analysis of the 

diversity of the thaumarchaeotal and bacterial ammonia oxidizers in Lake Constance was carried out. 

PCR were done on selected samples to establish bacterial and thaumarchaeotal amoA clone libraries. 

The samples chosen were from the summer bloom 2014 and the winter 2015 sampling times and 

included the DNA extracted from the 0.1 µm to 5.0 µm fraction of each 15 mbls and 85 mbls to establish 

four distinct clone libraries for each thaumarchaeotal and bacterial ammonia oxidizers. When added to 

the established databases the thaumarchaeotal ammonia oxidizer clones all clustered together into one 

group, the bacterial ammonia oxidizers groups into two groups. ARB was then used to calculate the 

phylogenetic similarity of the operational taxonomic units (OTU).  

 

For thaumarchaeotal ammonia oxidizers, only one amoA OTU, representing all Thaumarchaeota, seems 

to be present within the lake, which falls into the Nitrosopumilus cluster (Figure 14). Within the bacterial 

ammonia oxidizers only two amoA OTU are detectable and they are phylogenetically very similar (80 

% similarity) (Figure 14). OTU were calculated based on 90 % sequence identity for bacterial ammonia 

oxidizers and 87% sequence identity for thaumarchaeotal ammonia oxidizers (Pester et al., 2012). Both 

depths tested, 15 mbls, representing the Metalimnion and 85 mbls, representing the hypolimnion, fall 

into the same OTU. The winter samples and summer bloom samples also coincide with each other in 

their low phylogenetic diversity. This confirms the results of the 16S rRNA gene analysis, in which most 

thaumarchaeotal ammonia oxidizers fall into one OTU, the closest cultured relative of which was 

Nitrosopumilus oxyclinae. To confirm these OTU configuration persisted throughout the yearly cycle, 

T-RFLP profiles were employed. 
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3.3.7 Phylogenetic tree construction based on 16S rRNA and amoA genes shows the OTUs next genetic 

relatives 

Phylogenetic tree construction based on 16S rRNA shows the thaumarchaeotal OTUs next genetic 

relative to be Candidatus Nitrosopumilus oxyclinae and based on amoA genes Candidatus 

Nitrosomarina catalina. Phylogenetic Tree construction based on 16S rRNA shows the bacterial OTU 1 

next genetic relative to be Nitrosospira briensis and OTU 2 next genetic relative to be Nitrosomonas 

ureae. Phylogenetic tree construction based on amoA genes puts both OTUs next genetic relative as 

Nitrosospira lacus (Figure 15).   
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Figure 15: Phylogenetic affiliation of all ammonia oxidizing thaumarchaeal and bacterial 16S rRNA gene OTUs 

retrieved from the water column of Lake Constance. Maximum likelihood trees were inferred using the RAxML 

algorithm (Stamatakis, 2006) and shorter amplicon reads were added using the Quick add parsimony tool as 

implemented in the ARB software suite (Ludwig et al., 2004) without changing the tree topology. This is indicated 

by dashed branches. Bootstrap support is indicated by closed (≥90%) and open (≥70%) circles at the respective 

branching points. The scale bar indicates 10% estimated sequence divergence. 
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3.3.8 T-RFLP profiling shows the OTU constellation to be consistent throughout the yearly cycle   

T-RFLP analysis of all positive PCR products analysed confirmed the low diversity among ammonia 

oxidisers in Lake Constance of the previous methods. Profiles based on the thaumarchaeotal amoA gene 

showed one peak at 553 base pairs. Profiles based on the bacterial amoA gene showed two peaks, at 63 

and 134 base pairs, one of which was much higher than the other (9 % and 91 % respectively) (Figure 

15). This trend did not change within all the parallels tested per sample. It seemed to be independent of 

lake bloom, stratification or mixing of water layers, as well as changes in light and temperature, as no 

seasonal variance was detected. It also continued throughout all sampling depths. No difference was 

observed between the epi-, meta-, and hypolimnion, as samples from 1 mbls, 15 mbls, 85 mbls and 135 

mbls all showed similar profiles. It also does not seem to be not influenced by whether ammonia 

oxidizers are aggregated or particle-attached (seen in the 30.0 µm to 5.0 µm fraction) or free-living (seen 

in the 0.1 µm to 5.0 µm fraction) (Figure 16).  
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Figure 16: T-RFLP Profiles of a sample amplified for the thaumarchaeotal (top) and bacterial (bottom) amoA 

genes. The two left left-hand graphs show the particle-bound microorganisms (5.0 to 30.0 µm) and the right-hand 

graphs show the free-living microorganisms (sizes between 0.1 and 5.0 µm). The samples shown are from the 

winter (13.01.2015), spring bloom (21.04.2015), Clear Water Phase (24.06.2015) and Summer Bloom 

