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Summary

Thaumarchaea are recognized today as the most abundant and ubiquitously dis-
tributed archaeal organisms, especially in the oceans and soil. Their phyloge-

netic placement as a phylum, the capability of  all cultivated Thaumarchaea to oxi-
dize ammonia for energy conservation as well as many further aspects concerning 
their ecology, physiology and evolution are discoveries of  the last decade only.  Still, 
conceptual knowledge on the role of  Thaumarchaea in soil ammonia oxidation is 
lacking and their ecological significance in soils is poorly understood. 
To identify whether ammonium concentration and temperature are drivers of  the 
functioning and diversity of  Thaumarchaea in soil, the work presented in this thesis 
is concerned with archaeal ammonia-oxidizing communities in volcanic grassland 
soil in Grændalur, Iceland. The study site was chosen as it is remote enough from 
continental Europe to experience very little atmospheric N deposition and because 
it contains grassland soils with different in situ temperatures as a result of  geother-
mal heating. All work presented in this thesis either made use of  a paired-site ex-
perimental set up in the field that employed annual N deposition, or of  soils with an 
elevated and ambient temperature legacy, or both.
Several lines of  evidence were gathered that Thaumarchaea are most likely of  pri-
mary importance for ammonia oxidation in Grændalur, while ammonia-oxidizing 
bacteria (AOB) are present in numbers below the detection limit of  conventional 
PCR (chapter 2, 4 and 5). Supposedly, this finding resembles a high ecological im-
portance of  AOA in terrestrial environments with low ammonia availability (chap-
ter 4). Thaumarchaea could be stimulated in growth and activity by N deposition in 
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the form of  ammonium, but only in low and medium concentrations of  ~ 45 - 150 
µg NH4

+ - N per ∙ g dry soil-1. AOB however, were only responsive to medium and 
higher applications of  ammonium (chapter 4).
Ammonia oxidation is the first, and often rate-limiting step of  the process of  oxic 
nitrification, by which ammonia is converted to nitrate with nitrite as intermedi-
ary product.  Through microcosm incubations at various temperatures coupled to 
activity assessment with 15N-labeling of  soil ammonium and nitrate pools, it was 
identified that gross nitrification is functionally coupled to gross N mineralization 
in soils of  Grændalur (chapter 3). By exposing the soils to short-term temperature 
changes however, this coupling of  gross nitrification and gross N mineralization 
was lost and nitrifiers performed less well. This finding led to the conclusion that 
the nitrifying communities in Grændalur’s soils are adapted to function best at the 
temperature they experience in situ (chapter 3). 
In a stable-isotope labeling experiment with soil from Grændalur evidence for 
autotrophic growth of  Nitrosopumilus-like Thaumarchaea, likely coupled to am-
monia oxidation, was collected (chapter 5). Additionally, the results strongly sug-
gested a syntrophic association between the autotrophically growing Thaumar-
chaea and nitrite-oxidizing bacteria (NOB) of  the Nitrospira sublineages I and II. 
The work of  chapter 5 furthermore showed that the autotrophically active nitri-
fiers in this soil (i.e. Thaumarchaea and Nitrospira-like NOB) are stimulated by 
application of  inorganic N in form of  ammonium, but suppressed by the presence 
of  active methane-oxidizing bacteria (MOB). Likely, this negative interaction is 
a result of  competition for common resources like inorganic N and oxygen. In-
triguingly, growth of  the total Thaumarchaeal community did not seize under 
conditions of  suppressed net nitrification and autotrophic growth. In addition, the 
Thaumarchaeal community structure did not change. This suggests the capability 
of  the present Thaumarchaeal species to grow mixotrophically utilizing an or-
ganic carbon source for growth. The data collected in this thesis therefore suggests 
that at least some Thaumarchaea possess the metabolic plasticity to choose for an 
energetically more advantageous mode of  growth than lithoautotrophy by grow-
ing mixotrophically, possibly in association with mineralizers (chapters 3 and 5).
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Chapter 1

Introduction
-

Nitrogen, ammonia oxidizing archaea 
and Iceland 

Nitrogen (N) is an essential element to all life forms. It exists as dissolved and 
gaseous compounds, which are almost exclusively transformed from one to 

another biotically by N-cycling organisms. The overwhelming majority of  terres-
trial N is fixed in organic compounds of  which most cannot be utilized directly by 
plants and animals. Therefore, despite its abundance in the atmosphere, N (in form 
of  N2) is relatively inert and reactive nitrogen (inorganic forms other than N2) can 
often become the limiting factor in most terrestrial systems. Higher order organ-
isms therefore depend on specialized microorganisms that can fix gaseous N into a 
reactive form (in soil: N2 →  NH3↔ NH4

+) and others that break organically bound 
N into available forms by mineralization. Still, N is lost easily from terrestrial sys-
tems through leaching and volatilization - processes which are often connected to 
nitrification. A schematic overview of  the natural terrestrial N cycle can be found 
in Figure 1.1.
Since the beginning of  the last century we are witnessing three to fivefold increased 
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emissions of  reactive nitrogen species (i.e. NOx, NH3, N2O) to the atmosphere by 
industrialization. This includes rising emissions of  NOx from fossil fuel burning 
and the intensification of  agriculture and associated NH3 emissions (IPCC, 2007). 
In 2010, the anthropogenic production of  reactive N from N2 summed up to ~ 210 
(190 – 230) Tg N y-1 and exceeded all natural sources combined on a global basis 
by factor two (Fowler et al., 2013; IPCC, 2013). Emissions of  this created reactive 
N from anthropogenic sources are about fourfold greater than natural emissions 
(IPCC, 2013).

Figure 1.1 The natural terrestrial nitrogen cycle. Nitrogen (N) transformations are depicted by arrows; 

numbers in circles indicate the different processes. 1, biological N fixation; 2 N mineralization (am-

monification); 3, assimilation of  inorganic N to organic matter; 4, nitrification - ammonia oxidation; 

5, nitrification - nitrite oxidation; 6, denitrification – nitrate reduction/ nitrate reduction to nitrite cou-

pled to anaerobic methane oxidation; 7, denitrification - nitrite reduction to nitric oxide and nitrous 

oxide; 8, denitrification - reduction of  nitric oxide and nitrous oxide to dinitrogen gas; 9 dissimilatory 

nitrite reduction to ammonium; 10, anaerobic ammonium oxidation; 11, nitrite reduction to dinitro-

gen gas coupled to anaerobic methane oxidation; 12, abiotic N fixation through lightning. Solid lines 

denote aerobic processes, dashed lines denote  anaerobic processes, dashed-dotted lines denote faculta-

tive aerobic/ anaerobic processes.
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Increases in atmospheric deposition of  reactive N likely results in enhanced nitri-
fication in terrestrial systems (Gruber & Galloway, 2008; Guo & Gifford, 2002). 
In turn this results in increased N loss via leaching and run-off  from the soil sys-
tems to ground and surface waters and subsequent eutrophication of  streams, riv-
ers, lakes and oceans leading to doubling of  the ocean’s processing of  reactive N 
(Fowler et al., 2013). 
Further impacts of  atmospheric N deposition include substantial, environmental 
changes such as the loss of  diversity (Cragg & Bardgett, 2001) and soil acidifica-
tion (Noble et al., 2008) and both enhanced and decreased primary productivity 
depending on the ecosystem (Melillo et al., 1993).
Next to the accelerated emissions and deposition of  reactive nitrogen, we are ad-
ditionally facing rising temperatures on earth since the mid-19th century, likewise 
due to anthropogenic activity. Recent predictions estimate an increase in mean 
global air temperature of  0.3 to 4.8˚C by 2100 (IPCC, 2013). Some regions of  the 
world will be affected more severely than others and the Arctic Climate Impact 
Assessment even foresees a temperature increase of  4 to 7˚C in arctic regions until 
then (ACIA, 2004). 
It is long known that temperature is one of  the most important factors control-
ling soil microbial activity (Waksman & Gerretsen, 1931) and more recently the 
effect of  temperature on microbial community structure has also become evident 
(Rinnan et al., 2009; Rousk et al., 2012; Yergeau et al., 2012; Zumsteg et al., 2013). 
Elevated temperatures are generally expected to increase soil microbial activity. 
Evidence is building that even though soil warming has been shown to stimulate 
soil N cycling and nitrification both on the short and long-term (Bai et al., 2013; 
references in Barnard et al., 2005), the availability of  N in soil will most likely not 
increase in the long term. This is due to accelerated N cycling which causes in-
creased NO2

- and nitrate (NO3
-) leaching (Turner & Henry, 2010).

As stated above, enhanced N loss from terrestrial ecosystems through warming 
and elevated N deposition poses a severe threat to the soil nutrient status. How-
ever, studying effects of  elevated temperatures or N deposition separately does not 
acknowledge the full extent of  the real-world scenario, as most places on earth will 
not experience only one or the other. Unfortunately, we especially lack research of  
their interactive effects aimed at understanding the implications for soil microbial 
activity. To understand life-sustaining soil processes and predict future develop-
ments, it will be necessary to determine if  and how soil microbial communities are 
affected by the combined effects of  warming and N deposition via altered species 
composition and/ or physiological adaptations (Contosta et al., 2011; Coucheney 
et al., 2013; Dennis et al., 2013; Griffiths, 2001; Martiny et al., 2011; Rinnan et al., 
2007). The process of  ammonia oxidation, on which the focus of  this thesis lies, is 
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of  special interest in this context, since it is the rate-limiting step of  nitrification. 
Furthermore, it can be directly linked to loss of  N from terrestrial ecosystems via 
gaseous intermediates and the end product of  denitrification as well as via gase-
ous by-products and NO2

- and NO3
- formation and their subsequent leaching to 

aquatic ecosystems.

The miraculous

The study of  autotrophic, aerobic ammonia oxidation goes as far back as 1890 
when three independent research groups reported to have isolated the first pure 
culture of  a nitrifying bacterium: Sergej N. Winogradsky, Robert Warington and 
Percy F. Frankland together with his wife Grace C. Frankland (Frankland & 
Frankland, 1890; Warington, 1890; Winogradsky, 1890a). Although it was only 
Warington’s culture that was pure at this point, it was Winogradsky who delivered 
sound scientific proof  that nitrification is a two-step, biological process consisting 
of  the oxidation of  ammonia to nitrite and a subsequent conversion of  nitrite to 
nitrate. He further proved that each step is carried out by physiologically different 
groups of  bacteria, all within as little time as a year (Winogradsky, 1890b, 1890c, 
1890d, 1891). Today Winogradsky is often called the first microbial ecologist.
For more than a century to follow, ammonia-oxidizing bacteria (AOB) from the 
beta- and gamma-subdivision of  the Proteobacteria have been studied extensively 
as the only organisms capable of  catalyzing the first step of  nitrification (Klotz, 
2011; Ward et al., 2011). The discovery of  ammonia-oxidizing archaea (AOA), 
no more than a decade ago, drastically changed the perception of  the process 
of  nitrification and of  the nitrogen cycle in general. AOA belong to the phylum 
Thaumarchaea, named after the Greek word for wonder ‘thaumas’, reminding us 
of  the short-lifetime of  paradigms in the wonderful field of  microbial ecology, 
where so much still has to be discovered.
Similar to their bacterial counterpart, the discovery of  AOA was reported and 
confirmed within a few years’ time – only now the work was carried out by an 
ever-growing number of  scientists. First indications of  possible archaeal nitrifica-
tion were reported when homologues of  all three genes (amoA, amoB and amoC) 
encoding for the three subunits of  the ammonia monooxygenase (AMO), the 
enzyme responsible for ammonia oxidation, had been found in DNA sequences 
from marine waters (Venter et al., 2004). Only thanks to the presence of  amoA and 
B subunit genes in a soil-derived DNA fosmid (a cloning vector containing up to 
40 kb of  genomic environmental DNA), they could be mapped to an organism 
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that belonged to the then called 1.1a ‘soil’ lineage of  the Crenarchaea (Schleper et 
al., 2005; Treusch et al., 2005). True confirmation of  the capacity of  an archaeon 
to oxidize ammonia, however, was only given by Könneke and co-authors (2005) 
by means of  an isolated marine microorganism, which they called Nitrosopumi-
lus maritimus. This microorganism indeed grew autotrophically in medium with 
ammonia as the sole energy source, while converting it to nitrite. Within the last 
years a number of  pure and enrichment cultures have been obtained from ma-
rine, estuarine, hot spring, freshwater and soil environments (Blainey et al., 2011; 
Hatzenpichler et al., 2008; M. Y. Jung et al., 2011; Kim et al., 2012; Lebedeva et al., 
2013; Lehtovirta-Morley et al., 2011; Mosier et al., 2012; Park et al., 2010; Torre 
et al., 2008; Tourna et al., 2011). These cultures are undoubtedly crucial for the 
molecular and physiological characterization of  AOA, but their generally slow 
growing nature and (initial) reluctance to grow in pure laboratory cultures make 
them challenging organisms to work with. Images of  a selection of  ammonia-
oxidizing Thaumarchaea that have been isolated or enriched from soil are shown 
in Figure 1.2.

Figure 1.2 Microscopy images of  selected Thaumarchaeal pure cultures and enrichments from soil. 
(A) Scanning electronic microscopy (SEM) picture of  Nitrososphaeara viennensis EN76, scale bar: 1 µm 
(Tourna et al., 2011); (B) SEM picture of  Candidatus Nitrosoarchaeum koreensis, (Jung et al., 2011); 
(C) Transmission electronic micrograph of  Nitrososphaera-like strain JG1, (Kim et al., 2012); (D) SEM 
picture of  Candidatus Nitrosotalea devanaterra from soil (Lehtovirta-Morley et al., 2011)

Today it is recognized that AMO-encoding archaea are phylogenetically distinct 
from all other archaea and form a separate phylum, the Thaumarchaea (see Figure 
1.3A). Initially they had been assigned to the Crenarchaeota on the basis of  16S 
rRNA phylogeny, but recent genomic studies disproved this placement (Brochier-
Armanet et al., 2008; Spang et al., 2010). As of  the moment of  writing this thesis, 
the relationships among main archaeal lineages are still unclear and the phyloge-
netic placement of  most lineages varies in different phylogenetic analyses (Offre et 
al., 2013). Unfortunately, the available Thaumarchaeal cultures and enrichments 
only scarcely represent the diversity found by culture independent, DNA-based
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Figure 1.3 Phylogeny of  Thaumarchaea. A) Schematic 16S rRNA tree demonstrating the position of  
Thaumarchaea within the archaeal kingdom adapted from Offre and colleagues (2013) and Brochier-
Armanet and colleagues (2012). Phyla in grey font have not been validated. B) Phylogenetic tree il-
lustrating the five major clusters of  archaeal amoA and stable sub-clusters as published by Pester and 
colleagues (2011).
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approaches. These approaches employ the amoA gene, which has been shown to 
match 16S rRNA phylogeny, as a reliable genetic marker. By this methodology our 
understanding of  the distribution, abundance and diversity of  AOA in numerous 
environments has greatly advanced. Archaeal amoA genes are in fact found to be 
highly abundant (e.g. Erguder et al. 2009) and AOA are now considered to be the 
most abundant archaeal organisms on earth with a near ubiquitous distribution. 
At least five lineages have been defined within the Thaumarchaeal phylum: the 
Nitrosocaldus cluster (also referred to as group ThAOA), the Nitrosopumilus cluster 
(also referred to as group 1.1a), the Nitrosotalea cluster (also referred to as 1.1a-
associated), the Nitrososphaera cluster (also referred to as group 1.1b) and a Ni-
trososphaera sister cluster (see Figure 1.3B). In terrestrial habitats, Thaumarchaea 
often outnumber bacterial ammonia oxidizers (Leininger et al., 2006) leading to 
the question about the extent of  ammonia-oxidizing activity and ecological im-
portance of  AOA in relation to their bacterial counterpart; a question still await-
ing elucidation.

Eco-physiology of  terrestrial Thaumarchaea

Extensive research efforts within the last eight years on Thaumarchaea have estab-
lished that relative abundances and diversity of  AOA species as well as the extent 
of  archaeal, autotrophic ammonia oxidation and growth vary greatly in different 
soil systems (Di et al., 2009; Jia & Conrad, 2009; Leininger et al., 2006; Wu et al., 
2013; Xia et al., 2011; Yao et al., 2011; Zhang et al., 2010). This suggests structural 
and physiological adaptations of  AOA to abiotic and biotic soil conditions on 
the species and possibly also on the phylum level resulting in niche differentia-
tion from their bacterial counterpart. Indeed, proposed niche spaces for Thaumar-
chaea often do not overlap with those characterized for AOB undermining the 
pressure on these two co-existing members of  the same functional guild to diverge 
and specify (Erguder et al., 2009; Prosser & Nicol, 2012; Schleper, 2010; Yao et 
al., 2013). In environmental microbiology in general and research on AOA in 
particular it is recognized that in biologically as well as chemically and physically 
diverse natural systems such as soil, no factor alone will govern the niche speciali-
zation, but each of  them will be effective depending on additional environmental 
properties (Yao et al., 2013). The following section provides an overview of  main 
ecological drivers that are assumed to date to direct niche specialization of  AOA 
in soils with a focus on factors studied and discussed in this thesis.
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Concentration of  ammonia
Of all Thaumarchaea isolated from soil so far, Candidatus Nitrosotalea devana-
terra ( ‘1.1a-associated’/ Nitrosotalea  – lineage) and Candidatus Nitrosoarchaeum 
koreensis ( ‘marine 1.1a’/ Nitrosopumilus - lineage) have been shown to have a 
preference for low levels of   ammonia, while other cultured AOA from soil be-
longing to the  ‘soil 1.1b’/ Nitrososphaera - lineage like Nitrososphaera viennensis 
EN76 and the enrichment  ‘strain JG1’ seem to be adapted to substantially higher 
concentrations similar to or even higher than preferred by AOB (M. Y. Jung et al., 
2011; Kim et al., 2012; Lehtovirta-Morley et al., 2011; Tourna et al., 2011). Among 
these soil isolates, only the acidophilic Ca. N. devanaterra shows a growth rate and 
a specific half-saturation constant (K

m
 for NH4

+ + NH3 = 0.13 µM) similar to the 
marine derived AOA Nitrosopumilus maritimus strain SCM1 (Lehtovirta-Morley 
et al., 2011; Martens-Habbena et al., 2009). Others, like Ca. N. koreensis and the 
Nitrososphaera-like strain JG1 have more than 5 and 16 times lower specific affini-
ties, respectively.
Similarly, field and microcosm studies demonstrated either enhanced abundance 
and activity or inhibition of  soil AOA in response to elevated ammonium avail-
ability (Adair & Schwartz, 2011; Bates et al., 2011; Di et al., 2009, 2010; Ke et al., 
2013; Levicnik-Hofferle et al., 2012; Pratscher et al., 2011; Stopnišek et al., 2010; 
Verhamme et al., 2011). It thus appears that at least some soil AOA are adapted to 
higher ammonia concentrations while at the same time, others seem to be more 
sensitive to elevated ammonia concentrations than AOB (reviewed in Prosser & 
Nicol 2012). 
Additionally, the source of  ammonia (i.e. derived from mineralization of  organic 
N or from dissociation of  inorganic ammonium salts) is assumed to play a role 
for Thaumarchaeal ecophysiology in soil as well (Levicnik-Hofferle et al., 2012; 
Stopnišek et al., 2010). It seems unlikely however that the observed preference of  
AOA for organically derived ammonia is directly linked to its previous N form: 
the molecule of  NH3 itself  should be the same to a consumer independent of  the 
origin of  its atoms. Therefore, these findings may rather suggest an effect of  un-
recognized underlying factors like biological interactions of  soil AOA with other 
organisms (e.g. microbial NH3 producers and consumers) or edaphic factors such 
as diffusion and cation exchange properties (Prosser & Nicol, 2012).

Temperature
Even though temperature effects have been less studied than the response of  AOA 
to ammonia concentration in soil, it appears that some Thaumarchaeal species 
may be adapted to specific temperatures. Data obtained from culture studies sug-
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gests temperature optima of  soil AOA between 20 and 40°C with N. viennensis 
and Nitrososphaera – like strain JG1 preferring the higher and Ca. N. koreensis and 
Ca. N. devanaterra the lower end of  this range (M. Y. Jung et al., 2011; Kim et al., 
2012; Lehtovirta-Morley et al., 2011; Tourna et al., 2011). In comparison, AOB 
are found to grow optimally at a more narrow temperature range of  25 to 30°C 
(Koops et al., 1991; Koops & Pommerening-Röser, 2006). Incubations of  soil or 
sediment in microcosms at temperatures of  30°C and above have selected for dif-
ferent AOA species and triggered higher net nitrification activity likely linked to 
autotrophic growth as compared to incubations at lower temperatures (Offre et 
al., 2009; Tourna et al., 2008; Wu et al., 2013). Accordingly, it has been proposed 
that Thaumarchaea are derived from a thermophilic ancestor of  geothermal ori-
gin (Brochier-Armanet et al., 2008; Groussin & Gouy, 2011; Torre et al., 2008).

Further potential drivers
Many further properties known to differ between soils have been studied in search 
for ecophysiological characteristics of  Thaumarchaea. Among them pH is un-
doubtedly the best understood factor. Gubry-Rangin and colleagues (2010, 2011) 
showed that low pH soils select for acidophilic AOA of  the phylogenetically con-
served Nitrosotalea lineage. It would be interesting, however, to distinguish be-
tween the direct pressure of  pH on AOA to diversify as opposed to pH-related 
environmental conditions like the effective concentration of  available ammonia, 
toxicity by elevated hydrogen/ aluminum/ manganese/ zinc concentrations and 
deficiencies of  macro and micro nutrients like phosphorous, copper and iron.
The list of  additional drivers under discussion includes oxygen availability (Chen 
et al., 2008; M. Y. Jung et al., 2011; Pett-Ridge et al., 2013), soil depth (Di et al., 
2010; He et al., 2007; Leininger et al., 2006), altitude (Zhang et al., 2009), organic 
carbon (Tourna et al., 2011), soil type (Hoshino et al., 2011; Morimoto et al., 2011; 
Yao et al., 2013), concentration of  metals (Li et al., 2009; Liu et al., 2010; Mertens 
et al., 2009; Ruyters et al., 2013; Vasileiadis et al., 2012), soil moisture (Gleeson et 
al., 2013; Vasileiadis et al., 2012), salinity (M. Y. Jung et al., 2011) and clay con-
tent (Wessen et al., 2011). To my knowledge, only a handful of  studies have so far 
experimentally tested for the effect of  biotic conditions in the context of  niche 
specialization of  terrestrial Thaumarchaea. The tested biotic effects include plant 
species diversity and rhizosphere effects as well as interactions with other macro- 
and microorganisms (Ai et al., 2013; Chen et al., 2013; Jiang et al., 2014; Le Roux 
et al., 2013; Paranychianakis et al., 2013). The small number of  studies is surpris-
ing given that the soil is the most diverse habitat on earth, harboring a bounty of  
species from all domains of  life, which surely interact with AOA in many ways.
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Thaumarchaeal activity in soil

As presented above, many studies show differential distributions of  soil AOA 
correlated to soil characteristics suggesting adaptations of  AOA populations to 
specific soil conditions. Unfortunately, these investigations are seldom paired 
with activity assessments and therefore it is currently problematic to evaluate the 
principal relevance of  AOA for soil nitrification. The only exception being acidic 
soils, in which acidophilic AOA populations evidentially drive the bulk oxidation 
of  ammonia (Gubry-Rangin et al., 2010, 2011; Lu & Jia, 2013; Nicol et al., 2008; 
Zhang et al., 2012).
A number of  studies have successfully shown growth of  AOA communities to 
be coupled to net nitrification employing soil microcosm experiments (Levicnik-
Hofferle et al., 2012; Offre et al., 2009; Tourna et al., 2008; Verhamme et al., 2011) 
when providing favorable temperature conditions, ammonium levels and am-
monium sources as reviewed above. True confirmation of  autotrophic growth 
depending on ammonia oxidation however was provided through experiments 
combining controlled microcosm incubations with stable isotope probing (SIP) of  
Thaumarchaeal DNA (Lu & Jia, 2013; Wu et al., 2013; Xia et al., 2011; Zhang et 
al., 2010, 2012). Other DNA- and RNA-SIP studies demonstrated the presence of  
AOA that did not grow autotrophically, but were still metabolically active (Prat-
scher et al., 2011) or neither grew autotrophically nor nitrified (Jia & Conrad, 
2009; Ruyters et al., 2013). Importantly, these findings are well in line with the 
current view on ecophysiological properties of  AOA, as the latter three studies 
provided conditions assumed to inhibit AOA and favor AOB activity (i.e. high 
inorganic ammonium or zinc concentrations).
The picture of  archaeal ammonia oxidizer activity in soil is further defined by 
resolving activity not on the phylum, but on the species level. About half  of  the 
above mentioned studies could assign autotrophic nitrification activity in soil to 
the more typical soil lineages Nitrosotalea and Nitrososphaera (Lu et al., 2012; Prat-
scher et al., 2011; Wu et al., 2013; Xia et al., 2011; Zhang et al., 2012). Other stud-
ies found active species of  the Nitrosopumilus lineage (Lu & Jia, 2013; Offre et al., 
2009; Tourna et al., 2008; Verhamme et al., 2011; Zhang et al., 2010), which typi-
cally is a low abundance group in soil. There are also strong indications that some 
Thaumarchaea may have the capability to grow mixotrophically, possibly linked 
to ammonia oxidation (Jia & Conrad, 2009; Mussmann et al., 2011; Tourna et al., 
2011). In addition, genomic and metagenomic studies have identified mechanisms 
and abilities of  lineage 1.1a Thaumarchaea to utilize small organic substances 
(Ingalls et al., 2006; Ouverney & Fuhrman, 2000; Tully et al., 2012; Walker et al., 
2010). The phylogenetic diversity of  Thaumarchaea possessing a metabolic po-
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tential for mixotrophic or even heterotrophic growth and the extent to which this 
capability is present in Thaumarchaea is currently a pressing question. Consider-
ing the different types of  soil used and incubation conditions applied it is apparent 
that not only abundance and diversity, but also activity patterns among terrestrial 
Thaumarchaeal lineages are governed by environmental stimuli. 
An approach to understanding Thaumarchaeal contribution to soil nitrification is 
the application of  specific inhibitors of  AOA or AOB in controlled experiments. 
This methodology relies on cellular and molecular differences between the two 
ammonia-oxidizing groups, like lipid composition (Pitcher et al., 2010; Schouten 
et al., 2008; Sinninghe Damsté et al., 2012), possible different structures of  the 
active site of  the AMO protein as indicated by amino acid sequence divergence 
and protein synthesis pathways, for example. For these experiments it is crucial 
however to know the specificity of  the inhibitor and combine the application with 
other methods to assess activity and size of  the ammonia-oxidizing communities. 
Among the long list of  nitrification inhibitors tested on enrichments, pure cultures 
and in experimental systems, only a subset appear suited to distinguish activities 
of  AOA from AOB in soil (Dai et al., 2013; Di et al., 2010; Hatzenpichler et al., 
2008; Hernández et al., 2011; M. Y. Jung et al., 2011; Kleineidam et al., 2011; 
Lehtovirta-Morley et al., 2013; Offre et al., 2009; Puglisi et al., 2012; Shen et al., 
2013; Taylor et al., 2010, 2013; Vajrala et al., 2012; Zhang et al., 2012). The list of  
these compounds includes the antibiotic sulfathiazole, which interferes with folic 
acid biosynthesis in Bacteria, the copper-chelating allylthiourea (ATU), the alkyne 
octyne, which may serve as a competitive substrate for the bacterial AMO, the 
NO scavenger carboxy-PTIO and the protein synthesis inhibitor cycloheximide. 
Merely the latter two compounds have been reported to strongly inhibit ammonia 
oxidation by AOA (Shen et al., 2013; Vajrala et al., 2014), whereas the others re-
duce AOB activity. 

