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SUMMARY 

 

SUMMARY 

 
In this PhD thesis the diversity of functional bacterial genes in the nitrogen 

cycle was investigated with molecular methods in the lakes Plußsee and Schöhsee, 

and the Baltic Sea. The diversity of ammonia-oxidizing bacteria (AOB) was studied 

by diversity of specific 16S rDNA and amoA genes. Dominant sequences from Baltic 

Sea water column and Schöhsee 1 m were related to different Nitrosospira clusters. 

Sequences from Plußsee 7 m, Schöhsee 12 m and sediment of both lakes were 

clustered into a purely environmental cluster with no cultivated representatives. Two 

groups of amoA sequences from Baltic Sea sediment were related to environmental 

clusters from brackish and marine habitats.  

The diversity of the evolutionarily related genes for ammonia monooxygenase 

(AMO) and particulate methane monooxygenase (pMMO) was analyzed. A higher 

frequency of pmoA sequences, mainly belonging to methane oxidizing bacteria of the 

gamma subgroup of proteobacteria (γ-MOB), was detected. Dominant amoA 

sequences were related to ammonia oxidizing bacteria of the beta subgroup of 

proteobacteria (β-AOB), no sequences related to amoA of the γ-AOB were detected. 

The deduced amino acid sequences of some clones from lake sediments were distantly 

related to PmoA from Crenothrix polyspora, a filamentous methane oxidizer with an 

unusual methane monooxygenase.  

The distribution of denitrifying bacteria was studied by the nitrite reductase 

genes nirK and nirS. The dominant sequences of nirK from all clone libraries 

belonged to two distinct phylogenetic clusters, while nirS sequences from both lakes 

were scattered over several clusters throughout the complete phylogenetic tree, and 

only few sequences from Baltic Sea overlapped. In the Baltic Sea, nirK-denitrifiers 

were diverse throughout the water column, while nirS-denitrifiers were dominant in 

the sediment and almost absent in the water column. In Plußsee the community 

composition was inverted: nirK-denitrifiers were more diverse in the water column 

and nirS-denitrifiers in the sediment. In Schöhsee nirS-denitrifiers were highly diverse 

in water and sediment samples. 
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SUMMARY 

For nirK and nirS the sequences of the protein were less conserved than those 

of the gene while the amoA and pmoA protein were conserved, which might be an 

indication of a differential selection pressure. 
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ZUSAMMENFASSUNG 

 
In der vorliegenden Dissertation wurde, unter Anwendung molekular-

biologischer Methoden, die Diversität funktionaler bakterieller Gene im 

Stickstoffkreislauf im Plußsee, Schöhsee und einer küstennahen Station der Ostsee 

(Boknis Eck) untersucht. 

Die Diversität Ammoniak-oxidierender Bakterien (AOB) wurde anhand von 

Klonbibliotheken aus PCR-Produkten des Gens für die Untereinheit A des 

Schlüsselenzyms Ammoniak-Monooxygenase (amoA) untersucht. Die häufigsten 

Sequenzen aus der Wassersäule bei Boknis Eck und 1m Wassertiefe Schöhsee waren 

mit verschiedenen Gruppen der Nitrosospira verwandt. Sequenzen aus dem Plußsee 

7m, Schöhsee 12m und dem Sediment der beiden Seen wurden in einer Gruppe 

zusammengefasst, die nur Sequenzen aus verschiedenen Umweltproben enthält.  

Zwei Gruppen aus dem Ostsee Sediment waren verwandt mit einem bereits 

existierenden Cluster, das nur Sequenzen aus Brackwasser und marinen Habitaten 

enthält. 

Es wurde die Diversität der beiden Gene mit gemeinsamem evolutionärem 

Ursprung Ammoniak-Monooxygenase (AMO) und partikuläre Methan-

Monooxygenase (pMMO) analysiert. Klonbibliotheken enthielten vorwiegend 

Sequenzen der pmoA von Methan-oxidierenden gamma Proteobakterien (γ-MOB). 

Die amoA Sequenzen waren verwandt mit denen aus Ammoniak-oxidierenden beta 

Proteobakterien (β-AOB), es wurden keine amoA Sequenzen der gamma 

Proteobakterien gefunden. Bei einigen Klonen aus dem Sediment der beiden Seen 

hatte die aus der Basensequenz abgeleitete Aminosäuresequenz des Enzyms entfernte 

Ähnlichkeit mit PmoA aus Crenothrix polyspora, einem filamentösen, Methan-

oxidierenden Bakterium mit ungewöhnlicher Methan-Monooxygenase. 