(01.09.2015) samplings (top to bottom in each section). The first block of four is from 1 mbls waters, the second 

from 15 mbls water and the third from 85 mbls waters. 
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4. Discussion 

4.1 Environmental factors in Lake Constance 

4.1.1 Oxygen and temperature  

Oxygen levels and temperature changes as well as total environmental nitrogen as ammonia and nitrate 

were observed over time. Oxygen concentration and temperature follow the same patterns, varying over 

the measured timeframe and depths. Oxygen levels and temperature follow a yearly cycle with the 

highest values measured in spring and summer in the upper layers and the lowest measured in autumn 

and winter. The oxygen concentration in the lower depths also increased during the warmer months, but 

the temperature stayed constant at 5°C.  

 

The qualitative PCR results suggested and the 16S rRNA gene amplicon sequencing results confirmed 

that ammonia oxidizing thaumarchaeota have higher abundances in colder and less oxygenated waters. 

The highest relative abundances of thaumarchaeota were seen at 85 m. For the bacteria ammonia 

oxidizers the highest percentage was at 15 m water depth in June 2015. In 2014, Beman published a 

study of a subtropical estuary, (Bahía del Tóbari, Mexico), in which he also found amoA abundance to 

be inversely related to temperature and supports the idea that nitrification is limited within subtropical 

estuarine sediments.  

 

Further warming of Lake Constance’s water column might thus be a hindrance to efficient ammonia 

oxidation. In 2012 by Sakami et al. examined ammonia oxidizing communities in three biofiltration 

tanks used for closed marine fish culture systems. The biofiltration tanks operated at different 

temperatures (-sub-arctic, temperate and sub-tropical). The clone library from the sub-tropical tank was 

more diverse than the colder tanks consistent with the reported fact that temperature is a key factor 

influencing the population diversity of ammonia oxidizers. However, in this study the diversity of the 

ammonia oxidizing organisms stayed the same in summer and winter and at different water depths. 
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4.1.2 Nitrate and ammonia concentration  

Ammonia concentration in Lake Constance is generally very low (Bodensee-Wasserversorgung, 2016), 

which is concurrent with the results of this study. Ammonia concentration was highest during spring 

and summer bloom. In the samples taken for this study, the mean concentration of ammonia in Lake 

Constance was determined to be 0.22±0.17 µM. The lowest concentration was 0.04 µM in the 

metalimnion in summer 2015 and the highest concentration was 0.84 µM in the metalimnion in spring 

2015. The concentration of ammonia rose throughout the water column in times of spring bloom 

(0.59±0.22 µM) and summer bloom (0.27±0.10 µM) in comparison with the winter concentration 

(0.12±0.05 µM) (Figure 5).  

 

Nitrate concentration in Lake Constance (~68 µM) (Bodensee-Wasserversorgung, 2016) is significantly 

higher than ammonia concentration. Opposite to ammonia concentration, the nitrate concentration 

depends less on the season and more on the water layer depth. In the samples taken for this study, the 

mean concentration of nitrate was 42.65±6.47 µM. The lowest concentration was 30.63 µM in the 

metalimnion in autumn 2015 (data not shown) and the highest concentration was 55.51 µM in the 

hypolimnion in summer 2014. The hypolimnion always had higher nitrate values (46.82±4.04 µM) than 

the epi- (36.69±5.54 µM) and the metalimnion (40.28±5.31 µM) (Figure 5).  

 

Thaumarchaeota were constantly dominant over bacteria throughout the year.  Although a slight increase 

in AOB can be seen after the spring bloom, the thaumarchaeota dominate at this time as well. However, 

as ammonium levels increase thaumarchaeota abundance decreases. This correlates with the results of 

several published studies.  
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A study by De Gannes et al (2014) studied a range of non-managed tropical soils, where structures of 

AOA and AOB differed significantly between soils. The study showed that soil nitrogen levels were 

significant for AOA, but not AOB. A study by Sauder et al. (2012) investigated ammonia-oxidizing 

populations in nitrifying rotating biological contactors (RBCs) from a municipal wastewater treatment 

plant. Individual RBC stages were arranged in series, with nitrification at each stage creating an 

ammonia gradient. The results demonstrated that AOA increased as ammonium decreased.  