Grændalur

Grasslands are found in every region of  the world covering about 40% of  the 
terrestrial surface with northern and temperate grasslands making up 43% of  
all grassland types (White et al., 2000). While their response to global change 
factors like elevated temperature and N deposition is well understood for the 
above-ground parts, their below-ground response remains poorly understood. 
Addressing this need, the grassland research site in Grændalur meaning “The 
green valley” in Icelandic, offers a unique natural setting with different in situ 
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temperatures in soil patches of  close proximity created by geothermal activity in 
the valley. Other soil characteristics like pH, typology, texture and vegetation type 
are however highly similar between these soils. A paired-site approach has been 
established in Grændalur with experimental N-deposition plots and controls in 
areas of  the grasslands with and without local geothermal activity (M. Soons and 
M. Hefting, unpublished results). This set-up aimed at testing effects of  elevated N 
deposition and soil in situ temperature as well as their interactive effects on plant 
diversity, plant biomass, litter decomposition and soil carbon sequestration. The 
field experiment is in place since 2005 on 33 plots, but after a major earthquake 
in 2008 some plots were destroyed and additional research plots have been added. 
The annual fertilization with urea still lasts until today. Intriguingly, no one had 
studied the microbial communities in these soils and it was decided, that the set-
up in Grændalur presents an ideal model system to analyze effects of  N-deposition 
and temperature on N-cycling microorganisms under in situ conditions.

This thesis

Based on the knowledge that AOA are likely better adapted to low ammonium 
conditions than AOB, I started my PhD project with the hypothesis that (i) AOA 
would have a competitive advantage over AOB in the soils of  Grændalur, which 
accommodate N-limited plant communities (M. Soons and M. Hefting, unpub-
lished results) and have a low ammonium availability. I further hypothesized that 
(ii) this competitive advantage would be lost or at least lessened in the experimen-
tal N-deposition plots, in which AOB would be more abundant and nitrification 
would be stimulated. Given the known optimal growth temperatures of  so far 
isolated bacterial and archaeal ammonia-oxidizing cultures, I expected (iii) higher 
temperatures of  up to 30°C to stimulate activities of  N-cycling microorganisms 
and select for adapted AOA and AOB, but not to lead to altered AOA:AOB ratios.

Objectives 
The main research objectives of  this work were:

- To evaluate the combined and separate effects of  elevated temperature and N 
deposition on the size, diversity and activity of  archaeal ammonia-oxidizing 
communities in volcanic grassland soils of  Grændalur, Iceland.
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- I further wanted to define the ecological relevance of  AOA in these geother-
mally heated soils for N cycling in relation to AOB and to examine whether 
temperature and/ or ammonium concentration would help explain the extent 
of  archaeal contribution to the process of  nitrification. 

- Additionally, I asked the question how tightly are N-cycling processes linked 
with each other and how alterations of  gross N transformation rates triggered 
by temperature shifts may depend on soil temperature and N availability lega-
cies.

- Finally, it was my goal to understand interactions of  Thaumarchaea with 
other functional groups either possibly utilizing the same resource (i.e. NH3/ 
NH4

+) or utilizing the end product of  ammonia oxidation (i.e. NO2
-).

Approach
To address the above listed objectives I chose a combination of  experimental pro-
cedures employing microcosm incubations and an initial field study. I targeted the 
effects of  temperature and N deposition/ ammonium concentration on different 
levels of  organization by:

 i. measuring edaphic properties,
 ii. quantifying inorganic N pools, net nitrification as well as potential and 
gross nitrification rates and other gross N cycling processes,
 iii. molecular characterization and quantification of  ammonia-oxidizing 
communities and possibly interacting microbial groups, 
iv. assessment of  autotrophic growth via DNA-SIP.

This multi-level approach considered geochemical transformations as well their 
biological basis. Applying it to controlled, simplified laboratory experiments with 
soil from the research site in Grændalur I tried to go beyond correlative observa-
tions. 
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Outline
The following five chapters of  this thesis describe and discuss my approaches tak-
en to address the objectives presented above and their obtained results. Specifically 
they are concerned with the following aspects:

Chapter 2 | Archaeal dominated ammonia-oxidizing communities in Icelandic 
grassland soils are moderately affected by long-term N fertilization and geother-
mal heating

This chapter describes the initial characterization of  soil properties and ammonia-
oxidizing communities in the Grændalur experimental field plots. Effects of  the 
N treatment and in situ temperature are explored involving measurements of  inor-
ganic N pools, soil physico-chemistry as well as ammonia oxidizer diversity and 
abundance.

Chapter 3 | Short-term responses of  gross nitrogen transformations to tempera-
ture shifts in volcanic grassland soils are linked to legacies of  soil temperature and 
N deposition

Making use of  soils from the experimental field plots, the study described in this 
chapter concentrated on soil potential and gross N transformation processes and 
their response to short-term temperature shifts. Microcosm incubations at differ-
ent temperatures were performed in combination with a mirror-15N-labeling ap-
proach and an isotope-tracing model utilizing Monte Carlo sampling. Legacy ef-
fects of  the field treatments and their interaction with the laboratory treatments 
were analyzed by linear mixed effects models.

Chapter 4 | Impacts of  ammonium and allylthiourea on ammonia-oxidizing 
prokaryotes in volcanic grassland soil

In this chapter I report on the results obtained in a study aimed at testing hypoth-
eses generated in the two earlier chapters. Specifically, the potential of  ammonia 
concentration to regulate abundance ratios of  AOA to AOB was tested by incu-
bating soil from Grændalur known to contain a non-detectable community of  
AOB. Additionally, the chapter focuses on the contribution of  either of  the two 
ammonia-oxidizing groups to soil net nitrification at different levels of  ammonia 
availability.
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Chapter 5 | Interactions between Thaumarchaea, Nitrospira and methanotrophs 
modulate nitrification in volcanic grasslands soils

This final research chapter is concerned with links between soil C and N cycling 
processes via biological interactions of  AOA with potentially NH3/ NH4

+ -consum-
ing methane-oxidizing bacteria (MOB) and the NO2

- - consuming nitrite-oxidizing 
bacteria (NOB) endogenous to the same soil. Archaeal and bacterial community 
structures in controlled microcosm incubations were assessed by bar-coded py-
rosequencing. Autotrophic/ methanotrophic growth was determined by DNA-
SIP with 13C-labelled carbon dioxide (CO2) and methane (CH4) and interactions of  
AOA, NOB and MOB species were analyzed by a correlation network.

Chapter 6 | Synthesis

In the Synthesis, observations from the research chapters are linked to each other 
and put into a more general perspective on the functioning and relevance of  Thau-
marchaea in soils of  Grændalur, specifically in relation to elevated temperature 
and N deposition. In addition, a perspective on future research is presented.
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Anne Daebeler, Guy C.J. Abell, Paul L.E. Bodelier, 

Levente Bodrossy, Dion M.F. Frampton, 
Mariet M. Hefting, Hendrikus J. Laanbroek

Archaeal dominated ammonia-oxidizing
 communities in Icelandic grassland soils

 are moderately affected by 
long-term N fertilization and geothermal heating

The contribution of  ammonia-oxidizing bacteria and archaea (AOB and AOA, 
respectively) to the net oxidation of  ammonia varies greatly between terrestrial 

environments. To better understand, predict and possibly manage terrestrial nitro-
gen turnover, we need to develop conceptual and mechanistic models of  ammonia 
oxidation as a function of  environmental conditions, including the ecophysiology 
of  the associated organisms. We examined the discrete and combined effects of  
mineral nitrogen deposition and geothermal heating on ammonia oxidizing com-
munities by sampling soils from a long-term fertilisation site along a temperature 
gradient in Icelandic grasslands. Microarray, clone library, and quantitative PCR 
analyses of  the ammonia monooxygenase subunit A (amoA) gene accompanied by 
physico-chemical measurements of  the soil properties were conducted. 
In contrast to most other terrestrial environments, the ammonia-oxidizing commu-
nities studied consisted almost exclusively of  archaea. Their bacterial counterparts 
proved to be undetectable by quantitative PCR suggesting AOB are of  only minor 

published in Frontiers in Terrestrial Microbiology 3 (2012)
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relevance for ammonia oxidation in these soils. Our results also show that ferti-
lization and local warming by geothermal activity effected detectable ammonia-
oxidizing communities, but not soil chemistry: only a subset of  the detected AOA 
phylotypes was present in higher temperature soils and AOA abundance was in-
creased in the fertilized soils, while the measured soil physico-chemical properties 
were unchanged. Differences in distribution and structure of  AOA communities 
were best explained by soil pH and clay content irrespective of  temperature or 
fertilizer treatment in these grassland soils. The effects of  pH, clay, temperature 
and N-fertilization on both, AOA population size and structure suggest that these 
factors not only have a general potential for ecological niche-selection of  AOA, 
but may also constitute intra AOA niches in soil.

Introduction

Ammonia-oxidizing archaea (AOA) are among the most abundant archaeal or-
ganisms known on earth with an almost ubiquitous distribution. In soils they most 
often co-occur with ammonia-oxidizing bacteria (AOB), a fact which raises ques-
tions about the ecophysiology and ecological importance of  AOA in relation to 
AOB. Evidence is building, that the ecological significance of  AOA vs. AOB varies 
depending on soil environmental conditions, which set the dimensions of  niche 
segregation for AOA and AOB. Both ammonia-oxidizing communities may be 
influenced by a number of  soil environmental factors including concentration of  
NH4

+, organic carbon, oxygen concentration, sulphide, phosphate, temperature, 
pH, ammonium source, and pore water redox condition (Erguder et al., 2009; 
Schleper & Nicol, 2010). 
Several studies demonstrated enhanced AOB abundances and community shifts 
with a concomitant increase in nitrification rates after the addition of  organic 
and/or mineral fertilizers to various soils whereas the AOA remained unaffected 
or even decreased in number (Horz et al., 2004; Enwall et al., 2007; Di et al., 2009; 
Fan et al., 2011; J. Jung et al., 2011; Shen et al., 2011; Verhamme et al., 2011; Wertz 
et al., 2012). In contrast to these findings, a stimulation of  transcriptional activity 
of  the archaeal amoA gene after incubation of  grassland soil with addition of  am-
monia has been reported by Treusch et al. (2005). Moreover, an increasing mass 
of  contrasting results from laboratory and field experiments (e.g. He et al., 2007 
and Kelly et al., 2011 vs. Hallin et al., 2009 and Lamb et al., 2011; Tourna et al., 
2008 vs. Fierer et al., 2009 and Avrahami et al., 2011) points to the possibility that 
the relevance of  substrate concentration and temperature for niche segregation 
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of  AOA and AOB in soil might not be independent, but that the effect of  these 
factors varies in concert with other soil environmental properties. Indeed, Jung et 
al. (2011) found that mineral N-fertilization could balance a separately observed 
negative effect of  warming on the size of  ammonia-oxidizing communities.
In this study we examined the discrete and combined effects of  mineral nitrogen 
deposition and temperature on ammonia-oxidizing communities in the context 
of  several soil physicochemical properties by sampling soils from ambient tem-
perature as well as geothermally heated grassland sites in Iceland. These sampling 
sites, covering a natural temperature gradient, have undergone a long-term ferti-
lization. 
We hypothesized that temperature would primarily affect AOA community struc-
tures without affecting its size, while fertilization would diminish AOA and favor 
AOB populations. Our set up additionally allowed studying interactive effects of  
temperature and fertilization and we expected the fertilized, geothermally heated 
sites to harbor less diverse, AOB dominated communities. Microarray, clone li-
brary and quantitative PCR analyses of  the ammonia monooxygenase subunit 
A (amoA) gene accompanied by measurements of  various soil properties were 
conducted.

Materials and methods

Sample collection and physico-chemical analysis
Grassland soil samples were taken in Grændalur valley (64° 1’ 7’’ N, 21° 11’ 20’’ 
W), Iceland, in May 2009 before the annual fertilization of  the experimental plots 
took place. Soils are Histic Andisols with two tephra layers in the top 30 cm. At 
time of  sampling the mean air temperature ranged from 3.6°C to 9.4°C, but be-
cause of  geothermal activity in the valley these grassland soils had various temper-
atures ranging from 8°C to 36.5°C (see Figure 2.1A). Soil temperatures have been 
monitored since the establishment of  the experimental field sites in 2005 and only 
sites that have since then been stable in their geothermal or non-geothermal influ-
ence were selected for this study. Fertilization with chemical, slow release urea 
fertilizer (Agroblen Base 35+00+00, Everris International B.V., the Netherlands) 
was applied in mid-May of  every year by equally sprinkling granular solids onto 
the soil. Soil cores (top 15 cm) were collected from four ambient temperature and 
three geothermally influenced sites, each of  which is comprised of  a subplot that 
has been fertilized annually since May 2005 (10 g N m-2 a-1) and an unfertilized 
control subplot. From each subplot three replicate cores were collected and mixed 
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forming a composite sample to account for spatial heterogeneity in each subplot. 
Only the upper 10 cm of  the cores were used for analyses. Each sample was placed 
in a sterile plastic bag and kept at 4°C during transport to the laboratory. After 
removal of  roots and mixing, the samples were stored at -20°C for DNA extrac-
tion and at 4°C for analysis of  soil physico-chemical properties. The different soil 
samples are further designated as G and A for geothermally influenced and ambi-
ent temperature respectively and U and F for unfertilized and fertilized, resulting 
in four soil groups: GU, GF, AU, and AF.
Soil moisture content was determined by measuring mass loss percentage after 
48 h of  drying at 70°C. For chemical analysis 100 ml of  demineralized water was 
added to 15 g of  fresh soil. The slurries were shaken for 1 h and centrifuged for 4 
min at 4000 rpm. The supernatant was filtered (Whatman GF/C) and stored at 
-20°C. The samples were analyzed colorimetrically for NO3

-, NH4
+, and PO4

- on a 
continuous flow auto-analyzer (SA-40, Skalar Analytical BV, The Netherlands). 
The demi-water extracts were also used for soil pH measurements. Soil clay and 
silt content were analyzed from freeze-dried subsamples by a Mastersizer 2000 
(Malvern, model APA 2000, serial number 34403/139).

DNA extraction from soil, amplification of  AOA and AOB amoA, cloning and 
microarray
Nucleic acids were extracted from ~0.5 g of  soil according to Lueders et al.(2004).  
For amplification of  the archaeal amoA gene primers ArchamoA-1F/ArchamoA-
2R (5’-STAATGGTCTGGCTTAGACG-3’/ 5’-GCGGCCATCCATCTGTAT-
GT-3’; (Francis et al., 2005) were used. Polymerase chain reaction (PCR) reaction 
mixtures contained 3 µl sample (~ 50 ng DNA), 2 µl bovine serum albumin (100 
mg ml-1, New England Biolabs Inc), 12 µl 10×GoTaq Flexi buffer (Promega), and 
1.8 µl MgCl2 (25 mM, Promega), 2.50 µl of  dNTPs (5 mM, Invitrogen), 2 µl of  
each forward and reverse primer (5 pmol), and 0.5 µl of  GoTaq Flexi polymerase 
(5 U µl-1, Promega), the final volume for each reaction was 50 µl. PCR reactions 
were performed as follows: 94°C for 5 min; 35 cycles of  94°C for 1 min, 60°C for 
1 min, followed by 72°C for 1 min; and finally 72°C for 5 min.
Several PCR assays and primer pairs were tested to amplify DNA of  ammonia-
oxidizing bacteria (see Table 2.A in the appendix). Two nested approaches using 
the primer pairs ßAOBf/ßAOBr (McCaig et al., 1994) and CTO189f/CTO654r 
(Kowalchuk et al., 1997) and A189/amoa2-R (Holmes et al., 1995; Rotthauwe 
et al., 1997) and amoA1-F/amoa2-R (Rotthauwe et al., 1997), targeting the 16S 
rRNA and the amoA gene, respectively, delivered products of  the expected size, 
albeit in concentrations too low for cloning or microarray analysis.
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Archaeal amoA gene copy numbers were quantified using the Rotor-Gene 3000 
real-time PCR system (Corbett Research) with ABsolute Q-PCR SYBRgreen 
mix (AbGene). All quantitative PCR data were obtained from samples and non-
template controls subjected to duplicate independent amplification. The 25-µL 
reaction mixture contained 12.5 µL ABsolute Q-PCR SYBRgreen mix (AbGene), 
1.25 µL of  each primer (4 pmol µL-1), 10 µg bovine serum albumin (100 mg ml-1, 
New England Biolabs Inc) and 5 µL template DNA (approximately 50 ng total 
soil DNA). The thermal profile of  PCR was as follows: initial 15 min at 95°C; 40 
cycles of  45 s at 95°C for denaturing, 45 s at 55°C for annealing, and 45 s at 72°C 
for extension.  A standard curve for quantification of  AOA amoA was generated 
from 10-fold serial dilutions (102 – 108 copies µL-1) of  a purified SP6/T7-PCR 
product from clone 29C_47 (accession number JQ404089, this study) containing 
an archaeal amoA fragment. The detection limit of  the AOA amoA qPCR assay 
was 7.27 ∙ 103 copies/g of  dry soil, corresponding to 4.2 copies per reaction.
To quantify bacterial amoA with various primer pairs, cycling conditions, sample 
DNA concentrations and two SYBR-Premixes were tested (see Table 2.A in the 
appendix), but no amplification could be achieved.
As the qPCR results indicated a very strong dominance of  AOA over AOB, we 
focused on AOA for analysis of  community structures. A microarray platform 
targeting the amoA genes of  AOA was used as described in Abell et al. (2012). 
Processing of  the data included standardization according to an internal standard 
on the array, elimination of  false positive as well as redundant signals and de-
termination of  representative sequences for true, positive signals by determining 
representative sequences for the phylogenetic clade targeted by the probe. A list 
with probe signals included in the analysis, as well their representative sequences, 
is provided in Table 2.B in the appendix.
Cloning of  archaeal amoA gene fragments was conducted with pooled triplicate 
PCR reaction products. Samples were purified usingQIAquick PCR Purification 
Kit (Qiagen), cloned by ligation into pGEM-T vector plasmids (Promega) and 
transformation of  Escherichia coli competent cells JM109 (Promega) according to 
the manufactures’ instructions. In total 14 clone libraries were constructed, con-
taining on average 50 clones per library.

Sequencing and phylogenetic analysis
The bi-directional sequences of  positive clones were assembled with Sequencher 
4.2 (Gene Codes Corporation) and compared with sequences available in the Gen-
Bank database using the BLAST network service to determine the approximate 
phylogenetic affiliations. Prior to analysis all sequences containing stop codons 



34

Chapter 2

within the reading frame were discarded. Alignment and phylogenetic analysis of  
amoA sequences from all 14 clone libraries together with representative sequences 
for all true positive signals of  the microarray was done in ARB (Ludwig et al., 
2004). Calculation of  operational taxonomic units (OTU) with average neighbor 
algorithm at 15% nucleotide sequence divergence level, as well as determination 
of  representative clones for the OTUs found by clone library analysis, was car-
ried out using the software mothur 1.19.3 (Schloss et al., 2009). All representa-
tive sequences of  the defined OTUs were checked for chimeras by blasting both 
halves of  the sequences separately. The relative abundances of  the OTUs were 
then used as community profiles to evaluate the similarity between the four soil 
groups. The archaeal amoA sequences generated in this study have been depos-
ited in DDBJ/EMBL/GenBank nucleotide databases under accession numbers 
JQ403649–JQ404406. 

Statistical analysis
Soil property data and AOA community data was standardized and/or trans-
formed by Box-Cox power transformation if  necessary. To test for significant dif-
ferences regarding measured soil physico-chemical properties, as well OTU rich-
ness, diversity and amoA gene copy number between the four soil groups, Tukey’s 
HSD test was performed. Spearman rank (r) correlations were run to investigate 
the relationship between soil properties and the copy number of  archaeal amoA 
genes, richness and Shannon diversity of  the AOA communities as well as rela-
tive abundance of  single phylotypes. Standardized Mantel (r) correlations (based 
on Pearson product-moment correlation coefficient, 999 permutations) were per-
formed to test for relationships of  total AOA community structure from the four 
soil groups with soil properties. All correlation results were subjected to Benjami-
ni-Hochberg correction for multiple comparisons to protect from Type I errors. 
Analysis by two-way ANOVA was performed to test for interactive effects of  ferti-
lization and geothermal heating on OTU richness, OTU diversity as indicated by 
Shannon’s H’ index of  diversity and amoA gene copy numbers.
Dissimilarity matrices of  soil properties were calculated using Euclidian distanc-
es, while AOA community structure dissimilarity was calculated using Bray-Cur-
tis’ distances. The differences in relative abundance of  OTUs between plots were 
analyzed by non-metric multidimensional scaling (NMS). The NMS analysis was 
conducted using function metaMDS which combines all recommendations for 
NMS analysis (Minchin, 1987). Biota environment (BioEnv) analysis with the 
community dissimilarity matrix and the soil properties dissimilarity matrix was 
conducted to determine the best subset of  measured soil properties for constrained 
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correspondence analysis (CCA). Significance of  the constraints applied to the 
CCA analysis was tested by permutation analysis. Soil properties and relative 
abundances of  single OTUs were incorporated into the analysis through the usage 
of  tri-plot ordination, where the variables were combined in a secondary matrix 
and plotted as linear vector fits against the community composition ordination. 
The goodness of  each fit was tested by squared correlation coefficient (R2) tests 
and only significant fits were plotted into the ordination. All statistical analyzes 
were run in R ver. 3.12.2 (R Core Team, 2013). For multivariate analysis the vegan 
package ver. 2.1–0 (Oksanen et al., 2010) was used.

Results

Soil physico-chemical analysis
On average the geothermally heated soils (GU & GF) had a higher temperature, 
higher moisture, and lower clay content as well as a lower pH (Figures 2.1A, F, G, 
B) than the colder, ambient temperature soils (AU & AF), but temperature was the 
only significantly different variable (Figure 2.1A). None of  the analyzed soil prop-
erties differed significantly between the fertilized (GF & AF) and the unfertilized 
soils (GU & AU). However, there was an indication of  higher NH4

+ content in the 
fertilized soils, although because of  considerable variation within the groups this 
difference was insignificant (Figure 2.1C).
Contents of  NO3

- were found to be correlated with pH and PO4
- contents (p < 0.05; 

p = 0.72 and p < 0.05; p = 0.67, respectively). Additionally, silt and clay content 
of  the soils were correlated (p < 0.01; p = 0.78) and were in turn both negatively 
correlated with soil moisture content (both p < 0.005; p = -0.84 and -0.86).
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Figure 2.1 Boxplots (n = 3–4 samples) depicting the soil physico-chemical properties of  the four soil 
groups. The median is indicated at the midpoint, the hinges indicate the upper and lower quantiles, and 
the lines represent the spread. Small cap letters in (A) indicate significant differences based on Tukey’s 
HSD test (p < 0.05), no significant differences were found in (B–H). GF = geothermally heated and 
fertilized; GU = geothermally heated and unfertilized; AF = ambient temperature and fertilized;AU = 
ambient temperature and unfertilized.

Abundance of  AOA and AOB
To quantify the abundance of  the ammonia-oxidizing communities present in the 
four soil groups, qPCR targeting the amoA gene of  AOA and AOB was performed; 
however, only archaeal amoA could be amplified. Abundance of  archaeal amoA 
genes detected in the soils ranged from 1.55 ∙ 103 to 8.15 ∙ 105 copies per g of  dry 
soil, with highest numbers found in the AF soils (Figures 2.2a–d). 
Archaeal amoA abundance was lower in the GU and AU soils compared to the 
respective fertilized soils, however, this difference was not significant (ANOVA, p 
= 0.07), likely due to considerable variation within the soil groups.
Despite various efforts we were unable to detect bacterial amoA by quantitative 
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PCR in the analyzed soils. Based on the 10-fold standard deviation around the 
average intensity of  background fluorescence from non-template controls we es-
timated the detection limit to be 4.99 ∙ 103 copies/g of  dry soil, corresponding to 
9.1 copies in the reaction mixtures. We performed controls to estimate possible in-
hibition of  PCR performance by co-extracted compounds in soil DNA by spiking 
standard samples with 1–3 µl of  soil DNA sample. There was no detectable differ-
ence in the quantified bacterial amoA genes between standards with and without 
soil DNA addition and we therefore concluded that soil PCR inhibitors did not 
interfere with the quantitative PCR assay. We furthermore failed to amplify bacte-
rial amoA genes from soil, which we incubated shaking at 180 rpm in a 1:1 volume 
slurry with 10 mM NH4

+  AOB medium for 4 days. However, amplification of  
AOB by two nested PCR approaches, one targeting the 16S rRNA and the other 
targeting the amoA gene, yielded a product of  the expected size. This led us to 
conclude that AOB inhabited the soils, albeit in numbers too low for detection by 
quantitative PCR based on the amoA gene. 

Figure 2.2 Rarefaction curves for archaeal amoA clone libraries (A–D) as well as boxplots of  archaeal 
amoA gene abundances (a–d) from the four different soil groups (n = 3 or 4). (A–D) Shown are average 
numbers of  observed OTUs definedat 15% nucleotide sequence dissimilarity (solid line) as well as the 
lower and upper 95% confidence intervals (dotted lines). OTUs were defined at nucleotide dissimilar-
ity level of  15%. (a–d) depicted at the midpoint of  each boxplot is the median; the hinges indicate the 
upper and lower quantiles and the lines represent the spread. GF, geothermally heated and fertilized 
soil; GU, geothermally heated and unfertilized soil; AF, ambient temperature and fertilized soil; AU, 
ambient temperature and unfertilized soil.
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AOA community structure
Clone libraries of  archaeal amoA genes amplified from the four soil groups were 
constructed to study the community structure of  AOA. The rarefaction curve 
analysis of  the respective clone libraries revealed, that ambient temperature soils 
harbored a higher richness of  OTUs (defined at 15% nucleotide dissimilarity) with 
highest observed richness in AF soils (2C, D). Only five OTUs were found in both 
of  the geothermally heated soils GF and GU, respectively (Figures 2.2A, B). Ex-
cept in the case of  the AF soil, the rarefaction analysis also showed that the size 
of  the clone libraries was sufficient to account for the diversity of  the whole AOA 
communities inhabiting the analyzed soil. Two out of  four rarefaction curves 
from ambient temperature soil clone libraries indicated increased OTU richness 
with fertilization as opposed to a trend of  decreasing OTU richness with fertiliza-
tion that was found in all geothermally heated soils (Figure 2.A in the appendix).
To further study the structure of  AOA communities, we utilized an amoA microar-
ray, designed to target the archaeal amoA sequences generated in this study. 

Figure 2.3 Relative abundance of  AOA amoA OTUs defined at15% nucleotide sequence dissimilarity 
as detected by clone library analysis and microarrays. Error bars denote standard errors (n = 3 or 4). 
Numbers above the bars are Shannon’s index of  diversity ± standard error in brackets. Cl, clone library; 
ma, microarray; GF, geothermally heated and fertilized soil; GU, geothermally heated and unfertilized 
soil; AF, ambient temperature and fertilized soil; AU, ambient temperature and unfertilized soil.
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Microarrays and sequence analysis of  clone libraries revealed similar AOA com-
munity compositions, but the microarray method had a higher sensitivity and de-
tected three OTUs not detected by clone library analysis (Figure 2.3). 
OTU 1 clearly dominated the communities of  all soils. OTUs 10, 11, and 12 were 
only detected using the microarray. Interestingly, OTU 3 was exclusively found in 
the unfertilized soils by both methods of  community analysis. Shannon’s H’ index 
of  diversity of  the AOA communities determined for both community analysis 
methods was lower for the fertilized compared to the unfertilized soils on average 
(Figure 2.3).
Community composition analysis by NMDS (Figure 2.4) gave similar separation 
for both methods of  community analysis, pointing to insignificant differences in 
community structure between the four soil groups. 

Figure 2.4 Non-metric multidimensional scaling analysis of  AOA communities as determined by 
clone library analysis (A) and microarrays (B) based on Bray-Curtis’ distances of  relative abundances 
of  OTUs defined at 15% nucleotide sequence dissimilarity. Confidence ellipses (95%) surround the 
centers of  AOA communities derived from geothermally heated (solid lines, GF and GU) and ambient 
temperature soils (dashed lines, AF and AU). GF, geothermally heated and fertilized soil; GU, geo-
thermally heated and unfertilized soil; AF, ambient temperature and fertilized soil; AU, ambient tem-
perature and unfertilized soil. Both MDS routines applied by the metaMDS command were isoMDS, 
which utilizes PCO analysis as starting configuration. Stress values (S) are given below the figures, r2 
= 0.996 and 0.986 for (A) and (B), respectively.