Die Verbreitung denitrifizierender Bakterien wurde anhand der Gene nirK und 

nirS für Nitrit-Reduktase untersucht. Die meisten nirK Sequenzen aus den 

Klonbibliotheken von allen Standorten gehörten zu zwei phylogenetisch 

unterschiedlichen Gruppen. Die nirS Sequenzen aus beiden Seen waren auf 

verschiedene Gruppen des gesamten phylogenetischen Stammbaumes verteilt, die nur 
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wenige Sequenzen aus der Ostsee enthielten. Bei Boknis Eck waren die Sequenzen 

der nirK-Klone in den verschiedenen Proben aus der Wassersäule unterschiedlich, 

während nirS-Sequenzen im Sediment dominierten, aber in der Wassersäule fast 

vollständig fehlten. Im Plußsee waren diese Verhältnisse umgekehrt: Denitrifizierer 

mit nirK waren diverser in der Wassersäule, und solche mit nirS im Sediment. 

 



 
1. INTRODUCTION 

 

1. INTRODUCTION 
 

1.1 Nitrogen cycle 

 
Nitrogen (N) is a major element in all organisms accounting for 6.25% of their 

dry mass on average. Nitrogen can be found in nature in both organic and inorganic 

forms. Earth’s atmosphere contains about 78% nitrogen, the largest single component. 

However, most organisms cannot use nitrogen in this form. Plants must take up their 

nitrogen in “fixed” form, and animals as organic nitrogen either from plants or prey. 

Microorganisms connect the different organic and inorganic N-compounds, and they 

can use a great variety of them as N-source.  

 

Redox reactions of the biological N-cycle (Figure 1-1) are fulfilled in different 

ways by bacteria, archaea and some fungi. Nitrification and denitrification are 

important processes in the global nitrogen cycle, and may counteract natural and 

manmade eutrophication by eliminating the nutrients NO3
- and NH3.  
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Figure 1- 1: Nitrogen cycle 

 

 

Nitrification is the oxidation of reduced N in the form of NH4
+ to NO3

-. It 

plays a central role in the global N-cycle, providing a link between release of NH4
+ by 
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decomposition of organic matter, and supply of the essential electron acceptor NO3
- 

for denitrification. Denitrification as part of the N-cycle transforms nitrate (NO3
-) into 

N2 gas. This is a reductive process; which occurs in four stages starting from nitrate 

via nitrite, nitric oxide and nitrous oxide. It as three important ecological aspects (1) 

loss of fertilizer nitrogen may decrease the efficiency of fertilization in agriculture; (2) 

removal of nitrogen in wastewater treatment systems may reduce eutrophication; (3) 

release of nitrogen oxides may reduce ozone in the stratosphere and thus increase UV 

radiation on earth (Knowles, 1982). 

 

 

1.2 Microorganisms and enzymes related to nitrification 
 

Nitrification involves a relatively restricted number of microorganisms, mainly 

two distinct functional groups of the Proteobacteria, autotrophic ammonia-oxidizing 

bacteria (AOB) and nitrite-oxidizing bacteria (NOB) (Figure 1-2). However, increased 

understanding of the diversity of autotrophic nitrifiers, the discovery of the anammox 

process (ammonia oxidation under anaerobic conditions) (Op den Camp et al., 2007) 

and the more recent discovery of ammonia-oxidizing archaea (AOA) (Könneke et al., 

2005; Treusch et al., 2005) have changed this relatively simple view of nitrification. 

As a result, the actual concept involves AOB, AOA, NOB and a number of 

heterotrophic bacteria and fungi for nitrification under aerobic conditions. 

 

Ammonia-oxidizing bacteria
(AOB)

NH4
+ NH2OH NO2

- NO3
-

ammonia hydroxylamine nitrite nitrate

Nitrite-oxidizing bacteria
(NOB)

amo norhao

 

Figure 1- 2: Nitrification process 

 

 

AOB are classified into the five different genera Nitrosomonas, Nitrosococcus, 

Nitrosospira, Nitrosovibrio and Nitrosolobus (Koops and Möller, 1992), based on 

phenotypic characters such as cell morphology, intracellular membrane structure, 

motility, tolerance to high concentrations of NH3 or salt and urease activity. 
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Phylogenetically, Nitrosospira, Nitrosovibrio and Nitrosolobus were combined into 

one common genus Nitrosospira (Head et al., 1993). Nitrosomonas and Nitrosospira 

belong to the beta-Proteobacteria (β-AOB) and Nitrosococcus to the gamma-

Proteobacteria (γ-AOB). AOA were recently discovered in soil metagenomic libraries 