 

Sun et al. found a similar state in the Dongjiang River (China). The abundance ratio of bacterial to 

thaumarchaeotal ammonia oxidizers varied from 0.07 to 9.4 along the river. The higher the concentration 

of ammonium was the more the bacterial ammonia oxidizers dominated the thaumarchaeota. 

Community distributions of both thaumarchaeal and bacterial ammonia oxidizers were significantly 

correlated with the concentrations of nitrate and total suspended solids, indicating the influence of 

abiotic factors on ammonia oxidizing communities. Lake Constance being a low-concentration 

ammonia environment concurred with these results by having thaumarchaeota being the dominant 

ammonia oxidizing organisms. 

 

The 2012 study by Sakami et al mentioned above also included a biofiltration tank to which a high 

concentration of ammonium chloride was added periodically to condition the biofilter materials, most 

of the thaumarchaeotal amoA sequences were different from the dominant one observed in the fish 

culture tanks. These findings suggest that high concentration ammonia loads have a considerable effect 

on ammonia-oxidizer community composition. This could not be confirmed by the results of the present 

study, as mentioned above, as ammonium oxidizer composition did not vary at different ammonia levels. 
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4.2 Ammonia turnover rate assays  

4.2.1 Different methods of measuring ammonia oxidation rates 

To determine whether ammonia oxidation was bacterially or thaumarchaeotally driven and to find how 

fast ammonia was oxidized assays can be carried out that measure the decrease of ammonia and increase 

of nitrate over time. This can be done by simple addition of ammonia to lake water and monitoring 

ammonia levels as well as addition of 15N to the nitrate pool and monitoring of the relation between 

natural N and 15N.  

 

In this work the traditional method was tried to determine the ammonia oxidation rates. Ammonia 

Turnover gross rates were measured over the course of a year and a half. Numerous tries were made to 

adjust ammonia addition, length of study and several other factors but the assay results proved to be 

completely unreliable because the net rate assay yielded no usable results.  

 

However, in his Master Thesis Benjamin Frommeyer used the new 15N-Nitrogen method. Using this 

technique, ammonia oxidation rates could be measured in Lake Constance. Therefore, the study relies 

on the results from the 15N net rate assays from Benjamin Frommeyer’s Master Thesis. The ammonia 

rates varied between 0.0 and 9.7 µM per day between autumn 2015 and summer bloom 2016. In most 

cases the rate did not exceed 1 µM per day. The highest rate in summer 2015 was more than double the 

rate of the next lower measurement (4.5 µM per day in fall 2015). The peak did not repeat in summer 

2016, when it stayed at 0.82 µM per day. Note: The same inhibitors as above were also tried in this 

assay, with the same conclusion (Frommeyer, 2015).  
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Another possible method was used by Lipsewers et al. (2014). There, intact polar lipid extraction and 

analysis instead of rate measurements was used to determine the contribution of thaumarchaeota and 

bacteria to ammonia oxidation processes in marine costal sediments in the North Sea. With this method 

they were able to determine HPH-crenarchaeol concentration was variable over the first 5 cm below sea 

floor, but stable values were detected in the layers underneath. No clear seasonal differences were 

detected. This followed the concentrations of ammonia they detected in the sediment, indicating 

thaumarchaeotal dominance of ammonia oxidation. Urakawa et al. (2014) studied Hood Canal, a fjord 

within the Puget Sound, Washington State estuary system. They also used intact glycerol dialkyl 

glycerol tetraether lipids to determine that thaumarchaeota had a greater contribution nitrification than 

bacteria. This method might be tried in further studies as an alternative to the ammonia turnover rate 

assays. 
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4.2.2 Multiple attempts were made to use ammonia oxidation inhibitors 

In addition to this to determine which ammonia oxidizers to what extend are responsible for nitrification 

selective inhibitors for thaumarchaeotal or bacterial nitrification were used both in this study and by 

Benjamin Frommeyer in 2015. In both cases no reasonable results came of the use of inhibitors. 