Variation within the communities from the two geothermally heated soils was 
generally lower than in the ones from ambient temperature soils, where the 95% 
confidence intervals were substantially larger (Figure 2.4). BioEnv analysis select-
ed the soil properties pH, moisture, and clay content as the subset of  variables best 
correlating with the dissimilarity matrix of  clone library OTUs, whilst the best 
correlating subset of  soil properties for the microarray OTU dissimilarity matrix 
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comprised pH, moisture, clay, and silt contents. 
These variables therefore have a stronger potential to explain community dissimi-
larities than the other measured soil properties. Based on these results, we con-
ducted CCA for the clone library as well as the microarray derived community 
data followed by permutation analysis. In the case of  the CCA with the clone 
library based data we found the highest explanatory power and significance for 
the soil properties pH, clay, and moisture content, as well as temperature as con-
straining variables (CCA; p < 0.05). The four applied constraints explained 57% 
of  overall observed variation between the AOA communities, of  which 46% could 
be shown on the first two axes (Figure 2.5A).

Figure 2.5 Biplots of  constrained correspondence analysis (CCA) of  AOA communities based on rela-
tive abundances of  OTUs defined 15% nucleotide sequence dissimilarity. (A) AOA communities as de-
termined by clone library analysis. Four constraints were applied: pH, moisture content, clay content, 
and temperature (p < 0.05); the CCA explains about 57% of  overall variation, with CCA1 being the 
most important axis. (B) AOA communities as determined by microarray analysis. Four constraints 
were applied: pH, temperature, clay, and silt content (p < 0.05); the CCA explains about 39% of  overall 
variation, with CCA1 being the most important axis. Green arrows indicate the direction in which 
constraints correlate with the ordination axes; red arrows indicate the direction in which significantly 
fitted OTUs (p < 0.05) correlate with the ordination.

CCA of  the microarray-derived community profiles could also significantly be 
constrained to pH, clay content, and temperature, but additional incorporation of  
silt content as a constraining variable, as suggested by BioEnv analysis, gave the 
highest explanatory power and significance (Figure 2.5B; CCA, p < 0.05, total 
explained inertia = 48%). Gradients in pH and clay content correlated with the 
first CCA axes in both CCAs, albeit in opposite directions. Gradients in moisture, 
temperature, and silt content were equally correlated with the first and second 
CCA axes.
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To identify which of  the AOA phylotypes contributed significantly to the commu-
nity dissimilarities, relative abundance patterns of  single OTUs were fitted to the 
CCA biplots. Significant correlation with the CCA ordinations could be found for 
OTU 2, 5, and 7 in the clone library-based analysis (Figure 2.5A) and for OTU 
2, 6, 7, and 10 in the microarray-based analysis (Figure 2.5B). None of  the fitted 
OTUs showed a consistent significant correlation in both CCAs. This result was 
supported by the lack of  significant correlations of  relative abundances of  OTUs 
determined by both clone library and microarray analyses with all soil properties. 
Similarly, a comparison of  OTU richness, Shannon diversity and amoA copy num-
bers by Tukey’s HSD test resulted in insignificant differences between the four 
soil groups. Moreover, no correlation of  soil properties with amoA copy numbers, 
OTU richness and Shannon diversity was found to be significant on basis of  both 
community analysis methods. Standardized Mantel correlations were performed 
to test for a relationship between AOA community structure and soil properties, 
however, no significant correlations were observed.
To determine if  there were any interactive effects of  fertilization and geothermal 
heating on OTU richness, OTU diversity (addressed by Shannon’s H’ index of  
diversity) and archaeal amoA gene copy number, two-way ANOVA analysis was 
performed. OTU richness, as determined by clone library, was found to be influ-
enced by an interaction between fertilization and geothermal heating, although 
with no significance (p = 0.07). 

AOA phylogeny
Representative sequences were determined for the 12 AOA amoA OTUs and used 
for the construction of  a phylogenetic tree (Figure 2.6). We found a large phylo-
genetic diversity among the representative sequences that fell within both major 
lineages of  the AOA tree topology. The sequence representing OTU 1, the most 
dominant of  the 12 OTUs, clustered within group 1.1a and was most closely re-
lated to a sequence derived from the San Francisco Bay estuary. Similarly, repre-
sentative sequences of  OTU 4 and 8 were related to sequences obtained from the 
San Francisco Bay and representative sequences of  OTU 10 and 11 had been ob-
tained from estuary sediment and a salt marsh, respectively. Most closely related 
to the representative sequence of  OTU 2, which was the second most dominant 
phylotype and fell within the Nitrososphaera viennensis cluster of  the 1.1b lineage, 
was a sequence retrieved from an 82°C hot spring. 
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Figure 2.6 Neighbor-joining tree based on 1737 amoA gene fragments (484 unambiguously aligned 
positions); only sequences from the work described here as well as selected reference sequences are 
shown. Representative amoA sequences for phylotype codes (OTUs) defined at 15% nucleotide se-
quence dissimilarity found in this study are indicated in large font. Phylotype codes are followed by 
names of  representative clones of  the amoA library and the accession number in brackets. Phylotypes 
which were only detected by microarray are shown as “Code (name of  representative sequence, ac-
cession number, isolation source).” Reference sequences are described as “Name (accession number, 
isolation source).” Nodes supported by maximum likelihood method are denoted with closed circles. 
Scale bar indicates an estimated sequence divergence of  7%. The outgroup is a thermophilic ammonia-
oxidizing archaeal lineage containing Candidatus Nirosocaldus yellowstonii.

Likewise, OTUs 3, 6, and 12 were found to be closely related to sequences rep-
resentative of  hot spring environments. The representative sequence of  OTU 9, 
which was absent in any of  the soils analyzed in our study with a pH higher than 
seven, clustered within the 1.1a-associated Candidatus Nitrosotalea devanaterra 
clade.
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Discussion

Abundance of  AOA and AOB
Overall, AOA amoA copy numbers were one to three orders of  magnitude lower 
than previously observed in temperate grassland and/or pasture soils (Leininger 
et al., 2006; Di et al., 2009, 2010; Shen et al., 2011), but in the range of  previously 
described Antarctic soils (Jung et al., 2011). AOB communities were undetectable 
by quantitative PCR. Although it is quite well established that ratios of  archaeal 
and bacterial amoA genes in soil environments can vary greatly (see for example 
Leininger et al., 2006; He et al., 2007; Boyle-Yarwood et al., 2008; Shen et al., 2008; 
Zhang et al., 2009; Di et al., 2010; Adair & Schwartz 2011; Chen et al., 2011), it 
is still remarkable to find such low levels of  AOB abundance. We expected the 
bacterial ammonia-oxidizing community to show increased abundance and al-
tered community structure in response to the addition of  mineral N fertilizer, as 
previously reported in soils (Levicnik-Hofferle et al., 2012; Wertz et al., 2012 and 
reviewed in Schleper & Nicol 2010). This opposite finding might be explained by 
the high water-holding capacity and corresponding moisture contents, character-
istic of  the Andisol classification. Archaeal ammonia oxidizers are likely to be 
capable of  thriving under low oxygen conditions, which are often accompanied 
by such high water contents, as they are proposed to have lower oxygen demands, 
due to a different mechanism of  ammonia oxidation requiring less oxygen per 
NH4

+ oxidized (Walker et al., 2010). In fact, AOA have been found in various 
oxygen-depleted environments (reviewed in Erguder et al., 2009; Park et al., 2010; 
Schleper & Nicol 2010), while AOB are generally restricted to more oxic habitats.
We cannot exclude an inhibitory effect of  undetermined soil properties on AOB 
growth and activity. Nevertheless, our results allow us to state that the absence of  
AOB from soils in cold climates (Nemergut et al., 2008; Alves, 2011) might not 
be due to temperature, as we were unable to quantify AOB in both geothermally 
heated and ambient temperature soils. Previous studies reporting (active) AOB 
populations in cold climate environments additionally reject cold temperature as 
a general factor inhibiting AOB in soil (Yergeau et al., 2010; Banerjee & Siciliano, 
2012; Petersen et al., 2012)

Structure of  AOA communities
Limited effects of  geothermal heating and fertilization on distribution and com-
munity structure of  AOA were observed. This is particularly surprising as tem-
perature, which is known to cause community shifts of  AOA (Tourna et al., 2008), 
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varied by at least 8°C between the geothermally heated and ambient temperature 
soils. Our results show that fertilization may affect AOA diversity irrespective of  
soil temperature. We found less diverse communities in fertilized soils of  both 
geothermally heated and ambient temperature soils; however, we only observed a 
decrease of  richness in geothermally-heated soils that had been fertilized. 
The lack of  a more pronounced fertilizer effect on the AOA community structure 
is not remarkable; since previous studies have shown that the application of  min-
eral fertilizer does not alter AOA community structure or size and is of  minor im-
portance for AOA in soils (Shen et al., 2011; Levicnik-Hofferle et al., 2012; Wertz 
et al., 2012). It seems likely that the applied nitrogen within the fertilizer was not 
available to the ammonia-oxidizing community due to uptake by plants. Indeed, 
we have evidence of  a fertilizer effect on plant biomass and enhanced N uptake 
by plants at all fertilized sampling sites (Bas Dingemans and Mariet M. Hefting, 
unpublished results). These observations suggest that the application of  mineral 
N fertilizer could not directly alter microbial communities and that conditions in 
soils of  ambient and increased temperatures were ammonium-limited. None of  
the soil properties differed between fertilized and non-fertilized soils and we need 
to assume that the observed changes in diversity and richness of  AOA communi-
ties in the fertilized soils were caused by not measured factors.
Dissimilarities in community structure of  AOA were better explained by the soil 
properties pH, moisture and clay content and by the temperature gradient rather 
than by fertilization and geothermal influence as categorical factors. Constrained 
ordination analysis with both clone library and microarray data supported these 
relationships. Some of  the properties can however not be interpreted as independ-
ent factors, since they were correlated with other soil properties; e.g., clay content 
was negatively correlated with soil moisture content. Therefore, it is not possible 
to infer absolute magnitudes of  pH, moisture, and clay content correlations with 
AOA community structures. Nevertheless, we found that pH and clay content 
showed the strongest correlations with AOA communities in all soils analyzed, 
indicating them to constitute two niche axes of  archaeal ammonia oxidizers in 
soil, as previously proposed for pH (He et al., 2007; Nicol et al., 2008; Zhang et al., 
2012), but to our knowledge not for clay content.

Phylogenetic diversity and response of  AOA phylotypes to environmental gradients
The grassland soils studied harbored a broad phylogenetic diversity of  AOA, with 
a larger fraction of  the detected phylotypes clustering within the “marine” 1.1a 
lineage than usually observed in soils (Pester et al., 2011; Wessen et al., 2011). 
Furthermore, a substantial number of  AOA phylotypes were closely related to 



45

Archaeal dominance  in ammonia-oxidizing communities

sequences from marine, estuarine and hot spring environments, similar to the 
AOA communities described in Reigstad et al. (2008). These authors sampled hot 
springs at the same study site. It is reasonable to assume a spreading of  these 
phylotypes by steam (Bonheyo et al., 2005; Ellis et al., 2008) from the abundant 
hot springs and streams in proximity of  the sampling sites into the grassland soils.
We found none of  the specific AOA phylotypes to be consistently and significantly 
correlated with any of  the soil physicochemical gradients. 
It is possible that the environmental gradients most likely to select for unique 
AOA phylotypes like pH, clay, and inorganic N contents were too variable within 
a soil group to allow for statistical separation of  community differences. However, 
our results suggest that only a subset of  the AOA phylotypes present in the ana-
lyzed soils were adapted to the higher temperatures of  the geothermally heated 
soils. NMDS analysis of  AOA communities revealed less variability among the 
geothermally heated soils than among the ambient temperature soils, suggesting 
a selection for more specific communities in the heated soils. This is supported by 
the AOA community profile analysis showing that geothermally heated soils were 
only comprised of  a subset of  the OTUs found in the ambient temperature soils. 
The “soil” lineage-affiliated OTUs 6 and 7 were mostly absent in the geothermally 
heated soils. Accordingly, significant increases of  “marine” phylotypes, but not 
of  “soil” phylotypes, in response to elevated temperatures have previously been 
reported (Tourna et al., 2008; Ijichi & Hamasaki, 2011). The absence of  OTU 3 
from all fertilized soils and the consistent occurrence of  OTU6 only in fertilized 
soils indicate that some of  the AOA phylotypes may be more or less adapted to 
indirect effects of  N fertilization than others in the studied soils.
In line with the observations of  Gubry-Rangin et al. (2011) we found the phylo-
type OTU 9, which was absent in soils with a pH higher than seven, to cluster with 
the 1.1a-associated Candidatus Nitrosotalea devanaterra clade, that is proposed to 
be adapted to low pH. Therefore, our data suggests that some AOA lineages have 
a distinct response to temperature, N fertilization and pH, as reviewed in Erguder 
et al. (2009) and Schleper and Nicol (2010) and recently put forward by Yao et al. 
(2011) and Szukics et al. (2012), designating these factors to play a role in shaping 
niches for specific AOA lineages. 
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Conclusion

We found substantial dominance of  AOA over AOB across a range of  in situ tem-
peratures in the grassland soils of  this study, indicating selection for archaeal am-
monia-oxidizers over their bacterial counterpart in these soils independent from 
temperature. The community structure of  AOA was strongly related to pH and 
clay content, whereas soil temperature and N fertilization played a secondary role. 
Their primal effect on AOA community structure advocates pH and clay content 
as universal factors involved in niche-differentiation of  AOA in soil.
Even though the specific characteristics of  Andisols set our study system apart 
from most other soil studies on ammonia-oxidizing communities, our findings of  
AOA dominance and limited response to fertilization and warming support ob-
servations in other (Artic) soil environments (Nemergut et al., 2008; Alves, 2011; 
Lamb et al., 2011; Weedon et al., 2012). A question remaining is what causes such 
striking absence of  AOB. Additionally, the question whether closely related AOA 
phylotypes perform equally well in different soil habitats (e.g., in respect to tem-
perature) or whether the AMO protein is conserved in otherwise physiologically 
distinct AOA, as discussed in Alves (2011), continues to await an answer. Future 
research, including temporal analysis of  amoA gene expression, measurements of  
nitrification rates and confined microcosm experiments, will help to clarify these 
questions.
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Anne Daebeler, Paul L.E. Bodelier, Mariet M. Hefting, 

Tobias Rütting, Hendrikus J. Laanbroek

Short-term responses of gross nitrogen 
transformations to temperature shifts 

in volcanic grassland soils 
are linked to legacies of 

soil temperature and N deposition

Nitrogen transformation processes in arctic and temperate terrestrial ecosys-
tems are substantially affected by increasing temperature and N deposition. 

Increased net rates of  soil N mineralization and nitrification have been observed as a 
reaction to increased temperature, however if  this reflects a corresponding increase 
in N availability and if  it also holds for gross N transformations remains unknown. 
To study the independent and interactive effects of  temperature and N availability 
on gross soil N transformation processes, we performed short-term incubations at 
various temperatures in microcosms containing soils with different temperature and 
N deposition legacies.  
Our results show an effect of  soil temperature legacy on the response of  gross nitrifi-
cation rates to short-term temperature changes: Soils of  ambient in situ temperature 
showed a decrease in gross nitrification with higher incubation temperature, while 
geothermally heated soils with elevated in situ temperatures showed higher gross 
nitrification rates at higher incubation temperatures. We may thus assume that the 

manuscript
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microbial nitrifying community in the field is selectively adapted to the different 
field temperature regimes. Further we observed a generally positive effect of  ele-
vated incubation temperature on gross N mineralization rates. The strongest effect 
of  in situ N deposition in interaction with incubation temperature was observed 
in geothermally heated soils. Here, N deposition suppressed any increase of  the 
gross N mineralization rate and the gross nitrification rate at higher incubation 
temperature. Additionally, N deposition lowered the level of  gross nitrate immo-
bilization. In ambient temperature soils, N deposition elevated gross nitrification 
and nitrate immobilization rates at higher incubation temperatures, but decreased 
gross N mineralization rates. 
In conclusion, N deposition generally tended to counteract the effects of  increased 
soil temperature on the gross N transformation processes. Furthermore, tempera-
ture legacies strongly affected gross N transformation processes in the soils studied 
here and also impacted their response to short-term temperature shifts. Addition-
ally, we have gathered evidence for a tightened, faster and balanced N turnover in 
these soils if  temperatures were to rise steadily.

Introduction

Nitrogen (N) availability and temperature are two of  the most fundamental fac-
tors driving terrestrial N transformation processes. It is well known that changes 
in N cycling induced by elevated temperatures and N deposition are likely to re-
sult in substantial ecosystem-level changes in primary productivity (Melillo et al., 
1993), plant species composition (Stevens et al., 2004; Suding et al., 2005; Wedin 
& Tilman, 1997), soil acidification (Noble et al., 2008) as well as enhanced nitri-
fication and denitrification and, therefore, N losses through nitrate-leaching and 
production of  gaseous nitrogen species such as the potent greenhouse gas N2O 
(Guo & Gifford, 2002; IPCC, 2013; Magill et al., 1997; Mosier, 1998). While Ad-
discott (1983) found no significant response of  net mineralization and net nitrifi-
cation rates to temperature increase in soils from the long-term field experiment 
at Rothamsted, studies employing experimental warming of  soil found elevated 
gross and net N fluxes (Contosta et al., 2011; Cookson et al., 2007; Macduff  & 
White, 1985; Nadelhoffer et al., 1991; Schmidt et al., 1998; White et al., 2000). 
Furthermore, Bai and colleagues (2013) could show in a meta-analysis including 
528 observations from 51 publications that warming generally increased net min-
eralization and net nitrification processes in soil by 52% and 32%, respectively, 
while N immobilization was usually not affected. The effects of  N deposition on 
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soil N transformation processes are less clear. Although it has been suggested that 
increased available N levels in soil will lead to a decrease in N mineralization rates 
as microbes will invest less in production of  exo-enzymes involved in the release 
of  N from polymers (Bengtson et al., 2005; Craine et al., 2007; Ramirez et al., 
2010), reports on no effect of  mineral N fertilization (Schmidt et al., 1998) as well 
as increased net N mineralization by enhanced levels of  externally supplied N also 
exist (Contosta et al., 2011; Niboyet et al., 2010).
Surprisingly little is known about the interactions between temperature and N 
deposition as drivers of  N transformations. The objective of  the present study was 
to investigate effects of  short-term temperature changes on N-cycling in relation 
to soil temperature and mineral N deposition legacy as well as general soil charac-
teristics in volcanic grassland soils from Iceland. The different local temperature 
regimes in the grassland soils of  this study are created by geothermal activity and 
constitute a natural setting that provides the conditions required for testing how 
the temperature legacy of  a soil affects its response to short-term temperature 
changes. Additionally, we adopted a paired-site approach, by establishing experi-
mental N-deposition plots in areas of  the grasslands with and without local, geo-
thermal activity to test combined and separate effects of  N availability and soil in 
situ temperature on nitrogen transformation rates. Likely, an adaptation of  micro-
bial N-cycling communities to their particular in situ soil temperature regime has 
taken place at the study site. This would lead to an advantage and consequently 
higher activity of  pre-conditioned microbes when incubated at their in situ tem-
perature in comparison to incubation at a different temperature. 
Specifically we hypothesized that (i) gross N transformation rates in ambient tem-
perature soils will have a lower temperature optimum, (ii) gross N transformation 
rates in ambient temperature soils will react less to short-term changes in soil tem-
perature than the rates in geothermally heated soils, as N-cycling microorganisms 
in ambient temperature soils will be adapted to a regime of  larger temperature 
ranges due to seasonal differences in soil temperature which only occur in the 
ambient soils, (iii) higher N availability through deposition of  mineral nitrogen in 
the form of  urea will decrease the production and immobilization of  ammonium 
from soil organic nitrogen, (iv) differences in gross N transformation rates at the 
same incubation temperature will be related to soil temperature and N deposition 
legacies, and edaphic properties.
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Materials and methods

Soil sampling and physico-chemical analyses
Soils from four geothermally heated (annual soil temperatures range from 23 - 
27°C in the top 10 cm) and four ambient temperature (average annual soil tem-
perature of  8°C in the top ten cm) plots of  an experimental research site in Græn-
dalur valley, Iceland were sampled in August 2010. For a detailed description of  
the research site including coordinates and soil type see Daebeler et al. (2012). All 
of  the eight research plots consist of  a N-amended subplot (10 g N m-2 a-1 slow re-
lease urea, Agroblen 35+0+0, Scotts International B.V., Geldermalsen, The Neth-
erlands) and a control subplot, from each of  which three replicate soil cores of  10 
cm depth were taken and pooled to account for spatial variability within a subplot. 
Soil clay and silt contents were analyzed from freeze-dried subsamples by a Mas-
tersizer (Malvern, model APA2000, serial number 34403/139). Water content and 
water-holding capacities of  soils were determined as described by Wilke (2005) 
immediately after sampling. Contents of  total soil C and N were determined on 
an isotope ratio mass spectrometer (Delta V Advantage IRMS, Thermo Electron 
Corporation, Germany) coupled to an EuroVector elemental analyzer (EuroVec-
tor, Italy) after freeze-drying and milling. Table 3.1 gives an overview of  the meas-
ured edaphic properties.

Potential nitrification activity
Subsamples for potential nitrification activity (PNA) were taken to the laboratory 
immediately and incubated for 48 hours according to Norton and Stark (2011). 
To determine the soils capacities to nitrify under optimal conditions, the potential 
nitrification activity (PNA) was measured immediately after sampling in 50 mL 
Erlenmeyer flasks containing 5 g of  fresh soil and 17 mL, 1 mM phosphate solu-
tion with a final NH4

+ concentration of  1 mM. Optimal NH4
+ concentration for 

PNA in these soils had been determined before by PNA incubations with 0.5, 1 
and 2 mM NH4

+. Briefly, the soil slurries were incubated at 25°C shaken on an 
orbital shaker (Max Q-Mini 4450, Barnstaad Lab Line) and the linear production 
of  nitrite plus nitrate over time was determined by measuring these compounds on 
a continuous flow auto-analyzer (SA-40, Skalar Analytical BV, The Netherlands).
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Ambient,

 without N 

deposition

Ambient,

 with N 

deposition

Geothermal, 

without N 

deposition

Geothermal, 

with N 

deposition

Temperature [°C] 17.63 ± 1.01 17.06 ± 0.73 31.56 ± 5.79 29.62 ± 3.36

Moisture [%] 72.82 ± 2.98 72.42 ± 3.73 71.32 ± 5.08 67.47 ± 6.80

pH 7.40 ± 0.14 7.29 ± 0.12 6.83 ± 0.07 6.87 ± 0.15

N                         
[mg/g dry soil] 12.34 ± 2.74 16.85 ± 2.33 17.76 ± 2.37 19.74 ± 2.14

C                     
[mg/g dry soil] 117.04 ± 21.59 150.03 ± 27.26 193.97 ± 30.11 211.30 ± 53.52

C:N 21.39 ± 2.23 20.47 ± 1.80 19.72 ± 3.99 17.80 ± 1.43

Clay [%]                
(<2 μm) 0.74 ± 0.63 0.61 ± 0.47 0.45 ± 0.43 0.55 ± 0.38

Silt  [%]               
(2–63 μm) 19.87 ± 11.12 17.69 ± 7.24 12.93 ± 4.78 15.75 ± 3.55

Fine sand [%] 
(63–200 μm) 13.77 ± 2.24 16.22 ± 1.80 15.91 ± 0.41 16.10 ± 1.74

Coarse sand [%]  
(>200 μm) 15.44 ± 3.64 19.50 ± 3.21 24.80 ± 3.21 22.33 ± 0.64

Table 3.1 Characteristics of  soil samples collected from ambient temperature and geothermally heated 
grassland plots with and without N deposition. Values are averages (n = 3) ± standard error.

Microcosm incubations
To study the effects of  short-term temperature changes on gross N transformation 
processes, we selected three geothermally heated and three ambient plots based 
on the results of  the PNA assay. Soil samples were stored at their respective field 
temperature for one week before mixing and removal of  roots. The soils were 
then incubated at their approximate yearly average in situ temperatures (15 and 
25°C for ambient and geothermally heated soil, respectively) and at 10°C above 
these temperatures (25 and 35°C, respectively). In addition, for both soil types, 
an extreme temperature difference of  20°C was chosen for incubation to test for 
differences in tolerance to larger temperature changes. The ambient temperature 
soils were incubated at 20°C higher than the approximate in situ temperature being 
35°C whereas the geothermally heated soils were incubated at 20 degrees lower 
than in situ temperature being 5°C. 
Making use of  triplicates, we applied a mirror-labeling approach with 15NH4 

14NO3/ 
14NH4

15NO3 to trace the 15N signal from and to pools of  inorganic N over a 6-day 
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incubation. 30 g of  soil was transferred into sterile 250 mL bottles and 2 mL of  
either 0.1 mM of  15NH4NO3 solution or 0.1 mM of  NH4

15NO3 solution was applied 
(both 99 atom % 15N), resulting in an addition of  0.1 µg 15N g-1 soil (i.e. 0.2 µmol 
N g-1 soil ). A third bottle of  each soil received 2 mL of  a 0.1 mM non-labeled 
NH4NO3 solution serving as a blank control. Soil samples for determination of  15N 
enrichment in inorganic N pools were taken after 1, 3 and 6 days of  incubation.

Determination of  inorganic N and isotopic signatures
Samples for analysis of  inorganic N (approx. 5 g) were shaken in 20 mL 1M KCl 
solution for 1 h and the supernatants were stored at -20°C until determination of  
NH4

+ and NO2
- + NO3

- using a continuous flow auto analyzer (Skalar SA-40, The 
Netherlands) and analysis of  the isotopic signature in inorganic N pools, making 
use of  a microdiffusion technique modified from Stark and Hart (1996). 
In brief, glass fiber micro filters (Whatman, GF/A) of  6 mm diameter were spiked 
with 13 µL of  1 M KHSO4 and packed in Teflon tape (19 mm width) to seal the 
filter from liquid while enabling diffusion of  NH3. Approximately 10 mL of  the 
1M KCl-soil extract were given into 250 mL plastic bottles and contents of  total 
NH4

+ - N were adjusted to 100 µg by adding standard solution if  needed to meet 
the detection limit of  the elemental analyzer. To have comparable headspaces in 
all the bottles, the volume of  the solution was brought to 20 mL with 1 M KCl. 
The pH was raised to approximately 10 with ~0.4 g of  ashed MgO. One packed 
filter was added per bottle, after which the lid was closed. Containers were left at 
25°C and shaken every other day. After 7 days, the packed filters for 15N-NH4

+ de-
termination were collected, washed in demineralized water, unpacked, and dried. 
According to Stark and Hart (1996) 6 days at room temperature are sufficient to 
remove >92% of  the ammonium from the solution.  After removal of  the filters 
for 15N-NH4

+ determination, 0.4 g of  Devarda’s alloy was added to the solution to 
convert all NO3

- into NH4
+. Another filter was added to each bottle, after which the 

bottle was closed and left at 25°C with intermittent shaking for another 7 days.
Then the filters for determination of 15N from NO3

- were collected and treated as 
described above. All filters were placed in tin capsules for analyses of  the isotopic 
signature of  N on an isotope ratio mass spectrometer (Delta V Advantage IRMS, 
Thermo Electron Corporation, Germany) coupled to a EuroVector elemental ana-
lyzer (EuroVector, Italy). To be able to perform blank corrections for the determi-
nation of  isotopic ratios of  N, ten bottles with 20 mL 1 M KCl without soil KCl 
extracts were prepared and treated just like the samples. 
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In order to determine the isotope ratio of  N in a sample with correction for the 
addition of  standard solution containing 14N, the following formula was applied:

Were Rmeasured is the isotope ratio measured in the sample, Nsample is the total N con
tent of  the sample, Nadded is the amount of  14N added to the sample and Radded is the 
isotopic ratio of  the added N.
To further correct for dilution of  the isotopic signal by background contamination 
we applied the following formula: 

Were Rsample is the isotopic ratio of  N in a sample corrected for addition of  stand-
ard, Rblank is the average isotopic ratio of  N in the methodological blanks and Nblank 
is the total average amount of  N in the methodological blanks.