(Treusch et al., 2005). In addition, an ammonia-oxidizing, mesophilic crenarchaeota, 

Nitrosopumilus maritimus, belonging to the crenarchaeal group 1.1a lineage, has been 

isolated from a marine aquarium (Könneke et al., 2005) and grows chemolithoauto-

trophically. NOB comprise four genera belonging to different subgroups of the 

Proteobacteria, Nitrobacter (alpha-Proteobacteria), Nitrococcus (gamma-

Proteobacteria), Nitrospina (delta-Proteobacteria) and Nitrospira (beta-

Proteobacteria), classified on the basis of phenotypic characters, mainly cell 

morphology and membrane ultrastructure (Prosser, 2007). Heterotrophic bacteria and 

fungi can also oxidize ammonia and organic nitrogen compounds (Focht and 

Verstraete, 1977) by different, xet not completely understood metabolic pathways. 

While N oxidation is the only energy-obtaining process in autotrophic nitrifiers, 

nitrification in heterotrophic organisms does not contribute significantly to their 

energy metabolism. 

 

Cultured AOB and sequences from environments belonging to the beta-

Proteobacteria were divided into 7 - 10 clusters based on 16S rDNA (Purkhold et al., 

2000; Kowalchuk and Stephen, 2001). Cluster 0 - 4 belong to Nitrosospira spp., and 

cluster 5 - 8 to Nitrosomonas spp.. Nitrosospira cluster 1 and Nitrosomonas cluster 5 

contain environmental sequences, only, and no representative pure culture is known. 

Nitrosospira spp. were frequently observed in soil, whereas Nitrosomonas spp. 

dominantly detected in seawater, freshwater and activated sludge.  

 

In soil, members of the Nitrosospira cluster 2 containing Nitrosospira strain 

AHB1 are dominant, particularly in acid soils (Stephen et al., 1996). Cluster 3 has 

been detected as the dominant AOB in a number of neutral pH arable fields receiving 

fertilizers, and these populations have been replaced by cluster 4 populations in 

response to prolonged periods without fertilizer use (Bruns et al., 1999; Kowalchuk et 

al., 2000).  
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The γ-AOB, Nitrosococcus oceani, has been isolated from marine 

environments (Ward, 1986), but only few γ-AOB sequences are found in the ocean 

(McCaig et al., 1994; Nold et al., 2000). The Nitrosomonas marina lineage 

(Nitrosomonas cluster 6b) has been isolated from marine environments, and molecular 

techniques indicate widespread distribution of Nitrosospira and Nitrosomonas 

(McCaig et al., 1994). The sequences belonging to the Nitrosomonas Nm 143 lineage 

were usually found in marine environments or estuaries. Generally, these groups are 

phylogenetically distinct from those found among terrestrial and freshwater AOB. In 

addition, marine environments may contain sequences that fall into Nitrosomonas 

cluster 5 and Nitrosospira cluster 1 lineages, which do not contain cultivated 

representatives (McCaig et al., 1999; Bano and Hollibaugh, 2000). 

 

In freshwater, AOB communities are dominated by members of the 

Nitrosomonas cluster 6a (Nitrosomonas oligotropha lineage) (Speksnijder et al., 1998; 

de Bie et al., 2001). Some sequences belonging to Nitrosomonas lineages, including 

cluster 5 and 6b (N. marina lineage) and 7 (N. europaea, N. eutropha lineage) 

(Speksnijder et al., 1998). 

 

For the growth of AOB, namely for energy conservation during the oxidation 

process, the function of two key enzymes is necessary: ammonia monooxygenase 

(AMO) and hydroxylamine oxidoreductase (HAO). AMO catalyzes the oxidation of 

ammonia to hydroxylamine and HAO the oxidation of hydroxylamine to nitrite, 

which is the actual energy-generating step. AMO is a membrane-bound multiple 

subunit enzyme, consisting of AmoC, AmoA and AmoB, which are encoded by the 

genes amoC, amoA and amoB of the amo operon (Hommes et al., 1998; Sayavedra-

Soto et al., 1998). HAO is an unusual enzyme with a highly complex structure, 

located as a soluble enzyme in the periplasmic space, but anchored in the cytoplasmic 

membrane (Arciero and Hooper, 1998).  