Although the inhibitory chemicals (ATU, PTIO and octyne) that were added should inhibit either the 

bacterial or thaumarchaeotal ammonia oxidation the resulting rates showed nothing of the kind. In many 

cases the ammonia concentration even went up over the course of the study (Frommeyer, 2015). This 

was probably due to decaying cells releasing ammonia as the burst open. 

 

Cells might have been taking up the artificially added ammonia. As little as possible ammonia was added 

(20 µM) to minimise this phenomenon. Any less would have been below the detection limit of the 

analysis methods used. However, this was still several magnitudes higher than the natural ammonia 

concentration of the lake and may therefore have unduly influenced the assay. Although, methods of 

specific ammonia inhibition have been studied: Octyne by Taylor et al. (2013, 2015), PTIO by Shen et 

al. (2013), they used pure cultures of thaumarchaeota (N. viennensis) and bacteria (N. multiformis) to 

investigate. In the much more complex environment of lake water assays, the inhibitors may have 

reacted, taken up or inactivated by numerous other microorganisms, rendering the specific inhibitory 

effects inert.  
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4.2.3 Oxidation rates at the sampling site were generally low and thaumarchaeota dominated bacteria 

In most cases the rate did not exceed 1 µM per day. The highest rate in summer 2015 was more than 

double the rate of the next lower measurement (4.5 µM per day measured on the 29.10. 2015 as opposed 

to 2.4 µM per day measured on the 10.11.2015). The peak did not repeat in summer 2016, when it stayed 

at 0.82 µM per day (Frommeyer, 2015). In a similar study by Loken et al. (2016) ammonia oxidation 

rates ranged from 0.06 to 0.27 µM N per l per day in the upper estuary of Lake Superior and from 0.52 

to 5.21 µM N per l per day in the lower. In said study highest rates occurred 7 km from Lake Superior 

in the more urbanized portion of the estuary. This concurs with the results of this study, in which the 

sampling point was next to a low frequented forested area, although the village of Wallhausen is quite 

close.  

 

The ammonia levels measured in this study although varying a great deal over the course of a year did 

not seem to directly influence the rates of ammonia oxidation in Frommeyer’s study. In summer 2015, 

when ammonia rates were at the highest point (9.7 µM per day), the ammonia level at 85 m was much 

lower (0.10 µM N) than in spring 2015 (0.44 µM N), when ammonia oxidation was much lower (0.8 

µM per day). The nitrate at that depth was almost steady throughout the year but was higher in winter 

(57 µM N), when the rates had slowed down (0.0 µM per day), also not suggesting a correlation 

(Frommeyer, 2015).  

 

Several studies on freshwater bodies have been studied in which the ammonia turnover rates were very 

low. For example, Hayden and Beman (2014) studied oligotrophic, high-altitude Lakes of the Sierra 

Nevada, USA and found that rates were undetectable under in situ light levels. Li et al. (2014) studied 

the Colne Estuary, United Kingdom. Here nitrification potentials differed along the estuary and over 

time, with the greatest nitrification potentials occurring mid-estuary. At the estuary head and mouth 

nitrification potentials fluctuated throughout the year.  
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While ammonia oxidation rates were very low, thaumarchaeota dominated the ammonia oxidizing 

communities in this study. This has also been overserved in 2015 Zhou et al. as they measured the 

Potential Nitrogen Rates of inland waters across China and found thaumarchaeota outnumbered 

ammonia oxidizing bacteria in the inland waters where little human activities were involved. And in 

2014 Urakawa et al. studied Hood Canal, a fjord within the Puget Sound, Washington State estuary 

system. They also used 15NH4
+ dilution techniques in tandem to determine high thaumarchaeotal 

presence and nitrification rates at low concentrations of ammonia, and transient increases in AOB at 

regionally and seasonally elevated concentrations of ammonia in the water column. 
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4.2.4 Are bacteria or thaumarchaeota responsible for ammonia oxidation in Lake Constance? 

Considering the results of Benjamin Frommeyer’s 15N study in general (Frommeyer, 2015), the 

fluctuations in rate do not seem to be related to the thaumarchaeotal ammonia oxidizers, which stayed 

consistently at a high relative abundance (13.0 to 21.5 %) between August 2014 and February 2016. 

This contrasts with a study done by Small et al. in 2013 in Lake Superior, where when thaumarchaeotal 

and bacterial ammonia oxidizers were undetectable in the upper layers of the lake oxidation rates were 

very low (<15 nmol per day).   