Quantification of  gross N transformation rates
Gross N transformation rates were determined with a numerical 15N-tracing model 
(Figure 3.1) in combination with a Monte Carlo sampling technique that was de-
veloped for permanent grassland soil (Müller et al., 2007). The advantage of  this 
technique over the commonly used 15N dilution technique is that process-specific 
N transformation rates can be quantified and that interactions between processes 
are accounted for (Rütting & Müller, 2007). A range of  model setups varying in 
the number of  N transformations and N pools were tested. The one with the least 
N transformations but which was still adequate to simulate the data was chosen 
(Müller et al., 2007). 
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The final model depicted in figure 3.1 consisted of  five N transformations: MNorg, 
mineralization of  organic N to NH4

+; ONorg
, oxidation of  organic N to NO3

-; INH4, 
immobilization of  NH4

+ to organic N; ONH4, oxidation of  NH4
+ to NO3

- and INO3, 
immobilization of  NO3

- to organic N. All transformations were calculated by first-
order kinetics, except MNorg, which was calculated by zero-order kinetics.

Figure 3.1. 15N-tracing model applied to quantify gross N transformation rates in geothermally heated 
and ambient temperature soils from a volcanic grassland incubated at different temperatures (modified 
from Müller et al., 2007).

The gross N transformation rates were calculated by simultaneously optimizing 
the kinetic parameters for the various N transformations. The modeled data were 
fitted against observed values of  NH4

+, NO3
- and their respective 15N enrichments 

simultaneously for the three 15N treatments (Müller et al., 2004). Rates for each 
treatment and soil were quantified separately as the variation between pools of  
NH4

+ and NO3
- in replicate geothermally heated and ambient temperature plots 

was too large to reliably quantify average rates. To examine the dependencies of  
gross transformation rates on each other, a correlation matrix was calculated from 
the parameter vector of  iterations after the ‘burn-in time’ as described previously 
using the corrcoef  function in Matlab (Müller et al., 2007). Parameter optimiza-
tion was carried out with a Markov chain Monte Carlo Metropolis algorithm 
(MCMC-MA), which performs a random walk in model parameter space and is 
very robust against local minima (Müller et al., 2007). Initial pool sizes for NH4

+ 
and NO3

- were estimated by extrapolating the concentrations from the first two soil 
extractions to the time point zero, separately for each soil. As ONorg 

could not be 
detected in any of  the soil incubations, this process is not included in the results 
and we assume all NO3

- to be produced via NH4
+ oxidation (i.e. chemolithotrophic 

nitrification; ONH4).
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Statistical analysis
Significant differences in potential nitrification rates, gross N transformation rates 
and Q

10
 values were determined by Tukey’s HSD. Linear mixed models were used 

to evaluate the influence of  soil properties, field temperature, N deposition and in-
cubation temperature on gross N transformation rates. Co-linearity was observed 
between C:N ratio and soil moisture, between C:N ratio and clay content and be-
tween soil moisture and nitrate concentration (r = 0.55, -0.58, -0.59, respectively; 
all other fixed effect correlations r <0.32). To avoid distortion of  predictor effect 
sizes, the soil properties C:N ratio and moisture content were excluded from fur-
ther analysis. Main effects of  the centered soil properties (pH, clay content, am-
monium and nitrate concentrations), N deposition, field temperature regime and 
incubation temperature were included in the analysis. Additionally, the interac-
tion between N deposition and the field temperature, between the field tempera-
ture and incubation temperature as well as the interaction between N deposition 
and the incubation temperature were included. Models included the plot in the 
field from which a soil sample originated as a random effect.

Results

Potential nitrification activity
In order to determine the nitrifying capacity of  the soil under standard conditions 
of  pH, temperature and substrate availability we performed incubation assays for 
potential nitrification activity (Figure 3.2). Nitrification was observed in slurries 
of  all soils. No significant effect of  temperature legacy or N deposition was found. 
The lowest potential nitrification rates were observed in geothermally heated plots 
without N deposition. On average, potential nitrification activities were 1.4 times 
higher in the ambient temperature plots than in the geothermally heated plots. N 
deposition increased potential rates by a factor of  1.6 times compared to non-fer-
tilized control plots. However, these differences were not statistically significant.
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Figure 3.2. Potential nitrification activities measured in ambient temperature and geothermally heated 
soils from plots with and without N deposition. Values are averages (n = 4) ± SE.

Gross N transformations
Measured concentrations of  ammonium and nitrate over the six-day incubation 
period showed the same dynamics for the microcosms containing soil from plots 
with and without N deposition when they were incubated at the same temperature 
(see Figure 3.3). These soils did not significantly differ among each other. Signifi-
cantly different concentrations and dynamics were however observed between the 
ambient and geothermally heated soils. 
Ammonium significantly accumulated only in the 35°C microcosms with soil 
from ambient temperature plots, but not in any other microcosm. Similarly, nitrite 
+ nitrate accumulated in the 35°C microcosms with soil from ambient tempera-
ture plots, but not when they had been incubated at 15 or 25°C. This was the same 
for soils from plots with and without N deposition.
All microcosms containing soil from geothermally heated field sites had higher 
starting concentrations of  nitrite + nitrate and showed further accumulation with-
out significant differences between the three incubation temperatures. Neverthe-
less, it is interesting to point out, that the average concentration of  nitrite + nitrate 
in the 35°C microcosms was consistently higher than in the microcosms incubated 
at 5 and 25°C.
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Figure 3.3 Changes in (A) ammonium and (B) nitrite plus nitrate concentrations in soil microcosms 
containing ambient temperature or geothermally heated soil from plots with and without N deposition. 
Microcosms were incubated at 15, 25 and 35°C (ambient temperature soils) and 5, 25 and 35°C (geo-
thermally heated soils) for 6 days. Data plotted are mean values and SE from 3 repeatedly sampled, 
replicate microcosms.

To determine the effect of  short-term temperature changes on the underlying gross 
nitrogen transformation processes in the ambient temperature and geothermally 
heated soils from plots with and without N deposition, the microcosms had been 
enriched with  15N-NH4

+ or 15N-NO3
-. Sampling at three different time points al-

lowed for monitoring the dilution of  the 15N signal in the NO3
- pool of  the 15N-NO3

- 
microcosms and the tracing of  the 15N signal from NH4

+ to NO3
- in the 15N-NH4

+ mi-
crocosms. With this data we were able to quantify gross rates for N mineralization, 
nitrification, ammonium immobilization and nitrate immobilization (Figure 3.4). 
Ambient temperature soils exhibited similar gross N mineralization rates when 
incubated at 15 and 25°C, but showed a trend towards an increased gross N min-
eralization rate at 35°C incubation temperature, with no difference between soils 
with and without N deposition. 
In soils from geothermally heated sites an increase of  gross N mineralization rate 
with incubation temperature could only be found in those soils from plots without 
N deposition leading to a strong difference at 35°C incubation temperature. Gross 
nitrification (i.e. chemolithotrophic NH4

+ oxidation) rates in ambient temperature 
soils incubated at 15°C were elevated in the soils from plots with N deposition as 
compared to soils from control plots. At 25°C and 35°C incubation temperature 
this difference was not found and gross nitrification rates were low.
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Figure 3.4 Gross N transformation rates in ambient temperature and geothermally heated soils from 
plots with and without N deposition during incubation at different temperatures for 6 days. Values are 
averages (n=3) ± standard error. Values of  geothermally heated soil incubated at 5°C and 35°C are 
averages with n=2 due to missing data. If  applicable, lower case letters indicate significant (p<0.05) 
differences between bars.

Gross nitrification rates in the soils of  geothermally heated sites tended to be gen-
erally higher than in ambient temperature soils. The rates were of  a similar mag-
nitude in plots without and with N deposition at 5°C, but tended to be higher in 
the control plots when incubated at 25°C and 35°C.
No general trend was found for gross ammonium immobilization rates of  the soils 
from ambient temperature sites. Gross ammonium immobilization rates in geo-
thermally heated soils from plots with N deposition tended to be higher than for 
the control plots when incubated at 5°C, but lower at 25°C incubation tempera-
ture. No gross ammonium immobilization at all was observed in geothermally 
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heated soils from plots with N deposition at 35°C incubation temperature. The 
control plots without N deposition on the other hand showed increased gross am-
monium immobilization rates at higher incubation temperatures.
Gross nitrate immobilization rates were comparable between plots with and with-
out N deposition from ambient temperature soils at all three incubation tempera-
tures and continuously tended to decrease with increasing incubation tempera-
ture. Soils from geothermally heated sites tended to show higher average gross 
nitrate immobilization rates than the ambient temperature soils. As in ambient 
temperature soils, the gross nitrate immobilization rate also tended to decrease 
with increasing incubation temperature.
The correlation matrix for all quantified gross N transformation rates is given in 
Table 3.2. In ambient temperature soils from plots with N deposition strong, posi-
tive correlations between gross N mineralization and gross ammonium immobi-
lization as well as between gross immobilization of  nitrate and gross nitrification 
were observed when the soils were incubated at 35°C. Furthermore, we found 
increasingly strong, positive correlations between gross nitrification and gross 
nitrate immobilization with increasing incubation temperature in these ambient 
temperature soils from plots with N deposition. Additionally, gross nitrification 
rates were stronger negatively correlated with gross N mineralization rates at el-
evated incubation temperatures in ambient temperature soils with N deposition. 

Table 3.2 Pearson correlation matrices for gross nitrogen transformation rates at different incuba-
tion temperatures in soils with (A) ambient temperature legacy and (B) elevated temperature legacy 
through geothermal heating. The upper, light grey part shows r values for soils from plots without 
N-deposition, the lower, dark grey part shows r values for soils from plots with N-deposition. MNorg, 
mineralization of  organic N to NH4

+; INH4, immobilization of  NH4
+ to organic N;  INO3, immobilization 

of NO3
- to organic N; ONH4, oxidation of  NH4

+ to NO3
-.
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In geothermally heated soils from plots with N deposition there was a strong posi-
tive correlation between gross nitrification and gross nitrate immobilization at 
35°C incubation temperature similar to ambient temperature soils. Moreover, we 
found increasingly strong positive correlations between gross nitrification rates and 
gross N mineralization rates with increasing incubation temperatures, independ-
ent from N deposition. Like in ambient temperature soils, gross immobilization 
rates of  ammonium correlated increasingly positive with gross N  mineralization 
rates at elevated incubation temperatures in soils from plots with N deposition. 
Soils from control plots did not show a trend with incubation temperature.
To further understand the relationships of  the gross N transformation rates with 
incubation temperature, field temperature at the time of  sampling, N deposition 
and soil properties we performed analyses by linear mixed modeling with the 
gross N transformation rates as dependent variables. Gross N mineralization was 
found to have significant, positive relationships with ammonium concentration 
and incubation temperature and significant negative relationships with clay con-
tent of  the soil as well as with N deposition (Table 3.3). Furthermore, there was a 
significant interactive relationship of  N deposition with field temperature as well 
as of  N deposition with incubation temperature on the gross N mineralization rate.
The gross nitrification rate had significant positive relationships with the incuba-
tion temperature and field temperature. Additionally, interactions of  N deposi-
tion with field temperature, of  N deposition with incubation temperature and of  
field temperature with incubation temperature significantly related to the gross 
nitrification rate. The best fitting model for the gross ammonium immobilization 
rate contained main and interactive effects of  field temperature, N deposition and 
incubation temperature, as well as pH and nitrate concentration as main effects. 
Finally, the model containing main effects of  field temperature, N deposition, in-
cubation temperature and nitrate concentration as well as an interactive effect of  
field temperature and N deposition best explained the gross nitrate immobilization 
rate.

Table 3.3 Fixed effects of  the best fitting, reduced, linear mixed models of  gross N mineralization rate, 
gross nitrification rate, gross ammonium immobilization rate and gross nitrate immobilization rate in 
relation to field temperature, N deposition, incubation temperature and soil properties. Df

num
, degrees 

of  freedom in the numerator; Df
den

, degrees of  freedom in the denominator; F, F-statistic; p, p-value; 
Ef

dir
, direction of  effects; / not included in reduced model; NA, not applicable. Bold font indicates 

significance.
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To examine the magnitude of  the effect of  short-term temperature changes on 
gross nitrogen transformation rates we calculated Q

10
 temperature coefficients, 

which show the rate of  change in gross N transformation per 10°C. Two tem-
perature ranges were chosen for the calculation: one larger range spanning a 20°C 
deviation from the respective in situ temperature of  the soils (15-35°C for ambient 
temperature soils and 5-25°C for geothermally heated soils) and one smaller range 
spanning a 10°C deviation from the in situ temperature (15-25°C for ambient tem-
perature soils and 25-35°C for geothermally heated soils; Figure 3.5).Strongest 
effects of  short-term temperature shifts were found in geothermally heated soils. 
Here, gross N mineralization and ammonium immobilization rates in absence of  
N deposition tended to show elevated Q

10
 values in the range of  25-35°C. On 

average gross N mineralization rates were generally more affected by changing 
temperatures in the range from 25-35°C than by changing it from 25 to 5 °C. 

Figure 3.5 Q
10

 temperature coefficients of  gross N transformation processes in 6-day incubations of  
ambient temperature and geothermally heated soils from plots with and without N deposition calcu-
lated from four different incubation temperatures. Values are averages (n=3) ± standard error, except 
for the rate of  ammonium immobilization in geothermally heated soils where n=1 due to missing data.
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The Q
10

 values of  gross nitrification rates tended to be higher in geothermally 
heated soils than in ambient temperature soils, while the values for gross am-
monium immobilization rates were comparable between both soil types. Gross 
nitrate immobilization showed similar Q

10
 values for all temperature ranges and 

both, ambient temperature and geothermally heated soils, except for higher values 
in the 5-25°C range of  geothermally heated soils. All these comparisons have to be 
considered with care however, as no significant differences were found.

Discussion

Potential nitrification in comparison to gross nitrification
Unlike Niboyet and colleagues (2010) we did not observe a significant stimulatory 
effect of N deposition on potential nitrification activity (PNA) determined in field 
fresh soil. Still, potential nitrification rates were consistently higher in soils from 
plots with N deposition. An interesting pattern emerges from comparing the nitri-
fication rates obtained by the PNA assay with the gross nitrification rates when 
incubated at the respective in situ temperatures. N deposition positively affected 
the potential and the gross nitrification rates in ambient temperature soils at the in 
situ-like incubation temperature (i.e. 15°C). Contrastingly, N deposition positively 
affected potential nitrification rates in geothermally heated soil, but negatively 
affected gross nitrification rates at near in situ temperatures of  25 and 35°C. Pos-
sibly, this hints at different limitations to nitrification in the two soils with different 
temperature legacies. In ambient temperature soils nitrification may be limited by 
enzyme availability as both PNA and gross rates show. Substrate availability may 
however be the limiting factor in geothermally heated soils. Here, the negative 
effect of  N deposition on gross nitrification may be explained by its coupling to 
N mineralization, which shows the same pattern. However, it is difficult to draw 
conclusions from the comparison of  the potential net nitrification rates with gross 
nitrification rates, as values of  the former are not corrected for rates of  nitrate 
immobilization and were measured under optimal conditions of  ammonium and 
oxygen supply. In addition, an inhibitory effect of  protons locally produced during 
the oxidation of  ammonia will likely be less severe in well-shaken slurries.
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Effect of  temperature legacy on response of  gross N transformations to short-term 
temperature changes
We hypothesized that gross N transformation rates in ambient temperature soils 
would be less affected by short-term temperature changes than the gross rates in 
geothermally heated soils. This was assumed because the latter soils experience a 
smaller temperature range throughout the year than the ambient temperature soils 
and thus may likely have selected for a subset of  the microbial community that is 
specifically adapted to the elevated in situ temperature. Our results however do not 
allow confirming or dismissing this hypothesis. On the one hand, gross N min-
eralization rates in ambient temperature soils tended to increase with increasing 
incubation temperature, which is not in line with our hypothesis. Such changes in 
N mineralization were not observed by Guicharnaud and colleagues (2010) in Ice-
landic soils incubated at different temperatures even though they found microbial 
respiration and enzyme activity to be temperature dependent. However, whereas 
we determined gross rates, Guicharnaud and colleagues measured net mineraliza-
tion rates. On the other hand, the Q

10
 analysis showed that gross mineralization 

and gross nitrification rates tended to be more affected by temperature change 
in geothermally heated soils than in ambient temperature soils confirming our 
hypothesis. Other studies have shown positive responses of  both net mineraliza-
tion and nitrification rates to artificial warming (Cookson et al., 2007; Macduff  & 
White, 1985; Nadelhoffer et al., 1991; Wang et al., 2006), but the soils examined 
possibly harbor a nitrifying community which is more tolerant to higher temper-
atures. Additionally, a negative effect of  temperature on nitrate immobilization 
may have been overlooked in the afore-mentioned studies of  net rates, resulting 
in the impression of  unaffected or increased net nitrification. As a result of  the 
negative effect of  incubation temperature on gross nitrate immobilization, nitrate 
accumulated at 35°C in ambient temperature soils and at all incubation tempera-
tures in geothermally heated soils. Such a development could potentially increase 
nitrate-leaching through elevated temperatures in these volcanic grassland soils.
We further hypothesized lower temperature optima of  gross N transformation 
rates in the ambient temperature soils as compared to the geothermally heated 
soils. Our results support this hypothesis for the process of  nitrification. The re-
duced linear mixed model showed a significant interactive effect of  field tempera-
ture legacy and incubation temperature on the gross nitrification rates as shown 
in Figure 3.6. 
This may be indicative of  microbial nitrifying communities that are selectively 
adapted to function best at the field temperature they experience in situ. Likely, 
this community is AOA-dominated as we did not find evidence for the presence 
of  AOB in a previous study (Daebeler et al., 2012). 
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Figure 3.6 Predicted gross nitrification rates in ambient temperature and geothermally heated soils 
from plots with and without N deposition based on data from incubations at different temperatures for 
6 days. Predictions were made according to the best reduced, linear mixed model reported in Table 3.3. 
Boxplots show the median as a horizontal line, the average as a diamond, upper and lower quartiles as 
hinges and the spread as vertical lines.

Furthermore, we can assume selective adaptation to temperature since we could 
show previously that AOA communities in geothermally heated soils comprised 
only a subset of  the communities of  ambient temperature soils (Daebeler et al., 
2012). It is therefore highly likely that the active ammonia-oxidizing communities 
in the soils with different in situ temperatures differ in structure and physiological 
capacity to nitrify at different temperatures. Interestingly, the optimal nitrification 
rate at the respective in situ temperature coincided with strongest positive correla-
tions between gross nitrification and gross N mineralization. Possibly, this hints 
at associations of  nitrifying AOA with microbial mineralizers under in situ condi-
tions as also proposed by Levicnik-Höfferle and colleagues (2012). 
In our study gross nitrification and nitrate immobilization rates in ambient tem-
perature soils with N deposition were weakly coupled at 15 and 25°C, but strongly 
at 35°C, which may be indicative of  nitrate-immobilizing microbial communities 
that may be dependent on nitrifiers at higher temperatures. Additionally, both pro-
cesses were negatively related to incubation temperature in ambient temperature 
soils suggesting microbial communities that are adapted to the in situ temperature. 
In contrast to the community of  microbial mineralizers with its functional redun-
dancy, nitrifiers are a narrower and less diverse functional group making the pro-
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cess of  nitrification more susceptible to changes. These differences in functional 
redundancy between functional groups have strong implications for the tempera-
ture sensitivities of  the microbial processes N mineralization and nitrification and 
may be relevant for the obtained results. 

Effect of  N deposition on responses of  N transformations to incubation temperature
As shown by our linear mixed model, N deposition had a significant, negative 
effect on the rate of  gross N mineralization (Table 3.3). This is supportive of  our 
hypothesis of  decreased N mineralization in response to N deposition. Further, it 
confirms the proposition of  Bengtson and colleagues (2005) that microorganisms 
will most likely not invest in the generation of  N-mineralizing exo-enzymes when 
inorganic N is abundant. Additionally, the deposition of  N in the field leveled 
the effect of  incubation temperature in geothermally heated soils: In soils with N 
deposition gross rates of  N mineralization and nitrification showed a similar nega-
tive trend at all incubation temperatures, except at 35°C where gross nitrification 
started to increase again. In contrast, gross rates of  N mineralization and nitrifi-
cation exhibited a positive relationship with incubation temperature in the soils 
from plots without any N deposition. This implies that in geothermally heated 
soils the effect of  enhanced N mineralization and associated enhanced N availabil-
ity through higher temperatures does not equal the effect of  N deposition. These 
findings are in consistence with Ramirez and colleagues (2012) who could show 
that enhanced N deposition decreased temperature sensitivity of  soils from nine 
biomes of  North America. In ambient temperature soils, effects of  N deposition 
and incubation temperature did not interact, but were positively related with gross 
rates in general. Possibly this shows that N deposition and elevated temperature 
both caused enhanced N availability in the short-term.

Conclusion

Nitrifying and nitrate-immobilizing microbial communities in the volcanic 
grassland soils of  this study may have adapted to the temperature of  their 
habitats resulting in optimal rates when incubated close to the in situ tem-
perature. The functionally broad group of  microbial N mineralizers on the 
other hand does not seem to be adapted to one specific temperature and 
are more influenced by the addition of  N. This was especially shown in 
the geothermally heated soils where the addition of  N levelled the effect 
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of  incubation temperature. Since the processes of  nitrification and N im-
mobilization are depended on the process of  N mineralization it is rea-
sonable to conclude that the microbial communities responsible for the 
major transformations of  mineral N in the volcanic grassland soils studied 
here are firstly controlled by the availability of  mineral N and secondly 
by temperature. Likely, a rise in temperature in the soils of  this grassland 
will at first result in a buildup of  nitrate and consequently nitrate-leaching 
towards groundwater and surface waters. If  temperatures however, stay 
continuously elevated, this could lead to a faster, balanced turnover of  N 
in general.
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Ammonium-limited conditions cause of  
Thaumarchaeal dominance  

in volcanic grassland soil

In most soils, the first step of  nitrification is carried out by ammonia-oxidizing 
bacteria (AOB) and archaea (AOA). It still remains largely unknown, by which 

mechanisms these microbes are capable of  coexistence and how their respective 
contribution to the process of  ammonia oxidation may differ with varying soil 
characteristics. To determine how different levels of  ammonium availability in-
fluence the extent of  archaeal and bacterial contributions to ammonia oxidation, 
controlled microcosm incubations with two different ammonium concentrations 
were conducted. Net nitrification was monitored and growth of  ammonia oxidizer 
communities was determined by quantitative PCR targeting the respective amoA 
genes. Additionally, the validity of  discrimination between archaeal and bacterial 
contributions to soil ammonia oxidation by application of  the inhibitor allylthi-
ourea (ATU) was tested.
Growth of  the Thaumarchaeal community, which was the only ammonia oxidizing 
group detectable at the start of  the incubation, was observed in all microcosms, but 

submitted manuscript
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AOB became detectable and grew as well; first in the high ammonium microcosms 
and later in the low ammonium microcosms. Ammonium additions affected AOA 
and AOB differently. Low and high additions increasingly stimulated AOB growth, 
while AOA were only stimulated by the low addition. Treatment with ATU had 
no effect on net nitrification and the sizes of  ammonia-oxidizing communities. 
We conclude that ammonium limitation can be a major reason for absence of  
detectable AOB in soil. Moreover, our results support the niche distinguishing 
potential of  ammonium concentration for AOA and AOB. Furthermore, our 
results suggest that the application of  ATU is not suited to discriminate between 
archaeal and bacterial ammonia oxidation in all soils.

Introduction

Ammonia oxidation in soil is driven by two groups of  microorganisms: ammonia-
oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA). It is unknown 
however, how significant the contribution of  AOA in ammonia oxidation is 
under different environmental conditions in soil. Current research points to the 
specification of  distinct niches for both groups of  ammonia oxidizers. Such 
niche separation would result in differential contribution of  AOA and AOB to 
the ammonia oxidation process in dependence of  environmental conditions. 
Generally it is now assumed that AOA may be largely responsible for ammonia 
oxidation under oligotrophic, acidic, oxygen-deprived and elevated temperature 
conditions (Hatzenpichler, 2012; Prosser & Nicol, 2012). However, usually both 
AOA and AOB are found within a soil habitat and the ratio of  AOA to AOB as well 
as the application of  specific inhibitors have therefore been employed to assess the 
contribution of  AOA to total ammonia oxidation in soil (Akiyama et al., 2013; Dai 
et al., 2013; Di et al., 2010; Gong et al., 2013; Kleineidam et al., 2011; Lehtovirta-
Morley et al., 2013; Leininger et al., 2006; Nardi et al., 2013; Taylor et al., 2013; 
Zeglin et al., 2011). One of  the nitrification inhibitors with a promising potential 
for the discrimination between archaeal and bacterial ammonia oxidation is the 
copper-chelating, sulfur-containing allylthiourea (ATU). From as early as 1946 
the inhibitory effect of  ATU on soil nitrification has been described (Lees, 1946) 
and it has been used extensively in nitrification research since (Bedard & Knowles, 
1989). The mechanism of  ammonia oxidation inhibition by copper-chelating 
agents has been proposed to involve a reversible reaction with nucleophilic amino 
acids close to the copper in the active center of  the ammonia monooxygenase 
(Hyman et al., 1990). Recently, it could be demonstrated in soil and pure culture 
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that AOA are less inhibited by ATU at concentrations that completely prevent 
bacterial ammonia oxidation (Hatzenpichler et al., 2008; M. Y. Jung et al., 2011; 
Mosier et al., 2012; Santoro & Casciotti, 2011; Shen et al., 2013; Taylor et al., 2010, 
2013).
Making use of  a volcanic soil from Iceland that contains negligible numbers of  
AOB (Daebeler et al., 2012), we studied the niche-distinguishing potential of  
ammonium availability by incubating soil microcosms at in situ, slightly elevated 
and elevated ammonium concentrations. Since this soil has a relatively high cation 
exchange capacity (see also chapter 3) a reason for the low AOB abundance may 
be strong binding of  ammonia to soil particles and hence low substrate availability 
for ammonia oxidizers. Such a condition is thought to benefit AOA. By theory, 
incubation with higher concentrations of  ammonium should then stimulate AOB 
activity and growth, which can be ideally monitored in the AOA-dominated 
soil utilized here. We hypothesized that (i) elevated ammonium levels in soil 
microcosms will promote the growth of  AOB and the decline of  AOA:AOB ratios 
and that (ii) AOA will be the dominant ammonium oxidizers in low and in in situ 
ammonium level microcosms. Additionally, the effect of  ATU on net nitrification 
and growth of  ammonia oxidizers at the three ammonium levels was investigated. 
Here, we specifically hypothesized that (iii) the stimulatory effect of  ammonium 
concentration on AOB growth will be suppressed by 100 µM ATU.