 

From Nitrosomonas europaea, a 27-kDa membrane-associated protein AmoA, 

which contains the active site of AMO, (Hyman and Arp, 1992) and a second protein 

(AmoB) of 43 kDa have been isolated as probable AMO subunits (Hyman and Arp, 

1992; Bergmann and Hopper, 1994). The full-length sequences of both genes, amoA 
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and amoB, coding for these subunit proteins have been determined from 

Nitrosomonas europaea (McTavish et al., 1993; Bergmann and Hopper, 1994), 

additional full-length amoA and amoB sequences from other AOB are available 

(Norton et al., 2002). An ORF upstream of the amoA gene in all AOB has been 

designated as the amoC gene (Klotz et al., 1997). This gene in Nitrosospira sp. 

NpAV, encodes an approximately 31-kDa membrane protein (Klotz et al., 1997). The 

amo operon occurs as multiple and almost identical copies in the β-AOB (Norton et 

al., 2002), while only single amo operon copies have been found in γ-AOB (Alzerreca 

et al., 1999). Intergenic space (IS) of strain-specific variability are located between the 

amoC and amoA genes (Alzerreca et al., 1999). In γ-AOB, an additional IR was 

observed between amoA and amoB. 

 

The enzymes AMO in AOB and particulate methane monooxygenase 

(pMMO) in methane-oxidizing bacteria (MOB) are homologous and share many 

features (Bédard and Knowles, 1989; Ensign et al., 1993). The pMMO operon is 

comprised of three subunits encoded in the genes pmoC, pmoA, and pmoB (Zahn and 

Dispirito, Nguyen et al. 1998, Stolyar et al 1999, Gilbert et al 2000). The identical 

structures of their operon and high similarity of the nucleotide sequences (Figure 1-3) 

of the genes suggest a common evolutionary origin (Holmes et al., 1995; Semrau et 

al., 1995).  

 

 
Figure 1- 3: Alignment of predicted amino acid sequences of amoA and pmoA genes from 
ammonia-oxidizing bacteria, methane-oxidizing bacteria and Crenothrix polyspora. 
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Genes homologous to amoCAB have also been described from archaea 

(Könneke et al., 2005; Treusch et al., 2005), but with relatively low sequence 

similarity to their bacterial counterparts (38 - 51%).  

 

 

1.3 Microorganisms and enzymes related to denitrification 
 

Four enzymes are involved in the denitrification process, nitrate reductase 

(Nar), nitrite reductase (Nir), nitric oxide reductase (Nor) and nitrous oxide reductase 

(Nos) (Figure 1-4). The reduction of nitrate is associated with two homologous 

enzymes, membrane-bound (Nar) and periplasmic (Nap) nitrate reductases.  

 

 

NO N2O N2

nar nir nor nos

nitric
oxide

nitrate nitrite nitrous
oxide

denitrogen

NO3
- NO2

-

Denitrifying bacteria  

Figure 1- 4: Denitrification process 

 

 

Nitrite reductase (Nir) is regarded as the key enzyme in the denitrification 

process producing the first gaseous product. Two different nitrite reductase catalyze 

the reduction of NO2
- to NO (Zumft, 1997), Cu-type NO2

--reductase is encoded by the 

nirK gene  and cytochrome cd1-type NO2
--reductase by nirS. The two Nir types are 

functionally and physiologically equivalent, as indicated by the expression of the Cu-

Nir gene from Pseudomonas aureofaciens in a Pseudomonas stutzeri mutant lacking 

the gene encoding for cd1-Nir (Glockner et al., 1993). These enzymes have never been 

observed to exist together in the same bacterial species (Coyne et al., 1989). While 

cd1-Nir dominates in the different subgroups of the proteobacteria, Cu-containing Nir 

is spread more widely in the microbial world, including Archaea, and shows greater 

variation in molecular weight and immunological reactions (Coyne et al., 1989; 

Zumft, 1997; Philippot, 2002). It is still unknown why different classes of nitrite 
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reductases have evolved and what advantage the one may provide over the other. nirS  

is part of a nir gene cluster, in which the number of nir genes and the organization 

differ in different species. In some species, the nirK gene forms a cluster together with 

a nirV gene, located downstream and encoding a protein of unknown function 

(Philippot, 2002).  

 

Denitrifiers are frequently isolated from soil, sediment and aquatic 

environments. In a remarkable study on denitrifier communities in various soil 

environments (Gamble et al., 1977) 1,500 bacteria were isolated, and 146 of these had 

the ability of denitrification. The major group isolated was Pseudomonas fluorescens 

and the second most prevalent group was Alcaligens. In this and some other 

cultivation-based studies of denitrifying bacteria, the genera Alcaligenes, Bacillus, 

Burkholderia, Pseudomonas, Paracoccus, Ralstonia, Rhodobacter, Rubrivivax, 

Streptomyces, and Thauera have been revealed as the dominant denitrifiers in diverse 

environments. Marine denitrifiers were dominated by Shewanella baltica (Brettar et 

al., 2001) and Marinobacter spp. (Goregues et al., 2005).  