 

However, several previously published studies found that ammonia oxidation may be dominated by 

bacteria, even when thaumarchaeota are more abundant. In 2015 Zhou et al. measured the Potential 

Nitrogen Rates of inland waters across China. When they conducted a correlation analysis between 

PNR, archaeal and bacterial amoA abundance, bacterial amoA abundance significantly correlated with 

PNR, while archaeal amoA abundance showed no correlation with PNR. These results led Zhou et al. 

to believe AOB, rather than AOA, contribute more to nitrification in Chinese inland water ecosystems. 

In a similar fashion, Sun et al. (2014) investigated ammonia oxidizers in the Dongjiang River (China) 

and the potential nitrification rates measured at each sampling station correlated positively with the 

bacterial ammonia oxidizers, suggesting that their contribution to nitrification was greater than that of 

the thaumarchaeota in the river.  
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4.3. Ammonia oxidising organisms: Bacteria, thaumarchaeota and comammox 

4.3.1 Ammonia oxidation in Lake Constance is carried out by bacteria and thaumarchaeota 

As mentioned above, there are three types of organisms that oxidize ammonia: ammonium oxidizing 

bacteria, thaumarchaeota (Venter et al., 2004; Treusch et al., 2005) and complete ammonia oxidation 

bacteria (Daims et al., 2015; van Kessel et al. 2015). As Marvin Kaup determined in his Master Thesis 

no comammox bacteria could be detected in Lake Constance’s water column (Kaupp, 2017). Both 

ammonia oxidizing bacteria and thaumarchaeota could be detected in this study and several factors in 

Lake Constance contribute to their distribution and composition. These factors can be compared to 

previously studies of freshwater ecosystems (Okasaki et al., 2016; Mukherjee et al., 2015; Callieri et 

al., 2016, etc.) as well as marine and soil ecosystem studies.  

 

4.3.2 Thaumarchaeota dominate the ammonia oxidizing community 

In literature there is a clear trend of ammonia oxidizing communities being dominated by 

thaumarchaeota when the ammonia concentration is low. In an oligotrophic freshwater lake like Lake 

Constance, this could mean that thaumarchaeota dominate ammonia oxidation and indeed in this study 

it was shown that thaumarchaeota were in all cases more numerous than bacteria and indeed comammox 

bacteria were not detected in the water column at all (Kaupp, 2017).  

 

Similar results are found all over literature in different habitats. A study by Che et al. (2015) 

investigating different soils showed that thaumarchaeota have strikingly lower ammonia requirements 

than bacteria in soils. Inversely in habitats with high ammonia concentration bacteria dominate the 

ammonia oxidizing communities. For example, Li et al. (2014) studied amoA gene abundances and 

found bacterial amoA to be significantly greater (by 100-fold) thaumarchaeotal amoA both spatially and 

temporally, increasing from the upper (freshwater) to lower (marine) regions of the Colne estuary. They 

suggest that in this nitrogen-rich estuary, bacteria were of major significance in nitrification. 
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4.3.3 Abundance of ammonia oxidizers varies seasonally and specially 

In this study, it was found that thaumarchaeota make up a large percentage of the microplankton in Lake 

Constance. However, the percentage varies largely between 0.5 % and 21.5 %. This variation is 

influenced by several factors, including the seasons, the depth of the water layer and the lifestyle of the 

thaumarchaeotal ammonia oxidizers. 

  

In 2008 Salcher et al. published a similar study of the water column of Piburger See, Austria that 

suggested archaeal and bacterial ammonia oxidizers occupy distinct vertical and ecophysiological niches 

in the Lake water. In 2016, Callieri et al. investigated the microplankton community in six freshwater 

lakes during spring and summer. They observed the greatest variance in the depth of the water, seeing a 

great increase in thaumarchaeota at 50 mbls, especially during the summer bloom, while the bacterial 

community held at steady numbers. In my study as well, it was at 85 mbls that the Thaumarchaeota were 

at the highest percentage. In the epilimnion between 0 and 12 % of the total is occupied by the 

thaumarchaeotal ammonia oxidizers. In the metalimnion, this percentage rises to 0 to 8.3 %. In the 

hypolimnion this percentage rises to 1.2 to 21.4 % of all OTU sequenced.  

 

The Lake Magiorre was also studied by Coci et al. in 2015 along with its lake tributary, River Maggia. 