Materials and methods

Soil microcosms
The effects of  ammonium concentration and allylthiourea (ATU) on nitrification 
and ammonia oxidizer community dynamics were determined in microcosms 
containing volcanic grassland soil taken from Grændalur valley (64° 1’ 7” N, 
21° 11’ 20” W), Iceland, in May 2012. The soils physico-chemical properties are 
described in a previous study (Daebeler et al., 2012). Samples were taken from the 
top 10 cm accounting for spatial variation by taking subsamples within a radius of  
2 m. After pooling the samples they were stored at 4°C for 2 weeks. Before further 
analysis and incubation, soil was mixed and sieved through a 3 mm sieve. In order 
to determine the water content of  field-fresh soil, the weight loss in 10 g of  soil 
was measured before and after drying at 60°C for 3 days. Field-fresh soil had a 
moisture content of  0.67 ml ∙ g wet soil-1 and a water-holding capacity (WHC) of  
2.63 ml ∙ g dry soil-1; the latter was determined according to Wilke (2005).
The incubation was conducted in triplicate microcosms consisting of  sterile 250 
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ml bottles containing 10 g of  field-moist, sieved soil after letting the soil recover 
from mixing and sieving for 2 days at 25°C in loosely capped bottles. Soil was 
amended with ammonium by equally dropping 0.5 ml of  ammonium sulfate 
solutions containing 0, 1.5 and 15 g L-1 (NH4)2SO4 onto the soil to obtain additions 
of  0, 15 and 150 µg NH4

+ - N ∙ g soil-1. Further, microcosms are referred to as ‘NA’ 
for no ammonium microcosms (0 µg NH4

+ - N ∙ g soil-1), ‘LA’ for low ammonium 
(15 µg NH4

+ - N ∙ g soil-1) and ‘HA’ for high ammonium microcosms (150 µg NH4
+ 

- N ∙ g soil-1). The inhibitory effect of  ATU was tested in microcosms receiving 0.5 
ml of  ammonium sulfate solutions that additionally contained 167 mg ATU L-1 
resulting in additions of  15 and 150 µg NH4

+ - N ∙ g soil-1 and a final concentration 
of  100 µM ATU (respective microcosms further referred to as ‘LA+ATU’ for 
low ammonium with ATU and ‘HA+ATU’ for high ammonium with ATU). 
Microcosms were incubated for 28 days in the dark at 25°C with loose caps to 
allow for air exchange. Ammonium sulfate treatments were renewed by addition 
of  0, 10 and 80 µg NH4

+ - N g ∙ soil-1 on a weekly or bi-weekly basis according 
to soil ammonium measurements. ATU treatments were similarly refreshed by 
addition of  0 and 52 µM ATU. Soil moisture content was monitored by weight 
and kept constant at 65% WHC by addition of  demi-water or respective volumes 
of  ammonium sulfate solutions at times of  treatment renewal.
Triplicate microcosms were destructively sampled on days 0, 7, 14, 21 and 28 of  
incubation. Soil for extraction and analysis of  DNA was immediately stored at 
-20°C. The remaining soil of  each microcosm (~ 8 g) was stored at -20°C until 
used for extraction and determination of  inorganic nitrogen. In brief, 15 mL of  1M 
KCL were added to the soil sample, followed by shaking at room temperature for 
one hour at 200 rpm and centrifugation at 5000 rpm for 20 min. KCL extracts were 
used for pH measurements and then stored at -20°C until analysis of  ammonium 
and combined nitrite plus nitrate contents by a continuous flow auto-analyzer 
(SA-40, Skalar Analytical BV, The Netherlands).

qPCR amplification of  archaeal and bacterial amoA genes
At the start of  the experiment and after 14 and 28 days of  incubation, total 
nucleic acids were extracted from ~ 0.5 g soil according to Lueders et al. (2004). 
Quantification of  archaeal and bacterial amoA genes from total DNA extract 
was performed as described previously (Daebeler et al., 2012) using the primer 
set ArchamoA-1F/ArchamoA-2R  (Francis et al., 2005) for AOA and amoA-1/ 
amoA-2R (Rotthauwe et al., 1997) for AOB. The amount of  DNA template used 
per reaction ranged from 1-10 ng ∙ µl-1 for all qPCR assays and each product was 
analyzed by melting curve as well as by gel electrophoresis. The detection limit 
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for both qPCR assays was 160 gene fragments ∙ g dry soil-1. Assuming that the 
soil ammonia-oxidizing communities did not grow or shrink within the time from 
start of  the incubation to the first sampling at day 0 (approx. 30 min), we only 
performed qPCR analysis with samples from the NA microcosms for this time 
point.

Statistical analysis
Differences in ammonia and nitrite plus nitrate concentrations and qPCR data 
were compared by ANOVA analysis followed by Tukey’s HSD Post Hoc tests. The 
relationship the ratio of  archaeal to bacterial amoA genes with the nitrite + nitrate 
concentration was assessed by an exponential regression using least squares. All 
statistical analysis was conducted in R ver. 3.0.2 (R Core Team, 2013). Graphics 
were produced with package ggplot2 (Wickham, 2009).

Results 

Changes in mineral N concentrations
Only microcosms given the higher dosage of  ammonium maintained ammonium 
levels that were measurable throughout the 28-day incubation (Figure 4.1A). There 
was a significant effect of  ammonium addition on the measured concentration 
of  ammonium, but ATU had no effect on the concentrations in microcosms 
receiving the same ammonium concentration. In the microcosms that had 
received low amounts of  ammonium, ammonium could only be detected on day 
zero of  the incubation, despite additions of  10 µg NH4

+ - N per g soil every week. 
Larger additions of  ammonium to the HA and HA+ATU microcosms elevated 
the concentration in the microcosms. 
The addition of  80 µg NH4

+ - N per g soil on day 14 led to an increase of  ammonium 
concentrations in the HA, but not in the HA+ATU microcosms. The resulting 
difference on day 21 between these two treatments was significant. After another 
seven days of  incubation however, this difference was gone and the ammonium 
concentrations in both treatments were comparable to those before addition on 
day 14. The NA microcosms, which did not receive ammonium additions, never 
contained measurable amounts of  ammonium. ATU addition only significantly 
affected the ammonium concentrations at the higher ammonium treatment level, 
but not at the lower level.
Nitrite + nitrate concentrations were low in all microcosms at the beginning of  the 
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incubation and significantly increased until the end in all treatments (Figure 4.1B). 
The ammonium treatment significantly increased the accumulation of  nitrite + 
nitrate, more so in the high ammonium microcosms. There was no significant 
effect of  ATU addition on the accumulation of  nitrite + nitrate. 

Figure 4.1 Changes in ammonium (A) and nitrite plus nitrate (B) concentrations in soil microcosms 
incubated at 25°C for 0, 7, 14, 21 and 28 d. NA, no ammonium treatment; LA, low ammonium 
treatment with initial addition of  15 µg NH4

+ - N per g soil; LA+ATU, same as before with further 
addition of  ATU to 100 µM in the pore water; HA, high ammonium treatment with initial addition of  
150 µg NH4

+ - N per g soil; HA+ATU, same as before with further addition of  ATU to 100 µM in the 
pore water. Treatments were renewed as indicated by arrows and numbers in panel A showing time 
points and concentrations of  ammonium additions [µg NH4

+ - N per g soil]. Data plotted are mean 
values and standard errors from triplicate microcosms destructively sampled at each time point.

Changes in archaeal and bacterial amoA gene abundance
Thaumarchaeal amoA gene abundance increased by almost an order of  magnitude 
from the beginning of  the incubation to day 28 in all treatments except HA 
(Figure 4.2A). Furthermore, microcosms that had received the lower amount of  
ammonium contained significantly more archaeal amoA genes than microcosms 
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that had received the higher amount of  ammonium. There was however no 
significant effect of  the ATU treatment on AOA gene abundance. The LA 
microcosms contained significantly more amoA genes than the HA microcosms 
on day 28 and none of  the treatment microcosms were significantly different from 
the NA microcosms on day 28. 
At the onset of  the incubation bacterial amoA genes were not detectable (Figure 
4.2B). Numbers remained below the detection limit in the NA microcosms until 
the last day of  the incubation, while both the HA and HA+ATU microcosms 
contained 8.5 ∙ 104 ± 1.1 ∙ 104 and 7.1 ∙ 104 ± 7.9 ∙ 103 bacterial amoA genes 
per g dry soil on day 14, respectively. On the same day of  the incubation there 
was no bacterial amoA detectable in the LA and LA+ATU microcosms however. 
The numbers of  bacterial amoA genes in the HA and HA+ATU microcosms had 
decreased however. On day 28 the LA and LA+ATU microcosms contained 
detectable numbers of  bacterial amoA genes for the first time. There was no 
significant effect of  the ATU treatment on gene abundance, but the higher 
ammonium addition significantly raised the number of  bacterial amoA genes.

Figure 4.2 Abundance of  archaeal (A) and bacterial (B) amoA gene fragments in soil microcosms after 
incubation for 0, 14 and 28 days. NA, no ammonium treatment; LA, low ammonium treatment with 
initial addition of  15 µg NH4

+ - N per g soil; LA+ATU, same as before with further addition of  ATU 
to 100 µM in the pore water; HA, high ammonium treatment with initial addition of  150 µg NH4

+ - N 
per g soil; HA+ATU, same as before with further addition of  ATU to 100 µM in the pore water. Data 
plotted are mean values and standard errors from triplicate microcosms destructively sampled at each 
time point. Dashed lines indicate the detection limit. Same lower case letters above the bars indicate 
no significant difference in means between treatments at day 14; same upper case letters above the bars 
indicate no significant difference in means between treatments at day 28; (p > 0.05).
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Discussion

Dynamics of  net nitrification
The elevated ammonium availability in the HA and HA+ATU microcosms 
secured by the larger addition of  ammonium sulfate stimulated the process of  net 
nitrification already within the first week of  the incubation. On a lower level the 
same holds true for the LA and LA+ATU microcosms even though here the elevated 
ammonium availability compared to the NA microcosms was not measurable, 
most likely due to an immediate uptake of  added ammonium by the ammonia 
oxidizers and the ammonia-assimilating heterotrophic microbial community. 
Very similar patterns of  ammonium and nitrite + nitrate concentrations over time 
were observed by Verhamme and colleagues (2011) in soil incubations amended 
with 25% more ammonium than in our study. It remains unclear, why nitrite + 
nitrate concentrations in the HA+ATU microcosms dropped from day 14 to 21. 
Although denitrification in anoxic or suboxic microsites cannot be excluded, it 
would have been the same for the HA and the HA+ATU microcosms. Possibly, 
the drop at day 21 constitutes a lag in activity of  nitrifiers due to ATU addition, 
since concentrations rose again to expected values on day 28.
It becomes apparent that N mineralization must have taken place in the NA 
microcosms when looking at the balance of  mineral nitrogen (Figure 4.3).

Figure 4.3 Values of  ammonium loss and nitrite + nitrate accumulation based on measurements over 
the time course of  the entire incubation for all microcosms. NA, no ammonium treatment; LA, low 
ammonium treatment with initial addition of  15 µg NH4

+ - N per g soil; LA+ATU, same as before with 
further addition of  ATU to 100 µM in the pore water; HA, high ammonium treatment with initial 
addition of  150 µg NH4

+ - N per g soil; HA+ATU, same as before with further addition of  ATU to 100 
µM in the pore water. Data shown are derived from values and standard errors of  twelve microcosms 
per treatment.
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The loss of  ammonium and accumulation of  nitrite + nitrate was well balanced 
in both LA and LA+ATU microcosms with no difference caused by the ATU 
addition. It thus seems reasonable to assume that the fate of  the added ammonium 
was mainly oxidation. Unfortunately, the large standard errors that result from the 
calculation of  lost ammonium and accumulated amounts of  nitrite + nitrate do 
not allow for interpretation of  differences between average lost ammonium and 
accumulated nitrite + nitrate in HA/ HA+ATU microcosms and LA/ LA+ATU 
microcosms. It is thus impossible to speculate on the amounts of  assimilated and 
not-nitrified ammonium for example in relation to AOB and AOA growth.

Effect of  ammonium addition to soil microcosms
As shown for fresh soil in a field study comprising the same sampling site (Daebeler 
et al., 2012), no bacterial ammonia oxidizers were detectable when the soil was 
incubated without addition of  ammonium, while at the same time net nitrification 
occurred and we clearly observed growth of  the Thaumarchaeal community. It 
is therefore plausible to attribute the ammonia oxidation indirectly observed via 
net nitrification in the NA microcosms to the activity of  AOA. This is in contrast 
to many other soils where AOB are suggested to have a more important role in 
nitrification than AOA (e.g. Jia & Conrad 2009; Morimoto et al., 2011; Xia et al., 
2011).
Confirming our hypothesis of  promoted AOB growth by ammonium addition, 
AOB communities, but not AOA communities, were significantly stimulated 
showing a shorter lag time in the HA and HA+ATU microcosms than in the 
LA and LA+ATU microcosms. AOA growth however, was significantly inhibited 
by the higher ammonium addition. Consequently, the ratio of  archaeal amoA to 
bacterial amoA dropped significantly in the ammonium-amended microcosms and 
we found an overall negative exponential relationship between the ratio of  archaeal 
to bacterial amoA genes with the concentration of  nitrite + nitrate (see Figure 4.4). 
This could suggest an increasing contribution of  AOB to nitrification in dependence 
of  available ammonium, or ammonia oxidation by AOA uncoupled from growth 
in the later stages of  the incubation. The first explanation is in accordance with 
numerous previous studies that have accredited AOB the prevailing importance 
for ammonia oxidation under conditions of  elevated ammonium (e.g. Di et al., 
2010; Fan et al., 2011; Taylor et al., 2010; Verhamme et al., 2011). Additionally, we 
show for the first time that even in a soil were AOB exist in such low numbers that 
they are not detectable in situ, they can grow to become a significant part of  the 
soil microbial community and likely contribute to nitrification when relieved from 
intrinsic limitations, in our case via addition of  ammonium. 
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Figure 4.4 Fit of  a least square, exponential regression to the relationship of  the ratio of  archaeal and 
bacterial amoA gene copies per g dry soil with the concentration of  nitrite + nitrate [µg per g dry soil]. 
Where no bacterial amoA genes could be detected the value of  the qPCR detection limit was used to 
conservatively estimate the ratio. Dotted lines depict the 95% confidence intervals. The equation of  the 
regression line (y = abx), significance values of  the equation terms (p

a
 = p value for a; p

b
 = p value for 

b) and the correlation coefficient (r) are given in the graph.

These observations lead to the conclusion that, indirectly or directly, the low 
availability of  ammonium in this Histic Andosol limits the abundance and activity 
of  AOB and is the main reason for the numeric dominance of  AOA. Interestingly, 
other soils in which AOB could also not be detected did not show an increased 
bacterial ammonia-oxidizing community with the application of  organic or 
inorganic N (Levicnik-Hofferle et al., 2012; Lu & Jia, 2013). These soils were 
however acidic and the availability of  ammonia as a substrate for AOB will have 
increased to a much lesser degree than with the application of  ammonium sulfate 
to the neutral pH soil studied here.
The ammonium treatment also impacted the archaeal ammonia-oxidizing 
community, albeit less severely. On the one hand, the low additions of  ammonium 
significantly stimulated AOA growth, but higher ammonium additions had an 
inhibitory effect similar to  a previous study (Verhamme et al., 2011). On the other 
hand, these differences were rather small and all ammonium-amended microcosms 
did not differ with respect to archaeal amoA gene copies from non-amended NA 
microcosms at the end of  the incubation. These findings are well in line with 
previous environmental and pure culture studies showing a preference of  AOA 
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for low NH4
+ concentrations (Di et al., 2010; Hatzenpichler et al., 2008; Lehtovirta-

Morley et al., 2011; Pratscher et al., 2011). It is further possible, that AOA growth 
was largely coupled to ammonification through N mineralization of  organic N. 
The study of  Levicnik-Höfferle and colleagues (2012) nicely demonstrates the 
possible dependence of  AOA on organically derived ammonia and supports this 
possibility.
Our hypothesis of  AOA dominance over AOB in the NA, LA and LA+ATU 
treatments was confirmed, even though AOA were in fact the dominant ammonia-
oxidizers in all microcosms including the HA and HA+ATU treatments. However, 
this does not necessarily imply, as is often concluded, that Thaumarchaea 
contributed accordingly to the process of  ammonia oxidation as the negative 
relation of  the ratio of  archaeal to bacterial amoA genes with the concentration 
of  nitrite + nitrate shows (see Figure 4.4). Quite contrastingly, we may assume 
that the contribution of  AOA to total nitrification was no larger than under the 
NA conditions. In these microcosms AOB were not detectable and the AOA 
community size was comparable to those microcosms that did receive additional 
ammonium. As discussed above, we can however not exclude that AOA actively 
nitrified more in HA and HA+ATU than in low ammonium microcosms, but that 
this elevated activity was not coupled to increased growth. We do not know why 
both archaeal and bacterial amoA gene abundance dropped from day 14 to 28, but 
since this was observed for both ammonia-oxidizers independent of  treatments 
we assume that there is a technical explanation related to incubation conditions 
in the microcosms.

Effects of  ATU addition to soil microcosms
Most surprisingly, the treatment of  soil microcosms with 100 µM ATU did 
not show any effect on the size of  AOB and AOA communities disproving our 
hypothesis of  suppressed AOB activity through ATU. Whereas pure cultures of  
AOB are always shown to be sensitive to ATU (Ginestet et al., 1998; Mosier et al., 
2012; Shen et al., 2013), it may well be that ATU does not have the same effect 
when applied to soil where a large part of  the inhabiting microbial community 
will be able to degrade the inhibitor. Additionally, the spatial structure of  soil 
does not allow for a completely homogenous distribution of  solvents in this 
range of  concentration, leaving parts of  the soil matrix uninfluenced as recently 
discussed in Lehtovirta-Morely and colleagues (2013). These authors even 
observed a stimulation of  nitrification by ATU addition to an AOA-dominated 
soil. Nevertheless, it has been demonstrated that in other soils the application of  
ATU partly inhibits nitrification and decreases the activity of  AOB (Taylor et al., 
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2010, 2013). It thus appears that the effect of  ATU on soil nitrifiers in their habitat 
is not only highly dependent on the concentration applied, but possibly also 
on edaphic properties like spatial structure, microbial community composition 
and soil nutrient status. To discriminate between AOA and AOB contributions 
to soil nitrification inhibitors like octyne (Taylor et al., 2013) and sulfathiazole 
(Schauss et al., 2009; Shen et al., 2013) seem more suited than others like ATU, 
dicyandiamide, DMPP as the application of  the latter three substances resulted in 
insufficient inhibition, no discrimination or even stimulation (Dai et al., 2013; Di 
& Cameron, 2011; Kleineidam et al., 2011; Lehtovirta-Morley et al., 2013; Zhang 
et al., 2012).

Conclusion

Although fresh soil material and all NA microcosms did not contain detectable 
numbers of  AOB, bacterial ammonia oxidizers did become active and grew 
by more than two orders of  magnitude when the conditions were favorable, 
i.e. through elevated ammonium availability. Moreover, AOA growth was 
significantly negatively affected by higher ammonium additions. Clearly, this 
shows that major reasons for the numerical dominance of  AOA in the in situ and 
NA soils are direct or indirect effects of  ammonium limitation of  AOB. It further 
confirms the importance of  ammonium concentration as a niche-distinguishing 
factor between AOA and AOB. The insensitivity of  ammonia-oxidizing bacterial 
and archaeal communities to ATU points to the possibility that ATU will affect 
on soil nitrification and ammonia oxidizers in strong dependence of  intrinsic soil 
characteristics. Therefore, it seems that ATU can neither be applied to discriminate 
between archaeal and bacterial contributions to ammonia oxidation in all soils nor 
to compare the specific contributions of  both groups between different soils.
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Zhongjun Jia, Hendrikus J. Laanbroek

Interactions between Thaumarchaea, Nitrospira 
and methanotrophs modulate autotrophic 

nitrification in volcanic grassland soil

Ammonium/ ammonia is the sole energy substrate of  ammonia oxidizers, but 
also an essential nitrogen source for other microorganisms. Ammonia-oxidiz-

ers therefore must compete with other soil microorganisms such as methane-oxidiz-
ing bacteria (MOB) in terrestrial ecosystems when ammonium concentrations are 
limiting. Here we report on the interactions between nitrifying communities domi-
nated by ammonia-oxidizing archaea (AOA) and Nitrospira-like nitrite-oxidizing 
bacteria (NOB), and communities of  MOB in controlled microcosm experiments 
with two levels of  ammonium and methane availability. 
We observed strong stimulatory effects of  elevated ammonium concentration on 
the processes of  nitrification and methane oxidation as well as on the abundances 
of  autotrophically growing nitrifiers. However, the key players in nitrification and 
methane oxidation, identified by stable isotope-labelling using 13CO2 and 13CH4, were 
the same under both ammonium levels, namely type 1.1a AOA, sub-lineage I and II 
Nitrospira-like NOB, and Methylomicrobium-/ Methylosarcina-like MOB, respectively. 
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Ammonia-oxidizing bacteria were nearly absent, and ammonia oxidation could 
almost exclusively be attributed to AOA. Interestingly, while AOA functional gene 
abundance increased tenfold during incubation there was very limited evidence 
of  autotrophic growth, suggesting a partly mixotrophic lifestyle. Furthermore, 
autotrophic growth of  AOA and NOB was inhibited by active MOB at both am-
monium levels. 
Our results suggest the existence of  a previously overlooked competition for nitro-
gen between nitrifiers and methane oxidisers in soil, thus linking two of  the most 
important biogeochemical cycles in nature.

Introduction

Ammonia-oxidizing archaea and bacteria (AOA and AOB, respectively) play a 
key role in the global nitrogen cycle. They convert relatively immobile ammonium 
into more mobile nitrite, which is then further oxidized into nitrate by nitrite-
oxidizing bacteria (NOB). Thereby these two functional microbial guilds (i.e. 
AOA/ AOB and NOB), each referred to as nitrifiers, produce a reactive form 
of  inorganic nitrogen with numerous environmental consequences (Gruber & 
Galloway, 2008). In nitrogen-limited soils, AOA and AOB must compete with 
ammonium-assimilating organisms such as plants and heterotrophic microorgan-
isms and it has been shown that AOB are poorer competitors for limiting amounts 
of  ammonium in grassland soils (Verhagen et al., 1995). Only recently, indications 
of  interactions between AOA and other microorganisms, which are relevant to 
both structure and activity of  archaeal ammonia oxidizer communities, have been 
predicted in the ocean and described for a geothermal spring (Boyett et al., 2013; 
Hamilton et al., 2014). However, the ability of  AOA to compete with ammonium-
assimilating organisms in ammonium-limited, terrestrial environments however 
has not been studied.
The necessity of  AOA to compete for ammonium may vary between species, as 
the cultured soil AOA “Ca. Nitrososphaera gargensis” and “Ca. Nitrosotalea de-
vanaterra” have a preference for low ammonium levels, while Nitrososphaera vien-
nensis EN76 and “Ca. Nitrosoarchaeum koreensis” seem to be adapted to substan-
tially higher ammonium concentrations (Hatzenpichler et al., 2008; M. Y. Jung et 
al., 2011; Lehtovirta-Morley et al., 2011; Tourna et al., 2011). Considering that the 
archaeal ammonia-monooxygenase (AMO) is reported to have a higher affinity 
for its substrate than known for most other microbial enzymes (M. Y. Jung et al., 
2011; Kim et al., 2012; Lehtovirta-Morley et al., 2011; Martens-Habbena et al., 



87

Interactions between Thaumarchaea, Nitrospira and methanotrophs

2009) and ammonium uptake is likely facilitated by high densities of  NH4
+/NH3 

transporters (Urakawa et al., 2011), AOA are possibly strong competitors for am-
monium. It is currently unclear whether their competitive strength and ammonia 
oxidation activity varies depending on the availability of  ammonium however. 
Field and microcosm studies show either enhanced abundance and activity of  
AOA or inhibition in response to N-fertilization (Di et al., 2009; Ke et al., 2013; 
Levicnik-Hofferle et al., 2012; Pratscher et al., 2011; Stopnišek et al., 2010; Ver-
hamme et al., 2011).
Interactions between nitrogen- and methane-cycling microbes are very likely, since 
the process of  methane oxidation and the growth of  methane-oxidizing bacteria 
(MOB) are influenced by ammonium (Bodelier & Laanbroek, 2004; Bodelier, 
2011). Furthermore, MOB share many physiological, structural and ecological 
features with AOA such as dependence on monooxygenase reactions catalysed by 
enzymes of  the copper-containing membrane-bound monooxygenase super fam-
ily, intracellular membrane systems, sensitivity to the same inhibitors, possession 
of  hydroxylamine oxidoreductase systems, reliance on copper and the occupancy 
of  oxic environments (Stein et al., 2012).
Whether MOB are inhibited or stimulated by ammonium in soil largely depends 
on the ratio of  methane-C to ammonium-N and on the genetic potential of  the 
MOB community to deal with ammonia directly as well as indirectly via the am-
monia oxidation products, hydroxylamine and nitrite (Stein et al., 2012). Given a 
steady methane availability enabling strong microbial growth, such as in wetlands 
and other high methane environments, ammonium is more likely to serve as a 
nutrient than as an inhibitor to methanotrophy (Bodelier & Laanbroek, 2004). 
In environments with such conditions the regulation of  C and N cycling is tightly 
linked to nitrifiers and MOB competing for mineral N as a source of  growth and/ 
or metabolic activity. The balance in activity between these three functional guilds 
(i.e. ammonia-, nitrite-, and methane-oxidizers) will determine whether nitrogen 
will be lost through gaseous N oxides and mineral leaching (Freitag & Bock, 1990; 
Jung et al., 2013; Lipschultz et al., 1981; Stein & Klotz, 2011) and whether the soil 
is a source or sink of  methane. Moreover, competition for ammonium may be an 
important modulator of  niche differentiation and the selection of  nitrifier and 
MOB ecotypes in oxic, N-limited soils. Despite important ecological implications 
for ecosystem functioning that are tied to the coupling of  C and N cycles in soil, 
we have a rather limited understanding of  the involved microorganisms and how 
they interact in situ.
Hypothesising that ammonium-assimilating MOB inhibit nitrification by compe-
tition with AOA depending on the amount of  generally available ammonium, 
we performed a microcosm study with two controlled levels of  ammonium. By 
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incubating a soil with limited ammonium availability and in which no AOB could 
be detected (Daebeler et al., 2012) we utilized an ideal model system to study 
the importance of  AOA for nitrification and their (competitive) interactions with 
other microorganisms. The nitrifier and MOB communities were targeted by a 
combination of  stable isotope-probing (SIP) and deep-sequencing. This approach 
allowed us to determine the autotrophically growing nitrifiers and active metha-
notrophs and enabled us to study (competitive) interactions and niche adaptation 
of  nitrifiers and methanotrophs to different ammonium levels.

Materials and methods

Soil microcosms
The effects of  ammonium concentration and methane availability on nitrification, 
methane oxidation and the respective ammonia and methane oxidizer community 
dynamics were determined in microcosms containing grassland soil taken from 
Grændalur valley (64° 1’ 7” N, 21° 11’ 20” W), Iceland, in August 2012. The 
soil is a Histic Andosol with two tephra layers in the top 30 cm, has a pH of  6.7 
± 0.1 (as determined in replicated 1:5 soil:demineralized water solutions on day 
0 of  the incubation) and an in situ ammonium content of  0.5 – 1.1 µg NH4

+ - N g 
dry soil-1 (determined in August 2010 and May 2012 as described below). It has 
experienced stable, elevated temperatures of  33°C through geothermal activity 
from at least 2005 and is cooling down since an earthquake nearby in 2009 with a 
recorded temperature of  14°C in August 2012. Details of  sampling and determi-
nation of  water content and water-holding capacity can be found in the appendix.
The incubation was conducted in triplicate microcosms consisting of  sterile 250 
ml bottles containing 14 g of  moist, sieved soil (corresponding to 5 g of  dry soil). 
Loosely capped bottles were pre-incubated for 14 days to reduce the flux of  CO2 

released from soil due to respiration. Conditions of  the pre-incubation are given 
in the appendix.
On day 14 of  the pre-incubation, microcosms were amended with ammonium 
sulfate solutions to final additions of  15 (further referred to as LAT or low am-
monium treatment) and 150 µg NH4

+ - N per ∙ g dry soil-1 (further referred to as 
HAT or high ammonium treatment). We determined the ammonia losses due to 
adsorption to soil particles with a 15N-tracing approach (see appendix) and could 
therefore estimate that ammonia availability was elevated by the ammonium 
treatments by at least 4.5 and 45 µg NH4

+ - N per ∙ g dry soil-1 in LAT and HAT 
microcosms, respectively, after the first addition.
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Microcosms were sealed by rubber stoppers and aluminum caps and incubated for 
28 days in the dark at 25°C. High and low ammonium treatments were refreshed 
weekly with ammonium sulfate solutions by addition of  7.5 and 75 µg NH4

+ - N per 
∙ g dry soil-1 to the LAT and HAT microcosms, respectively, on days 7, 14 and 21 
by injection through the rubber stopper. Soil moisture content was monitored by 
weight loss and kept constant at 70% water-holding capacity (WHC) by addition 
of  demineralized water or respective volumes of  ammonium sulfate solutions.
The soil microcosms were amended with 5% (vol/vol) 12C-CO2 or 13C-CO2 (99% at 
excess, Campro Scientific BV, Veenendaal, the Netherlands) by injection through 
the rubber stopper on days 0, 7, 14 and 21. Before every gas addition microcosms 
were flushed with synthetic air (21% O2 in N2) for 5 minutes to ensure oxic con-
ditions. Half  of  the bottles were additionally amended with 1% (10.000 ppmv) 
12C-CH4 or 13C-CH4 (99% at excess, Campro Scientific BV, Veenendaal, the Nether-
lands) after 14 days of  incubation. For an overview of  the amendments made to 
the microcosms see table 5.A in the appendix. Microcosms receiving both 13C-CH4 
and 13C-CO2 from day 14 were amended with 12C-CO2 only until day 14 to ensure 
that a 13C-signal in genomic DNA would only be found in microbes active in the 
presence of  methane. Concentrations of  methane and carbon dioxide in the head-
space were monitored regularly as described in the appendix.
Triplicate LAT and HAT microcosms with either 12C-CO2 or 13C-CO2 were sampled 
destructively after 0, 14, 21 and 28 days of  incubation. In the same manner trip-
licate LAT and HAT microcosms with either 12C-CO2 and 12C-CH4 or 3C-CO2 and 
13C-CH4 were sampled at day 28. At sampling, soil for extraction and analysis of  
DNA was mixed and immediately stored at -20°C. The remaining soil of  each mi-
crocosm (~ 12 g) was taken for measurements of  inorganic nitrogen as described 
in the appendix.