 

The capability of denitrification is widespread among microorganisms, e.g. 

Bacteria including Aquificae, Deinococcus-Thermus, Firmicutes, Actinobacteria, 

Bacteroides, and Proteobacteria lineages (Zumft, 1997), Archaea (Philippot, 2002) 

and some fungi (Shoun et al., 1992). Therefore, in order to study the diversity of 

denitrifying bacteria in the environment, it is necessary to focus on a gene directly 

involved in denitrification, and to link their distribution and activity to the processes 

(Bothe et al., 2000; Philippot, 2002). 

 

The genes nirK and nirS coding for Nir were the first to be used for 

investigation of denitrifying bacterial diversity and have become the most widely used 

molecular markers (Braker et al., 1998). Marine habitats and soil showed a very high 

diversity of denitrifiers carrying nir genes grouped into novel clusters that are 

significantly distinct to the sequences obtained from isolated bacteria. These studies 

were carried out to correlate the diversity of nir genes with the abiotic/biotic factors 

that control the denitrifier communities. 
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Marine denitrifier communities were studied in sediments (Braker et al., 2000; 

Braker et al., 2001; Liu et al., 2003) and the water column at oxic-anoxic interfaces 

(Jayakumar et al., 2004; Castro-González et al., 2005; Hannig et al., 2006). 

Amplification of nirK genes from marine habitats using published primer pairs seems 

to reveal more conserved sequences than of nirS. nirS-denitrifiers were diverse in the 

water column of the Arabian Sea with high concentrations of NO2
- indicating high 

denitrification activity. In contrast, they were less efficiently detected from water 

column with low concentrations of H2S or O2 (Jayakumar et al., 2004). Communities 

of nirS-denitrifiers were inhabiting the oxic but not the sulfidic zone within the water 

column of the Baltic Sea (Hannig et al., 2006). 

 

The effect of fertilization on the denitrifier community was analyzed in soil 

(Avrahami et al., 2002; Wolsing and Priemé, 2004). In a laboratory experiment, T-

RFLP analysis of the nirK gene was used to detect the effect of ammonium addition at 

different concentrations on soil denitrifiers after one month (Avrahami et al., 2002). 

This resulted in a shift in the structure of the denitrifier community at medium and 

high ammonia concentration, which probably was indirectly caused by an increased 

supply of nitrate through nitrification of the added ammonium. In field studies using 

T-RFLP of nirK genes to compare the effect of mineral versus organic fertilizer 

(Wolsing and Priemé, 2004) a strong seasonal shift in the structure of the nirK 

communities was observed, whereas fertilizer type, rather than amount, appeared to 

affect the communities to a minor extent.  

 

Sequencing of the dominant nirK and nirS genes in activated sludge from two 

different full-scale treatment plants revealed that some were distantly related to 

Rhizobium spp., Azospirillum spp., Rhodobacter sphaeroides, and Paracoccus 

denitrificans, although the majority clustered with other environmental clones 

(Throbäck et al., 2004). In a saline metallurgic wastewater treatment system, the 

diversity of nirS was greater than that of nirK, but both were much lower than in soil 

(Yoshie et al., 2004). In an aerated biofilm reactor, the highest numbers of nirS genes 

were observed in the outer region, while nirK was concentrated more to the inner part, 

demonstrating the possibility of a differential response of nirK- and nirS-denitrifiers 

to oxygen (Qiu et al., 2004).  
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Although strong gradients of nutrients are often present in sediments or 

biofilms of rivers, denitrifiers are obviously less diverse there than in soil and marine 

habitats (Nogales et al., 2002; Chenier et al., 2003). Denitrification activity and 

community composition of nirK-denitrifiers in river biofilms vary both with nutrient 

concentration and time (Chenier et al., 2003) and the diversity of expressed nirS genes 

was high in nitrogen-rich estuarine sediments (Nogales et al., 2002). 

 

 

1.4 Molecular-based analysis of microbial diversity 
 

Most microorganisms are difficult to isolate in pure cultures because of their 

special requirements of elements and sometimes low growth rates. Based on 

cultivation, our knowledge on the diversity of bacterial communities in natural 

environments is limited. Based on molecular methods the diversity of functional 

genes has been investigated in various environments.  