Their study found that the thaumarchaeotal ammonia oxidizers in the lake occur only in the hypolimnion 

and are seasonally stable. However, since this study covered a larger timeframe in a single lake, it could 

be seen that throughout the year Thaumarchaeota from all depths change in percentage. The highest 

percentage is always observed between late autumn and winter. When Coci et al. also studied the Lake 

Maggiore in 2015 they found that the thaumarchaeotal ammonia oxidizers in the lake occur only in the 

hypolimnion and are seasonally stable. Neither observation can be copied onto Lake Constance as the 

thaumarchaeotal percentages changed between seasons and came up to 12.5 % in the surface waters of 

Lake Constance. 
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4.3.4 Microbial life-style is a big factor in the distribution of ammonia oxidizers 

Another interesting observation can be made by how the microplankton was studied. In this study, it 

was separated by lifestyle, by pre-filter and filter methods. The two groups that this method resulted in 

were one free-living (0.1 to 5.0 µm large) and one aggregate-bound (5.0 to 30.0 µm large) group. The 

largest difference on the percentage could be seen between these groups. Thaumarchaeotal ammonia 

oxidizers had the highest percentage in the group ranging between, 0.1 µm to 5.0 µm in size, indicating 

that most are free living, as was suggested, by the qualitative PCR results, as well as shown by the 

quantitative PCR. (data not shown). 

 

4.3.5 Ammonia oxidizing bacteria and thaumarchaeota in Lake Constance are not very diverse 

In this study the diversity of ammonia oxidizing thaumarchaeota and bacteria was determined. When 

added to the established databases the thaumarchaeotal ammonia oxidizer clones all clustered together 

into one group, the bacterial ammonia oxidizer clones split into two groups. ARB was then used to 

calculate the phylogenetic similarity of the OTU. For thaumarchaeotal ammonia oxidizers, only one 

OTU, representing all Thaumarchaeota, seems to be present within the lake, which falls into the 

Nitrosopumilus cluster. Within the bacterial ammonia oxidizers only two OTU are detectable and they 

are phylogenetically very similar (80 % similarity). 16S rRNA based illumnia sequencing could detect 

more OTU but also showed that one thaumarchaeotal OTU and two bacterial OTU were dominant.  

 

Ammonia oxidizing communities not being very diverse in freshwater systems has been documented 

before. Similar results were shown by Coci et al. in 2015. The thaumarchaeotal diversity was very low 

in Lake Maggiore, with only two OTU, in contrast with its tributary river, Maggio, in which 

thaumarchaeotal diversity was much higher. Coci et al. speculate that the river inoculates the 

hypolimnion of the lake and that the lower diversity is due to environmental filtering. A similar case 

could be occurring here, as Lake Constance is also supplied by the Rhine river, but water turnover time 

allows for environmental filtering.  
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Similarly, Okazaki et al. observed only one OTU in 2016, when they investigated the oxygenated 

hypolimnion in ten deep freshwater lakes in Japan from August to December in 2015, including Lake 

Mashu, Kusharo, Toya, Inawashiro, Chuzenji, Sai, Motosu, Biwa, Ikeda, and T-Reservoir. Similarly, 

Mukherjee et al. studied two of the Laurentian great lakes (Lake Superior and Lake Erie) and found that 

in warmer Lake Erie the thaumarchaeotal ammonia oxidizers dominated the bacterial (in contrast with 

the colder, deeper Lake Superior) and both represented only one OTU but were distinct from one 

another. Thus, low diversity of ammonia oxidizing bacteria and thaumarchaeota is a well-documented 

phenomenon in freshwater lakes. Low diversity has also been reported among ammonia oxidizers in 

other habitats, including soils and saltwater bodies. Wang et al. (2014) studied ammonia oxidizing 

communities in albic soils that were being converted from soybean to rice paddy in Northeast China. 

The study found 4-8 bacterial OTUs and 2-8 thaumarchaeotal OTUs.  