Nucleic acid extraction and SIP gradient fractionation
Total nucleic acids were extracted from 0.5 g soil according to Lueders et al. (2004) 
and the concentration was determined using a NanoDrop ND 1000 (Thermo 
Fisher Scientific , Wilmington, DE) before storing at -20°C until further analysis 
of  DNA.
Density gradient centrifugation and gradient fractionation was performed as de-
scribed in (Lu & Jia, 2013) with 6 µg DNA extracted from duplicate LAT and 
HAT microcosms which had been incubated with 13CO2 for 14 and 28 days with-
out methane as well as from 13CO2 + 13CH4 and 12CO2 + 12CH4 microcosms amended 
with methane on day 14 and sampled on day 28.
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Quantitative PCR 
Quantification of  archaeal amoA genes was performed as described previously 
(Daebeler et al., 2012). Primers used for all qPCR assays as well as details of  
cycling conditions and standards used can be found in the appendix. For quanti-
fication of  AOB and MOB the bacterial amoA and the pmoA gene were targeted. 
NOB-based qPCR assays were not performed, due to polyphyly of  NOB, phylo-
genetically non-conserved copy numbers of  the nitrite-reductase gene cluster and 
non-specificity of  primers. For both the archaeal and the bacterial amoA assays 
the detection limit of  qPCR was 2.85 ∙ 103  g dry soil-1; for pmoA it was 4.35 ∙ 103 
g dry soil-1.

Pyrosequencing and sequence analysis
To characterize microbial communities in the gradient fractions from 13C and 
from12C-control microcosms obtained after density gradient centrifugation, we 
carried out barcoded pyrosequencing of  fractions 3 to 12 of  each gradient target-
ing the 16S rRNA gene using a Roche 454 GS FLX Titanium sequencer (Roche 
Diagnostics Corporation, Branford, CT, USA) as reported previously (Lu & Jia, 
2013; Xia et al., 2011). The raw, demultiplexed SFF files were deposited into the 
EMBL-ENA SRA database (https://www.ebi.ac.uk/ena/) and can be found un-
der study accession number PRJEB5248 at the following site: http://www.ebi.
ac.uk/ena/data/view/PRJEB5248.
A total of  1,138,939 raw sequences were processed with mothur v1.31.1 (Schloss 
et al., 2009) according to the standard operating procedure published by Schloss 
and co-authors (Schloss et al., 2011); detailed description accessible at http://
www.mothur.org/wiki/454_SOP#OTUs) until the extraction of  representative 
sequences for each operational taxonomic unit (OTU). Only the alignment was 
performed differently than described by Schloss and colleagues. Sequence align-
ment was generated with SINA (http://www.arb-silva.de/aligner/) and the align-
ment was then imported back to mothur for subsequent analysis steps according 
to the mothur standard procedure referenced above. OTUs were clustered with 
mothur using the average neighbor algorithm at 99% sequence divergence. Those 
OTUs containing less than 50 sequences over the entire data set were discarded to 
increase computation speed. Lastly, we standardized to 5,426 sequences per sam-
ple obtaining a final number of  868,160 sequences of  which 254,676 were unique. 
Details of  the phylogenetic analysis are given in the appendix.
Network analysis was performed using the R-package qgraph (Epskamp et al., 
2012) based on a Spearman’s rank correlation matrix generated for the ten most 
abundant AOA, NOB and MOB phylotypes in samples from LAT and HAT 13/12C 
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microcosms incubated with and without methane. Only correlation-pairs with a 
p-value above 0.6 and significance level below 0.05 were used. The network layout 
was generated using a modified version of  the force-directed algorithm proposed 
by Fruchterman and Reingold (1991) as implemented in qgraph.

Statistical analysis
To test for effects of  treatments and time as well as their interaction on AOA and 
MOB abundance, methane oxidation rate and mineral N concentrations we per-
formed ANOVA analyses followed by Tukey’s HSD (honest significant difference) 
post hoc tests. Abundance data of  AOA and MOB genes were log-transformed to 
meet homoscedasticity assumptions. We calculated the balance between expected 
and observed nitrification by subtracting the total amount of  accumulated NO3

- - N 
on day 28 from all added and initially present NH4

+ - N. Differences in community 
compositions of  nitrifiers and methane oxidizers based on Bray-Curtis distances 
of  weighted phylotype profiles were assessed using the adonis function of  the R 
package vegan v2.0-8 (Oksanen et al., 2010), which compares dissimilarities of  
variance in groups and uses permutation tests to assess significance.

Results 

Nitrification and methane oxidation in soil microcosms
Concentrations of  ammonium in the soil microcosms were barely measurable 
throughout the incubation, except for initial concentrations due to ammonium 
additions to the LAT and HAT microcosms (Figure 5.1A). Concentrations close 
to zero were measured for days 14, 21 and 28 in all microcosms before the weekly 
re-application of  ammonium took place.
Significant net nitrification assessed via production of  NO2

- + NO3
- was only ob-

served in HAT and HAT + CH4 microcosms over the time frame of  the entire 
incubation (Figure 5.1B; Tukey HSD, p

day0:28
 < 0.001, and 0.033 respectively). Net 

nitrification was significantly affected by the ammonium treatment (ANOVA, 
p

low:high
 = 0.013) but methane-amended microcosms did not differ from non-meth-

ane-amended microcosms of  the same ammonium treatment. Both LAT micro-
cosms without and with methane showed a negative balance between expected ni-
trification and measured nitrification by -5.3 and -0.9 µg N g dry soil-1, respectively. 
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Figure 5.1 Changes in ammonium (A) and nitrite plus nitrate (B) concentrations in soil microcosms 
incubated at 25°C for 0, 14, 21 or 28 d at low (15 µg NH4

+ - N g dry soil-1 added initially; 7.5 µg NH4
+ - N 

g dry soil-1 on days 7, 14 and 21) and high (150 µg NH4
+ - N g dry soil-1 added initially; 75 µg NH4

+ - N 
g dry soil-1 on days 7, 14 and 21) levels of  ammonium and concentrations of  0 and 1% methane in the 
headspace. Arrows in panel A indicate ammonium addition. Data plotted are mean values and SE 
from 3 to 6 replicate microcosms destructively sampled at each time point, with some symbols non-
visible because they are masked by others.

In contrast the balance between expected and measured nitrification in HAT mi-
crocosms without and with methane was positive with 336.2 and 393.0 µg N g dry 
soil-1, respectively.
Consumption of  methane was observed upon the first addition of  methane on 
day 14 with rates of  161.3 (± 13.3) and 146.37 (± 23.98) nmol oxidized methane g 
dry soil-1 ∙ h-1 after a lag time of  20 h and 50 h in the LAT and HAT microcosms, 
respectively (Figure 5.2). With the repeated addition of  1 % methane to the head-
space, methane oxidation rates increased throughout the 14 subsequent days of  
incubation and were significantly higher in the HAT than in the LAT microcosms 
(ANOVA, p

low:high
 = 0.003)  reaching values of  3702.3 (± 134.6) and 4058.5 (± 

192.4) nmol oxidized methane g dry soil-1 ∙ h-1, respectively, at the end of  the in-
cubation.
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Figure 5.2 Methane oxidation rates on day 14, 18, 21, 24 and 28 of  microcosms incubated at 25°C at 
low (15 µg NH4

+ - N g dry soil-1 added initially; 7.5 µg NH4
+ - N g dry soil-1 on days 7, 14 and 21) and 

high (150 µg NH4
+ - N g dry soil-1 added initially; 75 µg NH4

+ - N g dry soil-1 on days 7, 14 and 21) levels 
of  ammonium and repeated addition of  1% methane to the headspace starting on day 14. Methane ad-
dition was repeated every 3 to 4 days. Data plotted are mean values and SE from triplicate non-labeled 
microcosms.

Quantification of  ammonia- and methane-oxidizing communities
Archaeal amoA abundance increased significantly only in HAT + CH4 microcosms 
(Tukey’s HSD, p

day0:28 
= 0.006; Figure 5.3). 

Figure 5.3 Changes in archaeal amoA gene copy numbers in soil microcosms incubated at 25°C for 
0, 14 and 28 d at low (15 µg NH4

+ - N g dry soil-1 added initially; 7.5 µg NH4
+ - N g dry soil-1 on days 

7, 14 and 21) and high (150 µg NH4
+ - N g dry soil-1 added initially; 75 µg NH4

+ - N g dry soil-1 on days 
7, 14 and 21) levels of  ammonium as well as 0 and 1% methane in the headspace. Repeated methane 
addition every 3 to 4 days was started on day 14. Data plotted are mean values and SE from triplicate 
non-labeled microcosms destructively sampled at each time point.
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The addition of  methane significantly elevated archaeal amoA gene abundance 
(ANOVA, p

-CH4:+CH4
 = 0.025) and we found significantly more amoA genes in high 

than in low ammonium microcosms (ANOVA, p
high:low

 < 0.001). Ammonia-oxi-
dizing bacteria were undetectable by qPCR.
The community size of  methane-oxidizing bacteria was not significantly different 
at the start of  the incubation between LAT and HAT microcosms (Figure 5.4). In 
the absence of  methane, pmoA gene abundance dropped below detection limit in 
LAT microcosms, while abundance in HAT microcosms on day 28 did not dif-
fer significantly from day 0. In the presence of  methane, pmoA gene abundance 
drastically increased within 2 weeks in the LAT microcosms from below detection 
limit on day 14, the day of  the first methane amendment, to 1.13 ∙ 106 copies g dry 
soil-1 on day 28. The pmoA gene abundance in HAT + CH4 microcosms reached a 
rather similar level constituting significant growth upon methane addition (Tukey 
HSD, p

day14:28
 = 0.039).

Figure 5.4 Changes in bacterial pmoA gene copy numbers in soil microcosms incubated at 25°C for 0, 
14 and 28 d at low (15 µg NH4

+ - N g dry soil-1 added initially; 7.5 µg NH4
+ - N g dry soil-1 on days 7, 14 

and 21) and high (150 µg NH4
+ - N g dry soil-1 added initially; 75 µg NH4

+ - N g dry soil-1 on days 7, 14 
and 21) levels of  ammonium as well as 0 and 1% methane in the headspace. Repeated methane addi-
tion every 3 to 4 days was started on day 14. Data plotted are mean values (n = 2 or 3) and SE from 
non-labeled microcosms destructively sampled at each time point.
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DNA-SIP analysis of  nitrifying and methane-oxidizing communities
In order to reveal which part of  the nitrifying and methane-oxidizing community 
was actively growing by assimilating CO2 /CH4 we separated ‘heavy’ (13C-enriched) 
DNA from ‘light’ (12C) DNA by isopycnic, CsCl gradient ultracentrifugation of  
DNA from microcosms incubated with 13CO2 for 14 and 28 days as well as from 
microcosms incubated with 13CO2 and 13CH4 from day 14 to 28, and their respective 
12C controls (Figure 5.5, 5.6). 

Figure 5.5 Average relative abundances of  AOA, AOB, NOB and MOB 16S rRNA genes in fraction-
ated DNA from microcosms regularly amended with low (panel A, B, C; 15 µg NH4

+ - N g dry soil-1 
added initially; 7.5 µg NH4

+ - N g dry soil-1 on days 7, 14 and 21) and high (panel D, E, F; 150 µg NH4
+ 

- N g dry soil-1 added initially; 75 µg NH4
+ - N g dry soil-1 on days 7, 14 and 21) levels of  ammonium and 

5% 13CO2  sampled on day 14 (A, D) and 28 (B, C, E, F) of  the incubation. Microcosms were incubated 
in the absence (A, B, D, E) and presence (C, F) of  1% 13CH4 from day 14 onwards. The relative frequen-
cies are expressed as the percentage of  16S rRNA genes from the respective functional group to total 
16S rRNA genes of  each DNA fraction. Data plotted are mean values and SE from DNA obtained 
from gradient fractions of  duplicate non-labeled 12C (open symbols) and labeled 13C (closed symbols) 
microcosms.

Total active communities
Relative abundances of  AOA, AOB, NOB and MOB 16S rRNA genes in puri-
fied fractions 3 to 12 of  the 15 CsCl gradient fractions were determined by py-
rosequencing. 16S rRNA gene sequences of  AOB were mostly not detectable in 
the gradient fractions and if  present never constituted more than 0.68 % of  the 
total number of  sequence reads in any fraction, while AOA and NOB reads were 
found in all fractions and comprised up to 9.13 % and 12.75 % of  total reads in 
a fraction, respectively (Figure 5.5). Because of  the rareness of  detected AOB 
sequences, no specific pattern of  distribution along the CsCl gradients could be 
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obtained, and consequently we did not find evidence for the incorporation of  CO2 
into genomic DNA of  AOB.
The relative numbers of  AOA-related 16S rRNA genes tended to increase in frac-
tions above 1.73 g CsCl ml-1 in all microcosms without methane-amendment ir-
respective of  the ammonium level applied. This distribution pattern was rather 
weak and remained at a low level of  AOA-related 16S rRNA gene enrichment in 
the ‘heavy’ end of  the CsCl gradient. We did however find a clear enrichment of  
NOB-related 16S rRNA genes in all ‘heavier’ fractions of  the CsCl gradients (Fig-
ure 5.5A, 5.5B, 5.5D, 5.5E). Additionally we could detect different distributions 
of  NOB-related 16S rRNA genes between the two ammonium treatment levels 
and sampling days with a trend to a larger, actively CO2 - incorporating NOB com-
munity in the HAT microcosms as seen by a peak shift in relative sequence abun-
dance towards the ‘heavy’ end of  the gradient, especially for day 14 (Figure 5.5D).
In the presence of  methane, we could not detect an increase in relative 16S rRNA 
gene sequence abundances along the gradient for either of  the nitrifiers (Figure 
5.5C, 5.5F). In contrast, we observed a large enrichment of  relative MOB 16S 
rRNA gene abundance in the fractions above 1.73 g CsCl ml-1 from the 13C-labeled 
microcosms, but not from 12C microcosms (Figure 5.5C, 5.5F), which is indica-
tive of  a very active, methanotrophic community. Furthermore, there was an un-
mistakable effect of  ammonium treatment level on MOB as apparent from an 
increase of  13C-labeled MOB DNA in the ‘heavy’ fractions by nearly one third in 
the microcosms with high compared to those with low NH4

+ treatment (Figure 
5.5C, 5.5F).
In addition we quantified archaeal amoA and bacterial pmoA genes in purified 
CsCl fractions 2 to 13 by qPCR, which confirmed the pyrosequencing results and 
is shown in Figure 5.A in the appendix.

Community composition and active nitrifier and methanotroph phylotypes
The most abundant AOA phylotype in all samples fell within the 1.1a-associated 
Nitrosotalea-cluster of  the Thaumarchaeal phylum (appendix Figure 5.B; 5.E). 
Additionally, we found four phylotypes belonging to the 1.1a cluster as well as 
five phylotypes of  the 1.1b cluster. Generally, the 1.1b phylotypes were of  much 
lower relative abundance than the 1.1a phylotypes. The AOA community com-
position in ‘heavy’ and ‘light’ fractions was significantly different (adonis, R2 = 
0.17, p = 0.025). Additionally, ‘heavy’ fractions from day 28 of  methane-amend-
ed 13C-microcosms were significantly different from 12C-microcosms of  the same 
day (adonis, R2 = 0.29, p = 0.034). We found no significant difference between 
AOA communities in ‘heavy’ fractions of  replicates, between the two ammonium 
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treatment levels, time points, or between methane-amended and non-amended-
microcosms. For the majority of  AOA phylotypes there was no clear evidence for 
incorporation of  CO2 as they showed similar abundances in the ‘heavy’ fractions 
from 13C  - and 12C - microcosms. Only three phylotypes of  the 1.1a cluster (i.e. 39, 
753 and 836) were enriched in the ‘heavy’ end of  the CsCl gradient from 13C - but 
not 12C - microcosms (Figure 5.6A), albeit at a rather low level of  maximally 1.80 
% relative sequence abundance. 
Their distribution pattern is indicative of  active CO2 – incorporation and was sig-
nificantly lower, but not absent in samples from methane-amended microcosms. 
For all three phylotypes there was no significant difference of  relative abundance 
in ‘heavy’ fractions between the LAT and HAT microcosms, except in the incuba-
tions without methane on day 28. Here, the enrichment of  phylotypes 753 and 836 
in ‘heavy’ fractions was larger in samples from LAT microcosms.
The low abundance of  AOB in our microcosms was coupled to a low diversity. 
We only obtained three AOB phylotypes in total. They were affiliated with Ni-
trosomonas oligotropha, and a Nitrosospira-associated cluster (appendix Figure 5.F). 
Community analysis of  AOB based on relative abundances was not possible due 
to their absence from most samples and the extremely low sequence counts in the 
samples were we did detect them.
Analysis of  phylotype-based community composition of  NOB showed that the 
whole community consisted exclusively of  the genus Nitrospira. It was foremost 
a Nitrospira sub-lineage II -, a Nitrospira sp.-, and a Nitrospira sub-lineage I - like 
phylotype that were enriched in the ‘heavy’ fractions from the 13C-microcosms 
(Figure 5.6B, appendix Figure 5.C, 5.G). These three NOB phylotypes strongly 
dominated the active autotrophic NOB community (appendix Figure 5.C). There 
was no significant difference NOB community composition between replicated 
‘heavy’ fractions, but there was a significant difference between NOB communi-
ties in ‘heavy’ and ‘light’ fractions (adonis, R2 = 0.33, p = 0.001) showing that 
NOB did not only actively incorporate CO2 in our microcosm incubations, but 
that the autotrophically active NOB community was different from the non-auto-
trophically active one. This difference was significantly related to the ammonium 
treatment level (adonis, R2 = 0.31, p = 0.003), the methane amendment (adonis, 
R2 = 0.27, p = 0.003) as well as the time of  sampling (adonis, R2 = 0.15, p = 0.006). 
These factors jointly explained 74 % of  the observed variance. 
There was no significant difference in NOB communities between ‘heavy’ frac-
tions of  12C control and 13C-labeled, methane amended microcosms on day 28 
of  the incubation, but a large difference in ‘heavy’ fractions between methane-
amended and non-amended-microcosms of  the same day. 
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Figure 5.6 Changes in the relative frequencies of  16S rRNA gene sequence reads related to the three 
most abundant and labeled phylotypes of  the archaeal ammonia-oxidizing (A), nitrite-oxidizing (B) 
and methane oxidizing (C) community in fractionated DNA from microcosms regularly amended 
with low (15 µg NH4

+ - N g dry soil-1 added initially; 7.5 µg NH4
+ - N g dry soil-1 on days 7, 14 and 21) 

and high (150 µg NH4
+ - N g dry soil-1 added initially; 75 µg NH4

+ - N g dry soil-1 on days 7, 14 and 21) 
levels of  ammonium sampled on day 14 and 28.  Microcosms were incubated with and without 1% 
methane in the headspace for the last 14 days of  the incubation. The relative frequencies are expressed 
as the percentage of  16S rRNA genes from the respective OTU to total 16S rRNA genes of  each DNA 
fraction. Data plotted are mean values and SE from DNA obtained from gradient fractions of  dupli-
cate non-labeled 12C (open symbols) and labeled 13C (closed symbols) microcosms.

Moreover, we observed a substantial and significant decrease in relative abun-
dance of  the actively CO2 incorporating NOB phylotypes 14, 59 and 181 in the 
‘heavy’ end of  the CsCl gradient in samples from methane-amended microcosms 
as compared to microcosms without methane (Figure 5.6B).
The methanotrophic community was comprised of  eight phylotypes with the two 
most dominant ones closely related to Methylosarcina lacus (appendix Figure 5.D, 
5.H). Adonis analysis of  variances for MOB communities showed that there was 
no significant difference between replicates, but a significant difference between 
communities in ‘heavy’ fractions from microcosms with and without methane 
amendment (adonis, R2 = 0.87, p = 0.002) and between communities of  12C  and 
13C  microcosms in the presence of  methane on day 28 (adonis, R2 = 0.84, p = 
0.014). Furthermore, MOB communities in ‘heavy’ fractions differed significantly 
from the ones in ‘light’ fractions in microcosms to which 1% 13C-methane was 
added (adonis, R2 = 0.57, p = 0.019), while there was no difference in community 
composition related to ammonium level. It was foremost a single Methylosarcina 
lacus – like MOB phylotype that was responsible for these results and that was en-
riched from 0 to up to 73.40 % relative abundance in ‘heavy’ fractions of  samples 
from methane-amended microcosms (Figure 5.6C).

Network analysis
In order to elucidate interactions between AOA, NOB and MOB in our micro-
cosms, we performed a network analysis based on co-occurring phylotypes of  the 
three functional guilds in all incubations. The results show exclusively positive, 
stronger and more frequent correlations between the AOA and NOB than be-
tween MOB and one of  the other guilds (Figure 5.7). 
The actively CO2 incorporating AOA phylotypes 39, 753 and 836 of  the 1.1a clus-
ter (see Figure 5.6A) were all strongly and positively correlated with NOB phylo-
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types among which were the autotrophically growing phylotypes 14, 59 and 181 
(see Figure 5.6B). Interestingly, two of  these NOB phylotypes were negatively cor-
related to OTU 1, which is closely affiliated with M. lacus, the dominant and active 
methane oxidizer phylotype (see Figure 5.6C). Another interesting correlation 
suggesting negative interactions is the one between the 1.1a AOA phylotype 836, 
whose autotrophic growth was suppressed in methane-amended microcosms, and 
the actively methane-oxidizing phylotypes 1 and 343. OTU 6, which fell within 
the Nitrosotalea cluster and was the most abundant phylotype of  AOA in our mi-
crocosms, only showed a positive correlation with OTU 700, which is associated 
with the Nitrososphaera cluster.

Figure 5.7 Network analysis of  co-occurring phylotypes of  ammonia-oxidizing archaea (AOA), and 
nitrite- and methane-oxidizing bacteria (NOB and MOB, respectively) in microcosms incubated at low 
(15 µg NH4

+ - N g dry soil-1 added initially; 7.5 µg NH4
+ - N g dry soil-1 on days 7, 14 and 21) and high 

(150 µg NH4
+ - N g dry soil-1 added initially; 75 µg NH4

+ - N g dry soil-1 on days 7, 14 and 21) levels of  
ammonium for 14 and 28 days as well as with and without 1% methane for the last 14 days of  the in-
cubation. Nodes represent the ten most abundant OTUs of  each of  the three functional guilds and con-
necting lines stand for strong (Spearman’s p > 0.6) and significant (p-value of  < 0.05) positive (green) 
or negative (red) correlations where a thicker and shorter line represents a stronger correlation. Purple 
circles around nodes mark phylotypes that had actively incorporated the 13C label.
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Discussion

Dominance of  AOA and Nitrospira among nitrifiers
The ammonia-oxidizing community was clearly dominated by archaea as amoA 
targeted qPCR as well as pyrosequencing of  the total microbial community could 
demonstrate. While we cannot exclude that AOB are a substantial fraction of  the 
rare biosphere, this confirms the finding of  a previous study conducted with soils 
of  the same geothermal area (Daebeler et al., 2012).
An adaptation to low substrate best explains the numerical dominance of  AOA 
in this soil, which has the typically high cation exchange capacity of  an Andosol 
resulting in low ammonia availability. AOA of  the 1.1a and the Nitrosotalea line-
ages, which comprise the vast majority of  the AOA community detected in our 
incubations, are often found under oligotrophic conditions and may be adapted 
to low ammonium environments (French et al., 2012; Gorman-Lewis et al., 2014; 
Martens-Habbena et al., 2009; Martens-Habbena & Stahl, 2011; Nakagawa & 
Stahl, 2013). Nitrosotalea-like AOA have been demonstrated to be adapted to low 
pH environments, but are also abundant among ammonia oxidizers in many other 
terrestrial ecosystems and not exclusively found in low pH soils (Gubry-Rangin et 
al., 2011; Lehtovirta-Morley et al., 2011; Leininger et al., 2006; Pester et al., 2011). 
Their relatively high abundance in our soil may hence reflect their adaptation to 
low substrate availability rather than to low pH itself. Cultivated members of  the 
1.1b lineage on the other hand, which were a minority among the AOA observed 
in our incubations, have been shown to prefer higher substrate concentrations 
(Jung et al., 2011; Tourna et al., 2011). 
Dominance of  Nitrospira sp., the proposed k-strategist nitrite oxidizer with high 
substrate affinity and hence adaptation to low nitrite concentrations (Attard et al., 
2010; Ehrich et al., 1995; Koops & Pommerening-Röser, 2001; Schramm et al., 
1999), may provide further evidence of  selection for low substrate-adapted nitri-
fiers in this volcanic grassland soil. 