 

 

Cloning 
Sequencing

DGGE
T-RFLP

Bacterial
Community

PCR

DNA

 

Figure 1- 5: Simplified scheme of molecular methods for studying bacterial communities. 

 

 

Most of these approaches begin from amplification of the target functional 

genes from extracted DNA with the polymerase chain reaction (PCR) (Figure 1-5). 

PCR primers are designed to target the gene of interest. Following amplification of 

the gene, there are several methods for examining the diversity and community 

composition of that gene in a community. One efficient technique is terminal 

restriction fragment length polymorphism (T-RFLP), where the PCR-amplified gene 

fragments are cut with restriction enzymes, separated by gel electrophoresis, and the 
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length of the cut fragments measured quantitatively using a DNA sequencer (Liu et 

al., 1997). This technique quantifies the relative abundance of the dominant gene 

variants, presumably representing the dominant denitrifiers in the community. This is 

a useful technique for comparing communities, though it provides very little 

information about the identity of specific members of the community. Another widely 

used fingerprinting technique is denaturing gradient gel electrophoresis (DGGE) 

(Muyzer et al., 1993). This technique separates the amplicons based on their G+C 

content, resulting in a series of bands on a gel, each band representing a unique 

variant of the gene, and therefore a unique member of the denitrifying community.  

 

Other techniques, which involve gene sequencing, provide more specific 

information about variations of the gene between organisms and within communities. 

A common strategy is to develop a library of gene sequences from an environmental 

sample by cloning gene fragments that have been PCR amplified from mixed 

community nucleic acids. Randomly selected clones are sequenced and aligned, 

giving a census of the amplified gene fragments within a given sample. By collecting 

detailed sequence information for a large number of clones, the relative proportion of 

each gene variant can be assessed, providing a measure of overall gene diversity and 

specific community composition. This technique provides a very specific description 

of community structure.  

 

 

1.5 Purpose of the thesis 
 

Since the functional genes, amoA, pmoA, nirK, nirS from cultured organisms 

were published, microbial diversity based on these functional genes has been studied 

from several environments and consequently lots of sequences of functional genes 

were deposited in GenBank. However, most of these studies in natural environments 

have focused either on soils or marine habitats. The information of those sequences 

from freshwater lakes is scarce.  

 

The purpose of this study was to fill this gap in part by investigating the 

diversity of functional genes related to the nitrogen cycle, in particular amoA, pmoA, 

nirK and nirS in two lakes and the Baltic Sea. At the time of sampling, all three 
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habitats showed a characteristic stratification (Fig. 2-2). The comparison was carried 

out as well between several depths in each environment, as indicated in Fig. 2-2. 

 

 

1.6 Thesis outline 
 

The results of this thesis are presented in six chapters in section 3, each 

structured with abstract, introduction, materials and methods, results, and discussion. 

This outline gives a short overview of each work. 

 

3. I Comparative analysis and description of PCR primers for ammonia-

monooxygenase genes of ammonia-oxidizing bacteria  

The purpose of this work was to compare all primers that have been used to 

detect amoCAB genes with all available sequences in public databases and to design 

and test new primers to amplify the ammonia monooxygenase gene from known AOB 

and environmental samples. 

 

3. II Application of novel PCR strategies and sequence analysis to study the 

amoCAB operon in beta ammonia-oxidizing bacteria 

A new approach is described that uses nested amplification of amo with 

environmental samples. One major difficulty to study amoA genes in natural 

environments is the amplification because of the low abundance of AOB. Using initial 

amplicons of amoCAB, several nested amplifications of amo were performed and 

clone libraries were used to confirm the identity of the amplicons. 

 

3. III Comparative analysis of ammonia-oxidizing bacterial communities in two 

lakes in North Germany and the Baltic Sea 

In this chapter, I describe the community composition of ammonia oxidizing bacteria 

(AOB) in two lakes and the Baltic Sea. Based on 16S rDNA, the ammonia-oxidizing 

bacterial community was compared between environments, and within several depths 

in each of them.  

3. IV Diversity of ammonia monooxxygenase (amoA) genes in the water column 

and sediment of two lakes and the Baltic Sea 
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Based on the new primers and strategy described in chapter I and II, the amoA 

gene was used to investigate the diversity of ammonia oxidizing bacterial 

communities in three contrasting environments. The good agreement of AOB 

phylogeny based on 16S rDNA and amoA was demonstrated. 