 

However, examples of higher diversity amongst ammonia oxidising communities are also present in 

literature. Sun et al. (2014) investigated ammonia oxidizers in the Dongjiang River (China) and their 

responses to the changes in environmental parameters. They found between 16 and 21 thaumarchaeal 

OTU and between 11 and 14 bacterial OTU at each sampling station. 
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4.4 Concluding remarks 

In conclusion, this study investigated the minuscule amounts of ammonia in Lake Constance that 

indicated ammonia oxidation was occurring rapidly and throughout the year. The nature of ammonia 

oxidation in Lake Constance was measured through potential ammonia oxidation rates and molecular 

studies of the thaumarchaeotal and bacterial amoA gene. The potential rates of ammonia oxidation in 

Lake Constance fluctuated over course of the year. The thaumarchaeota numerically dominated the 

ammonia oxidising community in Lake Constance, while the bacteria played a numerically minor part 

and the newly discovered comammox were not detectable in the water column at all. This was shown 

both through 16S rRNA high-throughput sequencing and through attribute-specific amoA-gene 

sequencing and T-RFLP profiling.  
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6 Abbreviations used in this thesis 

Abbreviations Meaning 

amoA alpha subunit of the bacterial ammonia monooxygenase 

CamoA α-subunit of the thaumarchaeotal (former crenarchaeotal) ammonia monooxygenase 

ATU N-Allylthiourea 

cm Centimetres 

comammox complete ammonia oxidation 

DNA deoxyribonucleic acid 

dNTP desoxynucleoside triphosphate 

°C degrees celsius 

EDTA Ethylenediaminetetraacetic Acid 

FISH Fluorescent In-Situ Hybridization 

g gram 

M mol (mol/litre) 

m meters 

mbls meters below lake surface 

µl micro litre 

µm micrometer 

µm micro mol (mol/l) 

µS micro Siemens 

ml milli litre 

mm milli meters 

ng nano gram 

nm nano meter 

NTU Nephelometric Turbidity Unit 

OTU Operational Taxonomic Unit 

PCR Polymerase Chain Reaction 

PET Polyethylenterephthalat 

PTIO 2-Phenyl-4,4,5,5-Tetramethylimidazoline-3-Oxide-1-Oxyl 

qPCR Quantitative (Real-Time) Polymerase Chain Reaction 

rRNA Ribosomal Ribonucleic Acid 

SDS Sodium Dodecyl Sulfate 

TE Tris/EDTA 

TPS Te/Proteinase K/SDS Solution 

T-RFLP Terminal-Restriction Fragment Length Polymorphism 

U/µl Unit per microliter 
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Figure S1: PCR results of 16S rRNA gene-based PCR of remaining seasons: Top to bottom: Summer Bloom 2014, 

Fall 2014, Winter II 2015, Spring Bloom 2015, Clear Water Phase 2015, Summer Bloom I &II 2015, Fall I & II 

2015 and Winter 2016 (Note: there was no DNA procured for the following samples: Clear Water Phase 2015, 85 
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mbls depth, Parallel A, Group 0.1 and Parallel C, Group 5.0 and 0.1, as well as Winter 2016, 1 mbls depth, Parallels 

B, C and D. 
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Figure S2: PCR results of bacterial amoA gene-based PCR of remaining seasons: Top to bottom: Summer Bloom 

2014, Fall 2014, Winter II 2015, Spring Bloom 2015, Clear Water Phase 2015, Summer Bloom I &II 2015, Fall I 
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& II 2015 and Winter 2016 (Note: there was no DNA procured for the following samples: Clear Water Phase 2015, 

85 mbls depth, Parallel A, Group 0.1 and Parallel C, Group 5.0 and 0.1, as well as Winter 2016, 1 mbls depth, 

Parallels B, C and D. 
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Figure S3: PCR results of thaumarchaeotal amoA gene-based PCR of remaining seasons: Top to bottom: Summer 

Bloom 2014, Fall 2014, Winter II 2015, Spring Bloom 2015, Clear Water Phase 2015, Summer Bloom I &II 2015, 

Fall I & II 2015 and Winter 2016 (Note: there was no DNA procured for the following samples: Clear Water Phase 
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2015, 85 mbls depth, Parallel A, Group 0.1 and Parallel C, Group 5.0 and 0.1, as well as Winter 2016, 1 mbls 

depth, Parallels B, C and D. 
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Table S1: Overview of the Percentage the largest OTU of the thaumarchaeota takes up among the thaumarchaeota 

as a whole and the percentage the two largest OTU of the ammonia oxidizing bacteria take up among the ammonia 

oxidizing bacteria as a whole. 