Activity and growth of  nitrifiers and methane oxidizers
We observed an increase in archaeal amoA gene abundance in HAT microcosms 
without and with methane supply. This demonstrates that AOA were indeed ac-
tively growing despite the fact that evidence for autotrophic growth was only found 
at a rather low level and only for three specific 1.1a AOA phylotypes. These results 
of  limited autotrophic growth by AOA are similar to those of  Jia and Conrad 
(2009) and Pratscher et al. (2011) who concluded AOB to be more important for 
ammonia oxidation. In our soil however, AOB represent such low numbers that 
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they are unlikely responsible for the observed ammonia oxidation. Accordingly, 
net nitrification rates were comparable to those found previously (Verhamme et 
al., 2011; Zhang et al., 2010), where the authors reported ammonia oxidation to be 
mainly driven by AOA. The detected CO2 incorporation by 1.1a AOA phylotypes, 
which jointly represented 23% of  the total AOA community, suggests that at least 
some AOA did indeed grow autotrophically, likely coupled to ammonia oxida-
tion. Such preferential activity of  1.1a AOA confirms findings of  previous studies 
(Offre et al., 2009; Tourna et al., 2008; Zhang et al., 2010).
As no cultured AOA has been found to contain more than one copy of  the amoA 
gene (Blainey et al., 2011; Hallam et al., 2006; Spang et al., 2012; Walker et al., 
2010) we may assume that copy numbers of  archaeal amoA can be directly related 
to cell abundance. This is not the case for AOB, since several AOB harbour sev-
eral copies of  the amoC/ amoA/ amoB gene complex (Chain et al., 2003; Norton 
et al., 2008; Stein et al., 2007) and it is therefore more reliable to infer AOB cell 
abundance from 16S rRNA gene quantification. Even if  the estimated number of  
labelled AOA cells (23% of  the archaeal amoA abundance) was the same through-
out the entire incubation period as on day 28 and if  all AOA cells were growing 
coupled to ammonia oxidation with maximum specific activity rates similar to 
reported values for 1.1a AOA (Jung et al., 2011), they could have only oxidized 
a maximum of  0.5 µM NH3. We however measured for example an oxidation of  
67.1 µM NH3 in HAT microcosms without methane suggesting heterotrophic or 
mixotrophic ammonia oxidation performed by AOA. The increase in amoA gene 
abundance suggests, that the AOA community consisted of  75% newly grown 
cells by the end of  the incubation period. Such growth, if  supported autotrophi-
cally, would have been detected by DNA-SIP to a much larger extent, analogous 
to previous studies (Lu & Jia, 2013; Xia et al., 2011; Zhang et al., 2010). Mixotro-
phy has been suggested for AOA in soil before (Jia & Conrad, 2009; Mussmann 
et al., 2011; Tourna et al., 2011) and through genomic and metagenomic studies 
mechanisms and abilities of  lineage 1.1a Thaumarchaea to utilize small organic 
substances have been identified (Ingalls et al., 2006; Ouverney & Fuhrman, 2000; 
Tully et al., 2012; Walker et al., 2010). Nevertheless, it can be imagined that some 
of  the observed ammonia oxidation was not coupled to growth of  AOA or AOB, 
since gene abundance was one and four orders of  magnitude lower than expected 
from relating observed net nitrification to reported per cell activity rates for AOA 
and AOB, respectively (Jung et al., 2011; Laanbroek & Gerards, 1993; Prosser, 
1989).
Of  the detected Nitrospira sp. only a minority was assimilating CO2 suggesting a 
high importance of  specific Nitrospira spp. for autotrophic nitrite oxidation, which 
is consistent with previous reports (Freitag et al., 2005; Xia et al., 2011). Differ-
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ences in autotrophic growth of  the Nitrospira sub-lineage I OTU 181 between HAT 
and LAT microcosms supports the report on a preference for higher nitrite con-
centrations of  this sub-lineage (Maixner et al., 2006). In contrast, we found the au-
totrophic activity of  a Nitrospira sub-lineage II phylotype increased upon addition 
of  more NH4

+. We may therefore conclude, that substrate-driven niche differentia-
tion exists within sub-lineage II Nitrospira and that at least some nitrite oxidizers 
of  this sub-lineage are selected by elevated nitrite concentrations as well.
The methane-oxidizing community in our incubations responded rapidly and 
vigorously to the availability of  CH4 suggesting methanotrophy to be an impor-
tant metabolic lifestyle in the Icelandic grassland soil studied here. MOB abun-
dance rapidly dropped in LAT but not HAT microcosms without methane. This 
is indicative of  N-limitation and nitrogen dependence however not in relation to 
methanotrophy. Despite the origin of  the soil material used, being top soil from a 
grassland site, availability of  biologically derived methane from deeper layers as 
a substrate for MOB is highly likely as anoxic microcosm incubations produced 
significant amounts of  methane at a rate of  1000 nmol ∙ g dry soil-1 ∙ d-1 after a lag-
phase of  two weeks (A. Daebeler, nonpublished results). Furthermore, steams of  
geothermal areas in Iceland carry average methane concentrations of  0.44 mmol 
∙ kg-1 leading to estimated methane emission rates of  1300 t ∙ yr-1 from Icelandic 
geothermal sites (Etiope et al., 2007). In combination with the readily responsive 
MOB community this suggests the mitigation of  methane emission as an impor-
tant ecosystem service for these grasslands.
Surprisingly, over 98% of  the observed CH4-C assimilation was carried out by only 
a single phylotype closely related to Methylosarcina lacus. While we cannot exclude 
growth of  other MOB through alternative carbon sources (Semrau et al., 2011), 
the increase in relative abundance of  this M. lacus-like MOB under methane-
amended conditions leads to the conclusion that the observed growth of  the MOB 
community was to a large extent due to the growth of  this organism. 

Putative interactions of  nitrifiers and MOB
The design of  our study allowed for analysis of  responses of  CO2- and CH4- incor-
porating microorganisms to low and elevated ammonium availabilities. Since only 
HAT, but not LAT microcosms showed more expected than observed nitrification 
we conclude that significant amounts of  ammonia were immobilized only in HAT 
microcosms. This further leads to the conclusion, that this immobilization was 
likely not due to adsorption of  ammonium to soil particles, but to assimilation by 
heterotrophic microorganisms. Therefore, we are convinced that the ammonium 



104

Chapter 5

additions led to conditions of  more and less N-limitation resulting in different 
forces of  competition for the common nutrient.
Both nitrifying guilds studied were responsive to ammonium amendment: amoA 
gene abundances of  AOA were elevated and incorporation of  CO2-C by NOB was 
stronger in HAT than in LAT microcosms. Additionally, net nitrification was 
stimulated by the ammonium amendment leading suggesting that both nitrifying 
guilds may be N-limited under in situ conditions and are adapted to tolerate and 
utilize higher substrate concentrations. We cannot exclude, however, that specific 
groups with a higher tolerance and lower affinity for ammonium than the in situ 
populations were selected by the incubation conditions. 
Likely the AOA will have transmitted the higher substrate availability in HAT 
microcosms to NOB by providing them with more nitrite. Conclusively, the net-
work analysis showed that phylotypes of  AOA and NOB had exclusively positive 
correlations. This is especially interesting in the case of  autotrophically growing 
NOB and AOA since it may display their occupancy of  the same niche space as 
well as the syntrophic relationship that is apparent from their energy metabolism 
as nitrifiers. We are therefore convinced that strong and positive links between au-
totrophically growing AOA of  the 1.1a cluster and nitrite-oxidizing Nitrospira exist 
in the in situ soil environment, comparable to co-occurrence patterns of  amoA-
encoding archaea and Nitrospina in the ocean (Mincer et al., 2007). In addition, 
positive co-occurrence patterns between AOA and NOB phylotypes which were 
not actively incorporating CO2 leave room for the possibility of  interrelations of  
AOA and NOB with metabolic lifestyles other than chemolithoautotrophic am-
monia and nitrite oxidation.
In the presence of  methane, autotrophic growth of  AOA and NOB ceased at both 
ammonium levels, more so in case of  the NOB and the network analysis showed 
exclusively negative correlations between active MOB and autotrophically grow-
ing nitrifiers. Interestingly, net nitrification was not significantly affected by the 
addition of  methane, possibly suggesting a metabolic switch of  nitrifiers. It is how-
ever possible, that only nitrite oxidation was in fact inhibited by the presence of  
active MOB. Unfortunately, the absence of  data on nitrite accumulation separately 
from nitrate, failed to resolve this possibility. Little is known about interactions 
between nitrifiers and methanotrophs, but our data show inhibition of  autotrophic 
ammonia and nitrite oxidation by an active, methane-oxidizing community cou-
pled to a shift in community composition of  AOA and NOB. This result supports 
our hypothesis of  a competition for common substrates between active methane 
oxidizers and nitrifiers. Perhaps the suppression of  autotrophic nitrification by 
active MOB was further a direct consequence of  oxygen consumption by MOB, 
causing suboxic conditions which limited the growth of  strictly autotrophic NOB, 
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but not to the same extent the growth of  AOA who are known to tolerate low 
oxygen concentrations (Jung et al., 2011; Martens-Habbena et al., 2009; Martens-
Habbena & Stahl 2011; Park et al., 2010). When assuming a 1:1 CH4:O2 stoichiom-
etry for methane oxidation, MOB must have consumed about 0.51 and 0.55 mmol 
oxygen in the LAT and HAT microcosms, respectively, within the last week of  the 
incubation and may thus have created oxygen-limited conditions within parts of  
the soil matrix. Under such low oxygen conditions MOB equipped to use nitrite 
as electron acceptor alternative to oxygen as reported by Nyerges et al. (2010), 
would likely have competed with Nitrospira for nitrite resulting in detrimental 
circumstances for the nitrite oxidizers. This effect would be more unfavourable in 
HAT microcosms and may have caused the observed pattern of  higher methane 
oxidation, ceased NOB activity, but less affected AOA growth with no detectable 
decrease in oxidized mineral N.

Conclusion

In the Icelandic grassland soil studied, syntrophic communities of  autotrophic 
1.1a AOA and autotrophic Nitrospira likely drove chemolithotrophic nitrification 
and mixotrophic AOA may also have contributed to nitrification. Our results 
challenge the perception of  archaeal ammonia oxidizers and nitrite oxidizers as 
physiologically uniform guilds and hint at metabolic plasticity of  AOA and NOB, 
such as active selection for different modes of  growth as well as uncoupling of  
metabolic activity from growth. Both nitrifying guilds showed positive responses 
to inorganic N supply and we found indications of  niche differentiation within 
the genus of  Nitrospira as a result of  adaptation to N availability. Likely due to 
strongly nitrogen-limited conditions in the soil, bacterial ammonia oxidizers con-
stituted a negligible fraction of  the microbial community and remained unrespon-
sive throughout the incubation period. The availability of  mineral nitrogen played 
a pivotal role not only for the regulation of  nitrification and abundance-activity 
patterns of  soil nitrifiers, but also for the extent to which the soil was capable of  
methane oxidation. Our results show that nitrogen stimulation of  active metha-
notrophs can lead to suppression of  autotrophic nitrification and of  autotrophic 
growth of  AOA and NOB, perhaps through competition for mineral nitrogen and 
oxygen. This previously unrecognized competition between nitrifiers and metha-
notrophs may therefore cause uncoupling of  the N-cycle and will have to be ac-
counted for when addressing the impacts of  N deposition.
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Synthesis
-

  Archaeal ammonia oxidation 
in volcanic grassland soils of Iceland

With the work presented in this thesis I aimed at determining the relevance of  
Thaumarchaea for ammonia oxidation in soils of  Grændalur, Iceland. In 

addition, I was interested in the process of  nitrification in Grændalur soils, its limits 
and connections to other N transformation processes. Within this frame I always di-
rected my focus on the factors the Grændalur field experiment is designed to study: 
soil temperature, which differs locally in Grændalur due to geothermal heating, and 
N availability, which is manipulated in Grændalur by annual N deposition. I strove 
to relate the answers to these questions to general edaphic properties in order to aid 
in characterizing the ecological niche of  ammonia-oxidizing archaea (AOA) in ter-
restrial habitats. In this synthesis I pick up those answers from the previous chapters 
and connect them to draw a consensus picture considering the current knowledge 
status on terrestrial Thaumarchaea. I then conclude on a number of  short- and 
long-term effects of  elevated temperature and N deposition on the process of  nitri-
fication and on Thaumarchaeal communities in soils of  Grændalur. Finally, I give 
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an outlook on how to address new questions that arose finding answers to the 
initially posed ones.

Functioning and relevance of  Thaumarchaea in soils of  Grændalur

Prevalence of  Thaumarchaea over AOB  –  adaptation to low ammonium concen-
tration
All experiments conducted, which included the quantification of  ammonia oxi-
dizers, showed a strong prevalence of  Thaumarchaea over ammonia-oxidizing 
bacteria (AOB) in the Andosols from Grændalur (see chapter 2, 4 and 5). In fact, 
AOB communities were often below the detection limit of  quantitative and quali-
tative PCR-based methods. It is not the case that Andosols generally contain small 
numbers of  AOB. Previous research has identified ‘normal’ size AOB communi-
ties in other Andosols that were potentially contributing to ammonia oxidation 
(Cardenas et al., 2013; Hernández et al., 2014; Morimoto et al., 2011). The findings 
of  chapters 2, 4 and 5 all point to the importance of  ammonium concentration 
as a factor controlling AOA:AOB ratios. Likely, the low availability of  ammonia 
gave an advantage to AOA. 
At first glance, the relatively high measured concentrations of  ammonium in the 
soils studied as presented in chapter 2 seem to contradict this conclusion. How-
ever, the significant pool of  ammonium detected in all examined soils was the 
result of  1 M KCl extractions. By this method ammonium is released from the soil 
cation-exchange complex and the measured ammonium is therefore not identical 
to ammonium that is available to most microorganisms and plants. Indeed, when 
extracting ammonium from the same Grændalur soils with only water, concentra-
tions were about 60% lower. Moreover, application of  15N ammonium and tracing 
of  the 15N signal as reported in chapter 3 revealed that a significant fraction of  am-
monia is indeed immobilized, most likely due to a high cation exchange capacity 
as it is typical for Andosols (Wada, 1985; WRBS, 1998). 
Variations in Thaumarchaeal community structures across soils from Grændalur 
were best explained by soil pH and clay content – two factors closely related to 
ammonia availability. Furthermore, both microcosm experiments, in which am-
monium additions were made (see chapter 4 and 5), stimulated Thaumarchaeal 
growth and net nitrification. However, only the higher concentrations applied in 
the study described in chapter 4 led to growth of  the AOB community as well. 
Additionally, this study showed a shorter lag-time for AOB growth in the micro-
cosms with the highest ammonium addition. Only at the end of  the incubation, 
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AOB became detectable in the microcosms with a lower addition of  ammonium. 
This demonstrates that the addition of  ammonium provided opportunities for am-
monia oxidation by both AOA and AOB. It seems reasonable to assume however, 
that at increasing ammonium concentrations, beyond those tested here, AOB will 
be favored and the abundance ratio of  AOA:AOB will be pushed below 1 (see also 
Prosser & Nicol 2012). 
Adaptations to low ammonia concentrations of  AOA are well documented by 
their higher affinity for their substrate (Martens-Habbena et al., 2009; Martens-
Habbena & Stahl, 2011), a higher density of  ammonia/ ammonium transporters 
than AOB (Urakawa et al., 2011) and general dominance under low N conditions 
(Di et al., 2009, 2010; Taylor et al., 2012; Verhamme et al., 2011). Furthermore, 
their unique S-layer, a cell envelope consisting of  proteins and glycoproteins, has 
recently been indicated to aid in the acquisition of  ammonia ions from the envi-
ronment through its negative charge (Gorman-Lewis et al., 2014; Nakagawa & 
Stahl, 2013). Finally, there are even indications that at least some soil AOA are in 
fact inhibited by higher ammonium concentrations (Koper et al., 2010; Verhamme 
et al., 2011).

Prevalence of  Thaumarchaea over AOB  –  direct coupling with N mineralization
Linkages between the processes of  nitrification and N mineralization may have 
special relevance for the prevalence of  Thaumarchaea in the soils from Grænda-
lur. In chapter 3 a tight coupling was observed between gross nitrification, and 
gross N mineralization especially in soils incubated at in situ temperature. This 
indicates that active ammonia oxidizers in these soils may rely on heterotrophic 
mineralizers supplying them with substrate. Similarly, Thaumarchaea growing in 
microcosms incubated without additional ammonium in chapter 4 had to rely 
on N mineralization for ammonium supply. At the end of  the incubation these 
communities were not different in size from those communities in microcosms 
receiving ammonium, in which nitrification was stimulated and growth of  AOB 
could be shown. As also discussed in chapter 4, this may suggest that AOA were 
mainly dependent on ammonia provided through N mineralization, while AOB 
took most advantage of  the N addition. It is therefore likely that the dependency 
of  gross nitrification on N mineralization observed in chapter 3 reflects a close re-
lationship of  actively nitrifying AOA with mineralizing microorganisms. Possibly, 
this relationship is based on the slow release of  low levels of  substrate that match 
the high affinity and low tolerance of  AOA for ammonia as discussed above. 
It is further likely that AOA consume ammonia and small organic substances 
generated by mineralizers and utilize them for dissimilatory and assimilatory pro-
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cesses. Indeed, the genomes of  AOA characterized so far contain genes for or-
ganotrophic growth (Blainey et al., 2011; Lebedeva et al., 2013; Spang et al., 2012; 
Walker, 2010) and mixotrophic growth is known for the soil ammonia-oxidizing 
archaeon Nitrososphaera viennensis N76, even though only a small fraction of  the 
organic carbon is incorporated into biomass (Tourna et al., 2011). Indirect evi-
dence for the capability of  Thaumarchaea to grow organotrophically and hetero-
trophically also exists from microcosm and environmental studies (Herndl et al., 
2005; Ingalls et al., 2006; Jia & Conrad, 2009; Mussmann et al., 2011; Ouverney 
& Fuhrman, 2000; Teira et al., 2006). Further it is possible, that Thaumarchaea 
are able to exploit the consumed organic compounds to generate ammonia in-
tracellularly and oxidize it as proposed previously for ammonia oxidizers in low 
pH soils (De Boer et al., 1989; Levicnik-Hofferle et al., 2012). The findings of  this 
thesis therefore support the hypothesis of  Levicnik-Höfferle and colleagues (2012) 
that AOA may oxidize ammonia in close (physical) association with mineralizers. 
Syntrophic growth of  AOA with mineralizers on soil particles in biofilms could fa-
cilitate the constant ‘harvest’ of  low abundance substrates and constitute a further 
strategy of  AOA to cope with low nutrient concentrations. Since mineralization 
is the main source of  ammonia in most soils and AOB are not as well equipped 
to utilize the slow flux of  low levels of  ammonia from mineralization as AOA, 
they likely do not have access to enough substrate to support growth in soils of  
Grændalur.

Adaptations of  Thaumarchaea to soil temperature
Within the range of  examined in situ and incubation temperatures of  5 to 35˚C 
some indications of  specialization of  Thaumarchaeal species to different tempera-
tures were found. Even though variations in community composition of  Thau-
marchaea in the field were only secondarily explained by in situ soil temperature 
(chapter 2), Thaumarchaeal communities were less even in geothermally heated 
soils and were comprised of  a subset of  the phylotypes present in ambient tem-
perature soils. In detail, some Nitrosopumilus-like Thaumarchaeal phylotypes were 
relatively more abundant in the geothermally heated soils, while some Nitros-
osphaera-like phylotypes were less represented (see chapter 2). Indications for an 
adaptation to higher temperatures of  Thaumarchaea of  the Nitrosopumilus lineage 
have been reported before (Ijichi & Hamasaki, 2011; Offre et al., 2009; Tourna et 
al., 2008), but proof  of  increased abundance and activity above 37˚C also exists 
for Nitrososphaera-like Thaumarchaea (Han, 2013; Wu et al., 2013) suggesting that 
the adaptation to temperature is not phylogenetically conserved in Thaumarchaea 
with exception of  the Nitrosocaldus lineage. 
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Furthermore, indications for physiological adaptations of  ammonia oxidizers to 
temperature were obtained through the work for this thesis. Gross nitrification 
rates were optimal when incubated at in situ temperature (see chapter 3). These 
incubations were conducted only for a short time period and without ammonia 
addition, which would have allowed AOB to grow (see chapter 4). It is therefore 
likely that the dominant ammonia oxidizers were Thaumarchaea that are physi-
ologically adapted to the soil temperature they experience in the field. Whether 
they were phylogenetically different in soils with different temperature legacies 
remains unknown however.

Interactions of  Thaumarchaea with other soil microorganisms
Several indications for associations and interactions of  Thaumarchaea with other 
soil microorganisms have been found through the work of  this thesis. The possi-
bility of  a direct coupling between AOA and N mineralizing microorganisms has 
already been highlighted above. 
As described in chapter 5, a suppression of  net nitrification and autotrophically 
growing Thaumarchaeal phylotypes by the presence of  actively growing methane-
oxidizing bacteria (MOB) was found. Likely, this suppression was due to competi-
tion between AOA and MOB for common substrates such as oxygen and ammo-
nia or other nutrients. Competitive interactions between AOA and MOB can have 
ecological implications in a number of  environments for instance in water-logged 
soils, wetlands, water columns of  aquatic ecosystems, the rhizosphere of  macro-
phytes and geothermal areas where ammonium, methane and oxygen are both 
available. Depending on the concentrations of  the common substrates oxygen, 
ammonium and other macro and micro nutrients such as phosphorous, iron and 
copper in these systems, active MOB may suppress or severely limit the process of  
nitrification. It is unclear, if  by this interaction between N- and C-cycling microor-
ganisms a disruption of  the N cycle can occur leading to changes in the available 
forms of  N. 
Nitrite-oxidizing bacteria (NOB) are functionally coupled with AOA providing 
them with favorable conditions by oxidation of  nitrite, which can become inhibit-
ing to AOA in higher concentrations. Nevertheless, little is known about potential 
associations between AOA and NOB, especially in soil (Mincer et al., 2007). Re-
sults presented in this thesis show strong and exclusively positive co-occurrence 
patterns of  autotrophically growing Thaumarchaea of  the Nitrosopumilus lineage 
with autotrophically growing Nitrospira sublineage I and II NOB (chapter 5). This 
is interpretable as a sign for codependence, cometabolism and therefore possi-
bly close spatial interaction of  the two functional guilds, or at least of  some of  
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their members. Taking into consideration, that NOB were more severely inhibited 
by the presence of  active MOB, it is tempting to speculate on NOB as the less 
metabolically flexible and hence possibly the more dependent member of  this syn-
trophic association with AOA.

Thaumarchaea, nitrification and a changing planet

Considering the current state of  knowledge and the results presented in this thesis, 
it seems likely that Thaumarchaea are abundant and actively nitrifying in many 
terrestrial, low ammonium environments. Such environments are for example 
pristine, acidic and clay-rich soils, as well as Arctic soils (Alves et al., 2013; Dae-
beler et al., 2012; Di et al., 2010; Gubry-Rangin et al., 2011; Hu et al., 2012; Lamb 
et al., 2011; Nemergut et al., 2008; Paranychianakis et al., 2013; Shen et al., 2011; 
Sims et al., 2012; Taylor et al., 2012; Verhamme et al., 2011; Wertz et al., 2012; 
Wessén et al., 2010). Given the large cumulative surface area of  these ecosystems, 
it is necessary to gain insights to the response of  Thaumarchaea to environmental 
changes like increasing temperature and N deposition when assessing their im-
pacts on the terrestrial N cycle. The next three sections give an overview over the 
conclusions that can be drawn from the data generated for this thesis in relation 
to responses of  Thaumarchaea and of  the process of  nitrification to changing 
temperatures and elevated N deposition.

Long-term effects of  elevated temperature and N deposition
Results obtained by a field survey (chapter 2) and by microcosm incubations of  
soils with different temperature legacies (chapter 3) allow stating the following 
conclusions on long term effects of  temperature shifts in Grændalur soils: 

1) temperature shifts of  up to 10˚C will only lead to minor loss of  diversity 
and slightly altered community structure of  Thaumarchaea in Grændalur; 

2) stably elevated soil temperatures (30-35˚C) will select for physiologically 
adapted Thaumarchaea; 

3) additionally, the process of  nitrification will be able to remain coupled to N 
mineralization under stably elevated soil temperatures just like in currently 
non-heated soils; 
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4) elevated soil temperature will possibly lead to larger gross nitrification rates 
and possibly to enhanced nitrate build-up and leaching.

Furthermore, conclusions on the long-term effects of  N deposition are: 

1) responses of  Thaumarchaeal communities to an elevation of  atmospheric 
N deposition by 10 g N m-2 a-1 will be minimal in terms of  structure and size; 

2) such elevated N deposition will result in increased gross nitrification rates, 
but if  soil warming occurs simultaneously, gross nitrification rates will be 
decreased by N deposition through negative effects of  enhanced N deposi-
tion on N mineralizers at elevated temperatures.

Short-term effects of  elevated temperature and N deposition
Comparing gross N transformation process rates at various incubation tempera-
tures in soils with different temperature legacies (chapter 3) has led to the follow-
ing conclusions on the short-term effects of  temperature shifts: 

1) nitrifiers in Grændalur are likely adapted to their respective in situ tempera-
ture and will perform less well when temperatures rise in the short-term in 
ambient soils and cool in geothermally heated soils; 

2) N mineralization is coupled to nitrification at in situ temperatures and a 
short-term temperature rise in ambient soils and short-term temperature 
decrease in geothermally heated soils will cause uncoupling of  the two pro-
cesses; 

3) likely the uncoupling of  mineralization from nitrification at temperatures 
other than the in situ temperature leads to decreased nitrification by AOA.

Conclusions on the short-term effects of  elevated N deposition taken from the 
microcosm experiments, which entailed addition of  ammonium (chapter 4 and 
5) are as follows: 

1) medium (45 - 150 µg NH4
+ - N per ∙ g dry soil-1) as well as higher (up to 450 

µg NH4
+ - N per ∙ g dry soil-1) applications of  ammonium stimulate net ni-

trification, but only medium ammonium additions significantly stimulate 
Thaumarchaeal growth, while higher ammonium additions do not; 
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2) medium and higher applications of  ammonium also stimulate growth of  
initially undetectable AOB, but AOB respond faster to higher ammonium 
applications; 

3) low (15 µg NH4
+ - N per ∙ g dry soil-1) and medium additions of  ammo-

nium likely do not increase the competition for ammonia between AOA 
and MOB; 

4)  low and medium additions of  ammonium likely do not stimulate auto-
trophic ammonia oxidation by Thaumarchaea.

 

Transient vs. lasting effects
Some of  the effects of  elevated temperature and N deposition, like a decrease 
of  the gross nitrification rate and the uncoupling of  nitrification from N miner-
alization upon temperature shifts, were only observed in microcosm experiments 
(chapter 3) and did not match observations of  the field survey (chapter 2). Likely 
these effects are transient and reflect responses of  the more narrow and vulnerable 
guild of  nitrifiers, which are probably directly adapted to the conditions undergo-
ing change (i.e. nutrient availability and temperature). 
Other effects however were identified by both the field survey (chapter 2) and the 
microcosm experiments (chapter 3, 4 and 5) like increased nitrification at elevated 
temperatures and N deposition and a trend towards higher numbers of  Thaumar-
chaea in soils that had received additional, medium amounts (45 - 150 µg NH4

+ - N 
per ∙ g dry soil-1) of  N  Moreover, indications for Thaumarchaea, that are physi-
ologically adapted to their in situ soil temperature, were obtained in both field and 
microcosm experiments as well. Comparing the transient with the lasting effects 
shows that with time, nitrifiers, including the Thaumarchaea, are able to adapt 
to new environmental conditions. Furthermore, it is likely that at least some of  
the changes in environmental conditions can be balanced by responses of  other 
micro- and macro-organisms like mineralizers, heterotrophic bacteria and plants. 
Elevated N  availability can for example stimulate micro- and macro-consumers 
and therefore mitigate the effect of  N  deposition.
Considering that Thaumarchaea prevail over AOB in many oligotrophic environ-
ments, it can be expected that soil warming will select for adapted Thaumarchaea 
and accelerate nitrification by AOA. Enhanced N  deposition however may create 
conditions that favor growth and activity of  AOB.
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Outlook on crucial future research

The combined determination of  geochemical transformations as well their bio-
logical basis in the field and microcosm experiments gave answers to most of  the 
asked questions. But like in all scientific endeavor, it became apparent that more 
answers are needed to unravel the functioning and relevance of  terrestrial Thau-
marchaea. 
A (personal) list of  the most pressing questions, ordered by priority, entails:

1. Do all terrestrial Thaumarchaea oxidize only ammonia for energy metabo-
lism or are they more metabolically flexible than known so far?

2. Which Thaumarchaea (Nitrosopumilus-like vs. Nitrososphaera-like) are ac-
tively oxidizing ammonia in various soil types, what are the environmental 
drivers behind the dynamics in activity and are responses to these drivers 
phylogenetically conserved in Thaumarchaea?

3. Which are the sources of  carbon and N for growth of  terrestrial Thaumar-
chaea? Are they capable of  switching growth modes and if  so, how is such 
a switch triggered?

4. What is the nature and relevance of  the biological interactions between 
Thaumarchaea and other soil organisms like NOB, N mineralizers and 
other functional groups of  microorganisms consuming ammonium and 
oxygen? 