  

3. V Genetic diversity of the evolutionarily related enzymes ammonia 

monooxygenase (AMO) and particulate methane monooxygenase (pMMO) in 

two lakes and the Baltic Sea 

Unlike NirK and NirS in chapter VI, AMO and pMMO and their genes share 

several structural features, but their function is different. Therefore, this chapter 

analyses how amoA and pmoA genes evolved in closed environments (two lakes) and 

an open environment (Baltic Sea). 

 

3. VI Distribution of nitrite reductase (nirK and nirS) genes in the water column 

and sediment-water interface of two lakes and the Baltic Sea 

During denitrification, the enzymes NirK and NirS catalyze the reduction of 

nitrite to nitric oxide. Despite their similar function, these enzymes and their genes do 

not have any structural similarity. This work addresses how these genes are 

distributed in lakes and the Baltic Sea. 
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2. MATERIALS AND METHODS 
 

2.1 Sampling sites 
The two lakes Plußsee (54°10' N, 10°23' E) and Schöhsee (54°13' N, 10°26' E) 

are located in Schleswig-Holstein, northern Germany (Figure 6). Plußsee is a small 

eutrophic lake with funnel-shaped morphology and a diameter of 400 m, a surface 

area of 0.14 km2, a maximum depth of 29 m and a mean depth of 9.4 m. Woodland 

encompass this lake and agricultural land lies on the higher surroundings. It has no 

direct inflow and only a minor outflow. During the summer, this eutrophic lake shows 

a stable thermal stratification, which is characterized by a thin (only a few meters 

deep) oxygen-rich epilimnion and a large anoxic hypolimnion beginning at a depth of 

5 - 8 m, separated by the thermocline layer (metalimnion).  

 

Schöhsee

Plußsee

 

Figure 2-1: Map of the sampling sites of the two lakes Plußsee and Schöhsee (left) in northern 
Germany and the Baltic Sea (right) (© Google Earth) 

 

Schöhsee is a mono-dimictic and mesotrophic lake with a surface area of 0.78 

km2, a maximum depth of 29.4 m and a mean depth of 10.9 m. This lake has a low 

productivity in the water column and sediment (Grey et al. 2004, Aberle and 

Wiltshire. 2006) at low total phosphorous (mean TP = 21 μg L-1) and low chlorophyll-

a contents (mean chlorophyll-a=21 μg L-1) in the water column. Schöhsee has 

summer stratification as well, but with oxic hypolimnion. 
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The Baltic Sea is a brackish habitat with a surface area of 377,000 km2, a 

mean depth of 53 mon the Swedish side of the center. The sampling site was the 

Boknis Eck out of the Kiel Fjord in the German coast (Figure 2-1) (54°30' N, 10°06' 

E), characterized as a eutrophic brackish region of the western Baltic Sea. 

Details of chemical stratification at the time of sampling at the three sites are 

outlined in chapter III 

 

2.2 Sample collection  
The study sites included the lakes Plußsee and Schöhsee located in Schleswig-

Holstein (North Germany) and the Boknis Eck out of the Kiel Fjord in the German 

coast of the Baltic Sea in September 2004. Water samples were collected using a 

Ruttner sampler at three different depths, which were determined in the field based on 

the temperature and oxygen profile (Fig. III-1). Additionally, samples from the 

overlaying sediment-water interface were also collected at 22 (Schöhsee), 28 

(Plußsee) and 27.5 m (Baltic Sea).  The designation of samples was as follows: Baltic 

Sea 2 m (B2m), 10 m (B10m), 20 m (B20m) and sediment-water interface (Bsedi); 

Plußsee 1 m (P1m), 4 m (P4m), 7 m (P7m) and sediment-water interface (Psedi); 

Schöhsee 1 m (S1m), 11 m (S11m), 12 m (S12m), 14 m (S14m) and sediment-water 

interface (Ssedi). Additional samples were obtained from rhizospheric soil from pea 

cultures in northern Germany and Jordan River from Israel for the experimental part 

of chapter I.  

 

2.3 Strains 
For this work the following strains were used: Nitrosomonas europaea ATCC 

19718, Nitrosomonas eutropha C-31 ATCC 25978, Nitrosospira briensis C-128, 

Nitrosospira tenuis Nv1, Nitrosomonas sp. L13, Nitrosococcus oceani ATCC 19707, 

Methylococcus capsulatus Bath NCIMB 11853, Methylocystis parvus OBBP. 