Season Depth 

(mbls) 

Size (µm) Largest 

Thaumarchaeotal 

OTU (%) 

Two Largest 

Ammonia Oxidizing 

Bacterial OTU (%) 

Summer Bloom 2014 1 5.0-30.0 100 100 
  

1 100 100 
 

15 5 99 99 
  

1 100 98 
 

85 5 98 NA 
  

1 100 97 

Fall 2014 1 5 100 98 
  

1 100 96 
 

15 5 99 100 
  

1 100 96 
 

85 5 96 99 
  

1 100 97 

Winter I 2015 1 5 99 92 
  

1 100 97 
 

15 5 98 87 
  

1 100 97 
 

85 5 95 100 
  

1 100 96 

Winter II 2015 1 5 100 NA 
  

1 NA NA 
 

15 5 98 100 
  

1 100 100 
 

85 5 90 100 
  

1 100 84 

Spring Bloom 2015 1 5 99 100 
  

1 100 89 
 

15 5 100 NA 
  

1 100 96 
 

85 5 98 100 
  

1 100 90 

Clear Water Phase 

2015 

1 5 77 100 

  
1 100 100 

 
15 5 94 97 

  
1 100 99 

 
85 5 NA NA 

  
1 NA NA 

Summer Bloom I 2015 1 5 92 94 
  

1 100 95 
 

15 5 98 99 
  

1 100 96 
 

85 5 98 95 
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1 100 96 

Summer Bloom Ii 2015 1 5 100 NA 
  

1 100 89 
 

15 5 94 100 
  

1 100 99 
 

85 5 97 99 
  

1 100 93 

Fall I 2015 1 5 100 NA 
  

1 NA NA 
 

15 5 87 NA 
  

1 100 NA 
 

85 5 99 100 
  

1 100 96 

Fall Ii 2015 1 5 NA NA 
  

1 NA NA 
 

15 5 NA NA 
  

1 NA NA 
 

85 5 93 99 
  

1 100 97 

Winter 2016 1 5 NA NA 
  

1 100 97 
 

15 5 98 97 
  

1 100 95 
 

85 5 93 95 
  

1 84 99 
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Figure S4: 16S rRNA gene amplicon sequencing Rarefaction Analysis of A) Summer Bloom 2014, B) 

Fall 2014, C) Winter I 2015, D) Winter II 2015, E) Spring Bloom 2015, F) Clear Water Phase 2015, 

G) Summer Bloom I 2015, H) Summer Bloom II 2015, I) Fall I 2015, J) Fall II 2015 and K) Winter 

2016. 
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Figure S5: Overview of the relative abundance of different phyla found in the water column of Lake Constance 

(alpha- beta- and gammaproteobacterial are itemised separately) from sampling times not shown in main text. The 

samples shown here are from the Summer Bloom (19.08.2014), Fall (25.11.2015), Winter (10.03.2015), Summer 

Bloom (29.07.2015), Fall (06.10.2015), Fall (24.11.2015) and Winter (02.02.2016) samplings. In the first column 

the particle-bound microorganisms (5.0 to 30.0 µm) can be seen and in the second column the free-living 

microorganisms (0.1 and 5.0 µm) can be observed. Each individual graph shows phyla from three depths 

throughout the water column, 1, 15 and 85 mbls, except for the Fall (24.11.2015) samples for which there are no 

results for 1 and 15 mbls and Winter (02.02.2016) for which there are no results for particle-bound microorganisms 

(5.0 to 30.0 µm) for 1 mbls. 



 
100 

 



 
101 

 

 

Figure S6: Overview of the relative abundance of the ten most abundant OTU found in the water column of Lake 

Constance from sampling times not shown in main text. The samples shown here are from the Summer Bloom 

(19.08.2014), Fall (25.11.2015), Winter (10.03.2015), Summer Bloom (29.07.2015), Fall (06.10.2015), Fall 

(24.11.2015) and Winter (02.02.2016) samplings. In the first column the particle-bound microorganisms (5.0 to 

30.0 µm) can be seen and in the second column the free-living microorganisms (sizes between 0.1 and 5.0 µm) 

can be observed. Each individual graph shows phyla from three depths throughout the water column, 1, 15 and 85 

mbls, except for the Fall (24.11.2015) samples for which there are no results for 1 and 15 mbls and Winter 

(02.02.2016) for which there are no results for particle-bound microorganisms (5.0 to 30.0 µm) for 1 mbls. Note: 

The y-scale of the sampling time winter (10.03.2015) differs from all other y-scales, as over 50 % abundance were 

seen in only this sample. 