To answer these questions combined approaches of  methods in molecular biol-
ogy, biochemistry and cultivation of  organisms from the environment are needed. 
It will be essential to obtain more genomes of  soil Thaumarchaea, providing us 
with clues on potential physiologic capabilities that can be studied in experiments. 
It would then be promising to apply stable isotope-probing (SIP) with various 
nutrients containing heavy isotopes of  oxygen, nitrogen or carbon to isolated cul-
tures and enrichments as well as to soil incubations. By combining this approach 
with transcriptome and proteome analysis under defined nutrient conditions, an-
swers to question one and three could be obtained.
Moreover, it will be necessary to combine SIP with heavy isotopes of  carbon, hy-
drogen and oxygen in substrates like CO2, O2, H2O targeting lipids, proteins, DNA 
and RNA with the addition of  selective inhibitors and to apply this methodology 
to microcosms experiments with field fresh soils to answer the first part of  ques-
tion two. Furthermore, assessments of  gross activity via isotope tracing and pool 
dilution techniques will aid in quantifying N transformation processes. Results 
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generated may be related to active Thaumarchaea by means of  transcript analyses 
and SIP approaches for example. Once active AOA in soil microcosms and in situ 
have been identified and hypotheses on driving environmental forces are gener-
ated through correlation analysis, these hypotheses need to be tested with defined 
pure cultures and in controlled soil microcosms.
To answer question four, co-cultivation of  Thaumarchaea with AOB, NOB and 
N mineralizers for example in defined culture will be crucial. Here as well, ap-
plication of  SIP, transcriptomics and proteomics will be vital. Another way of  
studying interactions of  Thaumarchaea with other microbes could be the micro-
scopic analysis of  labeled micro-colonies from environments like soil, plant roots 
and biofilms by means of  Nano Secondary Ion Mass Spectrometry (NanoSims) 
and Microautoradiography coupled to Fluorescence In Situ Hybridisation (Mar-
FISH).
Only research studying Thaumarchaea on multiple levels of  organization, sys-
tematically combing activity assessments with molecular analysis will be able to 
provide sufficient knowledge of  Thaumarchaeal diversity from physiologic activ-
ity to global relevance.
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Appendix to chapter 2

Supplemental tables to chapter 2

Table 2.A PCR Primers and cycling conditions applied to amplify AOB.  1Variations on cycling condi-
tions and DNA template concentrations were tested. DNA templates were cleaned with DNA cleanup 
Wizard (Quiagen). For qPCR ABsolute Q-PCR SYBRgreen mix (AbGene) and SYBR Premix Ex Taq  
(Takara) and for regular PCR Flexi buffer (Promega) and 2x PCR PreMix F (Epicentre Technologies) 
were tested.

PCR Primer Sequence (5’-3’) Cycling conditions1 Specificity Reference 

qPCR/ PCR amoA-1F  GGGGTTTCTACTGGTGGT 5min at 95°C, followed by 45 cycles of 
45 sec at 95°C, 45 sec at 58°C and 45 
sec at 72 °C, and 5 min at 72°C 

β-Proteo-
bacterial 
amoA 

Rotthauwe et al. 1997 

  amoA-2R CCCCTCKGSAAAGCCTTCTTC Rotthauwe et al. 1997 

qPCR/ PCR amoA-1F  GGGGTTTCTACTGGTGGT 5 min at 95°C, followed by 45 cycles 
of 45 sec at 95°C, 45 sec at 58°C and 
45 sec at 72 °C, and 5 min at 72°C 

β-Proteo-
bacterial 
amoA 

Rotthauwe et al. 1997 

  amoA-2R-
new CCCCTCBGSAAAVCCTTCTTC  Hornek et al. 2006 

PCR amoA-1F  GGGGTTTCTACTGGTGGT 5 min at 95°C, followed by 30 cycles 
of 30 sec at 93°C, 45 sec at 57°C and 
45 sec at 72 °C, and 5 min at 72°C 

β-Proteo-
bacterial 
amoA 

Rotthauwe et al. 1997 

  amoA-2R' CCTCKGSAAAGCCTTCTTC Okano et al. 2004 

1. step PCR A189 GGNGACTGGGACTTCTGG 3 min at 94°C, followed by 13 cycles 
of 46 sec at 94°C, 90 sec at 56°C and 
180 sec at 72 °C, and 10 min at 72°C 

β-Proteo-
bacterial 
amoA 

Holmes et al. 1995 

 
amoA-2R CCCCTCKGSAAAGCCTTCTTC Rotthauwe et al. 1997 

2. step PCR amoA-1F  GGGGTTTCTACTGGTGGT 3 min at 95°C, followed by 30 cycles 
of 46 sec at 94°C, 30 sec at 55°C and 
180 sec at 72 °C, and 10 min at 72°C 

β-Proteo-
bacterial 
amoA 

Rotthauwe et al. 1997 

  amoA-2R CCCCTCKGSAAAGCCTTCTTC Rotthauwe et al. 1997 

1. step PCR βAOBf TGGGGRATAACGCAYCGAAAG 2 min at 95°C, followed by 35 cycles 
of 30 sec at 95°C, 30 sec at 59°C and 
45 sec at 72 °C, and 5 min at 72°C 

β-Proteo-
bacterial 16S 
rRNA 

Mc Caig et al. 1994 

 
βAOBr AGACTCCGATCCGGACTACG Mc Caig et al. 1995 

2. step PCR CTO189f 
(GC)- GGA GGA AAG CAG GGG ATC G 
and (GC)- GGA GAA AAG CAG GGG ATC G 
and (GC)- GGA GGA AAG TAG GGG ATC G 

2 min at 95°C, followed by 35 cycles 
of 30 sec at 95°C, 30 sec at 59°C and 
45 sec at 72 °C, and 5 min at 72°C 

β-Proteo-
bacterial 16S 
rRNA 

Kowalchuk et al. 1997 

  CTO654r  CTAGC(CT)TTGTAGTTTCAAACGC Kowalchuk et al. 1997 
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Table 2.B Microarray probes and the accession numbers of  the representative sequences for the corre-
sponding phylogenetic clades which were included in the analysis of  the microarray data. Probes with 
identical representative sequences target the same phylogentic clade and were treated as redundant 
probes.

Probe 
name 

Acc number of 
representative sequence 
for targeted clade 

OTU 

AamoA-7 EU671451 6 

AamoA-8 EU671451 6 

AamoA-9 EU672376 6 

AamoA-20 EU239961 2 

AamoA-22 EU239961 2 

AamoA-26 DQ672634 3 

AamoA-41 JF748270 4 

AamoA-42 JF748270 4 

AamoA-50 GQ454458 11 

AamoA-64 GQ142945 7 

AamoA-65 GQ142945 7 

AamoA-74 GQ143244 7 

AamoA-101 GQ142612 9 

AamoA-124 EU099951 8 

AamoA-132 GQ390323 8 

AamoA-133 GQ390323 8 

AamoA-134 GQ911228 1 

AamoA-135 GQ911228 1 

AamoA-136 GQ911228 1 

AamoA-137 GU561919 1 

AamoA-139 HM160495 1 

AamoA-140 HM160495 1 

AamoA-142 EU025177 10 

AamoA-143 EU025177 10 

AamoA-144 FJ543236 5 

AamoA-146 EF654299 12 

AamoA-147 EF654299 12 

AamoA-175 DQ148665 5 

AamoA-176 EU651120 5 

AamoA-177 EU651120  5 

AamoA-178 AB373323 5 
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Supplemental figure to chapter 2

Figure 2.A Rarefaction curves of  archaeal amoA genes retrieved from ambient temperature and un-
fertilized soils (A), ambient temperature fertilized soils (B), geothermally heated unfertilized soils (C) 
and geothermally heated fertilized soils (D). Shown are estimated numbers of  OTUs (solid line) as 
well as the lower and upper 95% confidence intervals (dotted lines). OTUs were defined at nucleotide 
dissimilarity level of  15%. GF = geothermally heated fertlizied soil; GU = geothermally heated un-
fertilized soil; AF = ambient temperature fertilized soil; AU = ambient temperature unfertilized soil.
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Materials and methods
Soil sampling and characterization
Soil was sampled from the top 10 cm in a radius of  2 m and stored at 4°C for 
2 weeks. Before further analysis and incubation, the soil was mixed and sieved 
through a 3 mm sieve. In order to determine the water content of  fresh soil, the 
weight loss of  45 g of  soil was measured before and after drying at 60°C for 3 days. 
Fresh soil had a moisture content of  64 % (w/w), while the water holding capacity 
(WHC) determined according to Wilke (2005) was 2.63 ml ∙ g dry soil-1.

Pre-incubation of  soil in microcosms
Loosely capped bottles were pre-incubated for 14 days at 25°C to reduce the flux 
of  CO2 released from soil due to respiration. In order to monitor the CO2 pro-
duction, three bottles were incubated with sealed rubber stoppers and aluminum 
lid and regular measurements of  CO2 concentrations in the headspace were con-
ducted. After 11 days, the CO2 production rate levelled off  significantly with 84.45 
nmol CO2 g dry soil-1 ∙ h-1 as compared to the first 10 days when rates of  200.35 
nmol CO2 g dry soil-1 ∙ h-1 were measured.

Determination of  ammonia immobilization 
Since cation exchange capacities are known to be high for Andisols, we confirmed 
that at least 30% of  the added ammonium was available as ammonia by incubat-
ing soil microcosms with the addition of  0.1 µg 15N-NH4

+ - N g soil-1 for 6 days at 
25°C and measuring recovery of  the 15N signal in NH4

+ as described in Stark and 
Hart (1996) on an isotope ratio mass spectrometer (Delta V Advantage IRMS, 
Thermo Electron Corporation, Germany) coupled to an elemental analyzer (Eu-
roVector, Italy).

Measurements of  CO2 and CH4 in the microcosms
Concentrations of  methane and carbon dioxide in the headspace were monitored 
by sampling with a 0.25-ml pressure-lock syringe (Valco Instruments, USA) and 
measuring on a GC system (Thermo-Finnigan TRACE GC) equipped with a FID 
and TCD detector and RT®Q bond capillary column (Resteck corporation, Belle-
fonre, PA, USA). If  complete depletion of  methane was observed, the methane 
concentration in the headspace was re-adjusted to 1%. Rates of  methane oxida-
tion were calculated as the slope of  the linear regression in methane concentration 
in triplicate microcosms over time. As a consequence of  increasing methane con-
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sumption rates, measurement periods dropped from 60 h after the first methane 
addition to 1.5 h after the last addition.

Determination of  inorganic N
40 ml of  1M KCL were added to the soil sample (~ 12g), followed by shaking at 
200 rpm for one hour at room temperature and centrifugation at 5000 rpm for 
20 min. The extracts were then used for pH measurements and stored at -20°C 
until colorimetric analysis of  ammonium and combined nitrite plus nitrate by a 
continuous flow auto-analyzer (SA-40, Skalar Analytical BV, the Netherlands).

Quantitative PCR
Quantification of  archaeal amoA genes was performed using primers ArchamoA-
1F/ArchamoA-2R (5’-STAATGGTCTGGCTTAGACG-3’/ 5’-GCGGCCATC-
CATCTGTATGT-3’; (Francis et al., 2005). For quantification of  the bacterial 
amoA gene primers amoA-1/ amoA-2R (5’-GGGGTTTCTACTGGTGGT-3’/ 
5’-CCCCTCKGSAAAGCCTTCTTC-3’; (Rotthauwe et al., 1997) were used with 
the same master mixture reagents as for AOA and cycling conditions were as fol-
lows: 10 min at 95°C, followed by 40 cycles of  95°C  for 45 s, 62°C for 45 s, 72°C 
for 45 s and 82°C for 15 s with acquisition after both last cycling steps. Methane-
oxidizing bacteria (MOB) were quantified amplifying the pmoA gene with primer 
pair A189/Mb661 (Kolb et al., 2003). The qPCR master mixture contained 10 µl 
2 x SensiFAST SYBR (Bioline, USA), 5 pmol of  each primer, 1 µl BSA (0.1 µg/
µl) and 2 µl sample DNA and cycling conditions were as follows: hold at 95° C for 
3 minutes followed by 45 cycles of  95°C for 10 s, 62°C for 10 s, 72°C for 25 s and 
87°C for 8 sec with data acquisition during the last step.
All qPCR assays were performed in triplicates on a Rotor-Gene 6000 thermal cy-
cling system (Corbett Research, Eight Mile Plains, QLD, Australia), where sam-
ples containing 1-10 ng ∙ µl-1 DNA template per reaction were added to aliquots 
of  the master mixture using a CAS-1200 (Corbett Robotics Eight Mile Plains, 
QLD, Australia) liquid handling system. Standards were generated by serial dilu-
tion of  purified plasmid DNA containing bacterial or archaeal amoA fragments, or 
a bacterial pmoA fragment, which was extracted from reference clones generated 
by Steenbergh and colleagues (2010), Daebeler and colleagues (2012) or from a 
pure culture of  Nitrosomonas europaea ATCC 19718. Each product was analyzed by 
melting curve as well as gel electrophoresis. Detection limits for the qPCR assays 
were calculated taking the number of  gene copies from the lowest standard that 
did not show a signal significantly different from the negative control (difference 
in Ct < 3) as well as all dilution steps and the amount of  dry soil used for DNA 
extraction into account.



125

Supplementary material to chapter 5

Phylogenetic analysis
Representative sequences for each OTU (246 bp) were placed into the guide tree 
of  the SILVA SSURef-115 database (August 2013; http://www.arb-silva.de) with 
the ‘parsimony tool’ in ARB (Ludwig et al 2004) maintaining tree topology to 
obtain approximate phylogenetic classification. Accurate phylogenetic associa-
tion was determined by generating maximum likelihood trees (generalized time 
reversible model of  evolution, 1000 resamples) of  all sequences from the phylum 
(for AOA, NOB) or families (for AOB, MOB) with which the representative OTU 
sequences were affiliated by FastTree v2.1.7 (Price et al., 2010) and placing them 
into the tree as described above.
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Supplemental table to chapter 5

Table 5.A Schematic overview of  the amendements made to microcosms on different days of  the 
incubation. A, amendements to LAT microcosms incubated with either 12CO2 or 13CO2; B, amende-
ments to HAT microcosms incubated with either 12CO2 or 13CO2; C, amendements to LAT micro-
cosms incubated with either 12CO2  and 12CH4 or 13CO2 and 13CH4; D, amendements to HAT micro-
cosms incubated with either 12CO2  and 12CH4 or 13CO2 and 13CH4.

A        

  12CO2/ 13CO2 LAT microcosms 

Treatment: LAT 0 7 14 18 21 24 28 

Low ammonium-N addition 
(15 µg NH4

+-N g dry soil-1) x       

Low ammonium-N addition 
(7.5 µg NH4

+-N g dry soil-1)  x x  x   

12C/ 13C-CO2 addition (5%) x x x  x   

        

B        

  12CO2/ 13CO2 HAT microcosms 

Treatment: HAT 0 7 14 18 21 24 28 

High ammonium-N addition 
(150 µg NH4

+-N g dry soil-1) x       

High ammonium-N addition 
(75 µg NH4

+-N g dry soil-1)  x x  x   

12C/ 13C-CO2 addition (5%) x x x  x   

        

C        

  12CO2 + 12CH4/ 13CO2 + 13CH4 LAT microcosms 

Treatment: LAT + CH4 0 7 14 18 21 24 28 

Low ammonium-N addition 
(15 µg NH4

+-N g dry soil-1) x       

Low ammonium-N addition 
(7.5 µg NH4

+-N g dry soil-1)  x x  x   

12C/ 13C-CO2 addition (5%) x x x  x   

12C/ 13C-CH4 addition (1%)   x x x x  

        

D        

  12CO2 + 12CH4/ 13CO2 + 13CH4 HAT microcosms 

Treatment: HAT + CH4 0 7 14 18 21 24 28 

High ammonium-N addition 
(150 µg NH4

+-N g dry soil-1) x       

High ammonium-N addition 
(75 µg NH4

+-N g dry soil-1)  x x  x   

12C/ 13C-CO2 addition (5%) x x x  x   
12C/ 13C-CH4 addition (1%)   x x x x  
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Supplemental figures to chapter 5

Figure 5.A Average relative frequencies of  archaeal amoA and bacterial pmoA genes in fractionated 
DNA from microcosms regularly amended with low (panel A, B, C; 15 µg NH4

+ - N g dry soil-1 added 
initially; 7.5 µg NH4

+ - N g dry soil-1  on days 7, 14 and 21) and high (panel D, E, F; 150 µg NH4
+ - N g 

dry soil-1 added initially; 75 µg NH4
+ - N g dry soil-1 on days 7, 14 and 21) levels of  ammonium in the 

presence (C, F) and absence (A, B, D, E) of  methane sampled on day 14 (A, D) and 28 (B, C, E, F) 
of  the incubation as determined by quantitative PCR. The relative frequencies are expressed as the 
percentage of  total gene abundance in all DNA fractions. Data plotted are mean values (n = 2) and SE 
from gradient fractions obtained from DNA of  duplicate non-labeled 12C (open symbols) and labeled 
13C (closed symbols) microcosms.

Figure 5.B Heat map of  phylotype abundances in archaeal ammonia-oxidizing communities of  mi-
crocosms on day 14 and 28, which were regularly amended with low (15 µg NH4

+ - N g dry soil-1 added 
initially; 7.5 µg NH4

+ - N g dry soil-1  on days 7, 14 and 21) and high (150 µg NH4
+ - N g dry soil-1 added 

initially; 75 µg NH4
+ - N g dry soil-1 on days 7, 14 and 21) levels of  ammonium, 5% 12/13C-CO2 and 1 % 

12/13C-methane in the headspace. Abundances of  phylotypes are expressed as OTU frequencies relative 
to total 16S rRNA gene reads in the ‘heavy’ (1.747 g CsCl ml-1 to 1.730 g CsCl ml-1) plus ‘light’ (1.729 g 
ml-1 to 1.708 g ml-1) fractions of  each sample. Ntalea, Nitrosotalea; 54d9, fosmid clone 54d9; Nsphaera, 
Nitrososphaera.

0.0

0.11

0.2

0.3

0.4

0.5

0.0

0.2

0.4

1.71 1.72 1.73 1.74 1.75 1.71 1.72 1.73 1.74 1.75 1.71 1.72 1.73 1.74 1.75

Pr
op

or
tio

n 
of

 to
ta

l c
op

ie
s 

in
 C

sC
l g

ra
di

en
t

Buoyant density [g ml-1]

0.1

0.3

0.5

14 days, without CH4 28 days, without CH4 28 days, with CH4

AOA/ 13C

AOA/ 12C
MOB/ 13C

MOB/ 12C

Group/ label

Low
 N

H
4 +

H
igh N

H
4 +

A B C

D E F

Supplemental �gure A

H

L
H

L

da
y 

14
(13

CO
2)

H

L
H

L

da
y 

28
(13

CO
2)

H

L
H

L

da
y 

28
(13

CO
2 
+ 

13
CH

4)

H

L
H

L

da
y 

28
(12

CO
2 
+ 

12
CH

4)

Low NH4
+

Relative abundance of sequences
 in OTU to total reads [%]

54d9

High NH4
+

N
sphaera

O
TU

 6

O
TU

 1884

O
TU

 39
O

TU
 414

O
TU

 753

O
TU

 836

O
TU

 208

O
TU

 700

O
TU

 697

O
TU

 733

O
TU

 926

Ntalea 1.1a 1.1b

54d9

N
sphaera

O
TU

 6

O
TU

 1884

O
TU

 39
O

TU
 414

O
TU

 753

O
TU

 836

O
TU

 208

O
TU

 700

O
TU

 697

O
TU

 733

O
TU

 926

Ntalea 1.1a 1.1b

0

1

2

3

Supplemental �gure B



128

Appendix

Figure 5.C Heat map of  phylotype abundances in bacterial nitrite-oxidizing communities of  micro-
cosms on day 14 and 28, which were regularly amended with low (15 µg NH4

+ - N g dry soil-1 added 
initially; 7.5 µg NH4

+ - N g dry soil-1  on days 7, 14 and 21) and high (150 µg NH4
+ - N g dry soil-1 added 

initially; 75 µg NH4
+ - N g dry soil-1 on days 7, 14 and 21) levels of  ammonium, 5% 12/13C-CO2 and 1 % 

12/13C-methane in the headspace. Abundances of  phylotypes are expressed as OTU frequencies relative 
to total 16S rRNA gene reads in the ‘heavy’ (1.747 g CsCl ml-1 to 1.730 g CsCl ml-1) plus ‘light’ (1.729 g 
ml-1 to 1.708 g ml-1) fractions of  each sample. Nspira, Nitrospira; lin. , sublineage.

Figure 5.D Heat map of  phylotype abundances in bacterial methane-oxidizing communities of  mi-
crocosms on day 14 and 28, which were regularly amended with low (15 µg NH4

+ - N g dry soil-1 added 
initially; 7.5 µg NH4

+ - N g dry soil-1  on days 7, 14 and 21) and high (150 µg NH4
+ - N g dry soil-1 added 

initially; 75 µg NH4
+ - N g dry soil-1 on days 7, 14 and 21) levels of  ammonium, 5% 12/13C-CO2 and 1 % 

12/13C-methane in the headspace. Abundances of  phylotypes are expressed as OTU frequencies relative 
to total 16S rRNA gene reads in the ‘heavy’ (1.747 CsCl ml-1 to 1.730 g CsCl ml-1) plus ‘light’ (1.729 g 
ml-1 to 1.708 g ml-1) fractions of  each sample. Mmicrobium, Methylomicrobium; Msarcina, Methylo-
sarcina; Mcaldum, Methylocaldum; Mcoccus, Methylococcus; Mbac, Methylobacter; Mmon, Methylomonas.
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Figure 5.E Maximum-likelihood phylogenetic tree based on 1418 unambiguously aligned Thaumar-
chaeal 16S rRNA gene fragments (876 nucleotide positions); only sequences obtained in this study as 
well as selected reference sequences are shown. Reference sequences are named as ‘environmental 
source (accession number)’. Circles at nodes represent the most conservative value of  support (1,000 
replicates). The scale bar indicates an estimated sequence divergence of  5%.
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Figure 5.F Maximum-likelihood phylogenetic tree based on 742 unambiguously aligned Nitrosomo-
nadales 16S rRNA gene fragments (1138 nucleotide positions); only sequences obtained in this study 
as well as selected reference sequences are shown. Reference sequences are named as ‘environmental 
source (accession number)’. Circles at nodes represent the most conservative value of  support (1,000 
replicates). The scale bar indicates an estimated sequence divergence of  10%.
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Figure 5.G Maximum-likelihood phylogenetic tree based on 1240 unambiguously aligned Nitrospirae 
16S rRNA gene fragments (1286 nucleotide positions); sequences obtained in this study were added af-
ter tree calculation and are shown together with selected reference sequences. Reference sequences are 
named as ‘environmental source (accession number)’. Circles at nodes represent the most conservative 
value of  support (1,000 replicates). The scale bar indicates an estimated sequence divergence of  5%.
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Figure 5.H Maximum-likelihood phylogenetic tree based on 1181 unambiguously aligned methano-
troph 16S rRNA gene fragments (1152 nucleotide positions); sequences obtained in this study were 
added after tree calculation and are shown together with selected reference sequences. Reference se-
quences are named as ‘environmental source (accession number)’. Circles at nodes represent the most 
conservative value of  support (1,000 replicates). The scale bar indicates an estimated sequence diver-
gence of  5%.
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Van Thaumarchaea wordt tegenwoordig onderkent dat zij, vooral in de oceanen 
en in de bodem, de meest voorkomende archaea zijn. Zowel hun plaatsing in 

één fylum, als het vermogen van alle gekweekte Thaumarchaea om ammonium 
te kunnen oxideren voor het genereren van energie, als wel verschillende andere 
aspecten van hun ecologie, fysiologie en evolutie zijn slechts ontdekkingen uit het 
laatste decennium. Desondanks ontbreekt de conceptuele kennis omtrent de rol van 
Thaumarchaea in de oxidatie van ammonia in de bodem en wordt hun ecologische 
betekenis in de bodem nauwelijks begrepen. 
Om ammoniumconcentratie en temperatuur te kunnen identificeren als sturende 
factoren voor het functioneren en voor de diversiteit van Thaumarchaea in de bo-
dem, werd het werk dat in dit proefschrift wordt gepresenteerd, uitgevoerd aan de 
hand van ammonia-oxiderende gemeenschappen in vulkanische bodems in Græn-
dalur op IJsland. Het onderzoeksgebied werd gekozen vanwege haar afgelegen lig-
ging van het Europese vasteland waardoor het weinig atmosferische stikstofdeposi-
tie ondervindt en vanwege de aanwezigheid van graslandbodems met verschillende 
in situ temperaturen ten gevolge van geothermische verwarming. Al het werk dat 
in dit proefschrift wordt gepresenteerd maakte gebruik van locaties in het veld die 
jaarlijks van stikstof  waren voorzien en die tevens gekoppeld waren aan een voorge-
schiedenis van een verhoogde of  van een normale bodemtemperatuur. 
Verschillende aanwijzingen, die werden verzameld, duiden erop dat Thaumarchaea 
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zeer waarschijnlijk van primair belang zijn voor de oxidatie van ammonia in Græn-
dalur, terwijl ammonia-oxiderende bacteriën (AOB) aanwezig zijn in aantallen 
die beneden het detectieniveau van de conventionele PCR liggen (Hoofdstukken 
2, 4 en 5). Deze waarnemingen veronderstellen een groot ecologisch belang van 
Thaumarchaea in terrestrische milieus met een lage ammonia-beschikbaarheid 
(Hoofdstuk 4). Thaumarchaea konden worden gestimuleerd in hun groei en ac-
tiviteit door stikstofdepositie in de vorm van ammonium, maar alleen met lagere 
concentraties van ~ 45 - 150 µg NH4

+ - N per g dry soil. AOB reageerden echter 
slechts op hogere toevoegingen van ammonium (Hoofdstuk 4). 
De oxidatie van ammonia is de eerste en vaak snelheidsbepalende stap in het pro-
ces van zuurstofgebonden nitrificatie, waarbij ammonia wordt omgezet in nitraat 
met nitriet als tussenproduct. Door middel van incubaties in een microkosmos 
(“microcosm”) bij verschillende temperaturen, gekoppeld aan activiteitmetingen 
met toegevoegde 15N - gelabelde ammonium- en nitraat-bronnen in de bodem, kon 
worden vastgesteld dat de bruto nitrificatie in de bodems van Grændalur func-
tioneel gekoppeld is aan de bruto stikstofmineralisatie. Bij het blootstellen van 
de bodems aan korte termijn temperatuursveranderingen, ging de koppeling tus-
sen bruto nitrificatie en bruto stikstofmineralisatie echter verloren en presteerden 
de nitrificeerders minder goed. Deze waarneming leidde tot de conclusie dat het 
functioneren van de nitrificerende gemeenschappen in de bodem van Grændalur 
is aangepast aan de temperatuur die zij in situ ondervinden (Hoofdstuk 3).
In een labelingsexperiment met bodems uit Grændalur, waarbij gebruik werd ge-
maakt van stabiele isotopen, werden aanwijzingen verkregen voor autotrofe groei 
van Nitrosopumilus-achtige Thaumarchaea, die waarschijnlijk was gekoppeld aan 
de oxidatie van ammonia (Hoofdstuk 5). Daarbij wezen de resultaten van het ex-
periment op een syntrofe associatie tussen autotroof  groeiende Thaumarchaea en 
nitrietoxiderende bacteriën (NOB) van de Nitrospira sublineages I en II. Het werk 
van hoofdstuk 5 toont verder aan dat de actieve autotrofe nitrificeerders in deze 
bodem (dus de Thaumarchaea en de Nitrospira-achtige NOB) gestimuleerd worden 
door toevoeging van anorganische stikstof  in de vorm van ammonium, maar dat 
ze onderdrukt worden door actieve methaanoxiderende bacteriën (MOB). Deze 
negatieve interactie is waarschijnlijk het resultaat van concurrentie om gemeen-
schappelijke bronnen zoals anorganische stikstof  en zuurstof. 
Intrigerend genoeg, klapte de groei van de totale gemeenschap van Thaumarchaea 
niet in onder omstandigheden van onderdrukte netto nitrificatie en autotrofe 
groei. Ook de structuur van de gemeenschap van Thaumarchaea veranderde niet. 
Dit suggereert een vermogen van de aanwezige gemeenschap van Thaumarchaea 
om mixotroof  te groeien met gebruikmaking van organische groeibronnen. De ge-
gevens die zijn verzameld suggereren daarom dat ten minste sommige Thaumar-
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chaea soorten over een plasticiteit in hun stofwisseling bezitten, die het mogelijk 
maakt om voor een energetisch meer voordelige, mixotrofe groeiwijze te kiezen 
dan de litho-autotrofe manier van groeien, mogelijk in aanwezigheid van actieve 
stikstof-mineraliserende organismen (Hoofdstuk 3 en 5).
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