 

2.4 DNA extraction and PCR 

Water samples were filtered through 0.2 μm pore size filters (Supor-200, 

PALL Life Sciences), and stored at –18°C until DNA extraction. Three independent 

filtrations and at least one DNA extraction per each of the filters was carried out, 
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producing not least than three replicates per sampling point. Differences between 

these replicates were not significant. DNA was extracted using the UltraClean Soil 

DNA kit (MoBio), following the manufacturer’s guidelines. Concentration and quality 

of the DNA was checked by electrophoresis in 0.8% agarose gels stained with 

ethidium bromide. 

 

2.4.1 16S rDNA of ammonia-oxidizing bacteria 

Amplification of AOB-specific 16S rDNA was carried out using the nested 

PCR approach suggested by (Ward et al., 1997). Briefly, general 16S rDNA was 

amplified using the bacterial primers Eub9_27 and Eub1542 (Brosius et al., 1978). 

The PCR products with Eub9_27 and Eub1542 were cleaned and used as templates 

for amplification with the specific primers NitA and NitB (Voytek and Ward, 1995). 

The PCR conditions were described in previous study (Ward et al., 1997). For DGGE, 

these amplicons were diluted 100 times and used in a second nested PCR with the 

primers P3 (GC-clamped) and P2, using a touchdown temperature program (Muyzer 

et al., 1993). 

 

2.4.2 amo genes 

For amplification of the almost complete amoCAB operon with the primers 

amoC58f and amoB1179r, the Expand High Fidelity PCR system (Roche) was used. 

PCR was carried out a total volume of 25 μl containing 1× PCR buffer, 200 μM of 

each dNTP, 200 nM of each primer, 2.5 mM MgCl2, 1% formamide, 0.1% BSA, and 

2.6U of enzyme mix. Temperature program consisted of an initial denaturation at 

94oC for 2 min, and 25 cycles of 94°C for 15s, 56°C for 1 min and 68°C for 5 min. 

For all other initial PCRs with 5 different primer pairs, amplification was carried out 

as described above, but using 1U of Taq DNA polymerase (Roche) and 1× buffer 

from the PCR Kit. The temperature program consisted of: initial denaturation at 94oC 

for 5 min; 25 cycles of 94°C for 1 min, 57°C for 1 min and 72°C for 1.5 min. 

 

For DGGE of amoA in chapter I, the PCR products were re-amplified with the 

primer pair amoA121f with a 40 bp GC-clamp attached (Muyzer et al., 1993) and 

amoA359rC in a touchdown temperature program from 65 to 55°C (Muyzer et al., 

1993). For nested amplification, the PCR products were cleaned using a Multiscreen 
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Plate (Millipore Inc.) and diluted 100 times in HPLC water. Nested PCR was carried 

out as above except that 1U of Taq Polymerase (Roche) was used. 

 

2.4.3 amoA and pmoA genes 

The amoA and pmoA genes were amplified simultaneously with the primers 

A189 and A682 (Holmes et al 1995). PCR was performed with conditions described 

previously  (Holmes et al 1995). However different annealing temperature was used at 

53°C for samples from the Baltic Sea, or at 55°C for samples from Plußsee, or at 

57°C for samples from Schöhsee. Different annealing temperatures were used because 

the most intensive bands were obtained using different temperature in each 

environment.  

 

2.4.4 nirK and nirS genes 

nirK and niS were amplified by PCR with the primer pairs F1aCu and R3Cu 

(Hallin and Lindgren, 1999) for nirK and cd3aF (Michotey et al., 2000) and R3cd 

(Throbäck et al., 2004) for nirS. Amplification was followed by (Throbäck et al., 

2004). 

 

 

2.5 Fingerprinting techniques 
 

2.5.1 Denaturing gradient gel electrophoresis (DGGE) 

Denaturing gradient gel electrophoresis (DGGE) was carried out as described 

elsewhere (Kim et al., 2006) using the D-Gene System (BioRad) in polyacrylamide 

gels  with a gradient of 35 to 75% of denaturants for chapter I in results and a gradient 

of 30 to 60% of denaturants for chapter III in results.  

 

2.5.2 Terminal restriction fragment length polymorphism (T-RFLP) 

Using the labeled primers A189-FAM (amoA/pmoA), F1aCu-FAM (nirK) and 

R3Cd-HEX (nirS), T-RFLP was carried out as described elsewhere (Junier et al., 

submitted) and principal component analysis (PCA) was carried out with Statistica 6 

(Statsoft, USA) and the Primer 6 software (Primer E, Plymouth, UK) 
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2.6 Cloning and sequencing 
The primers NitA and NitB were selected to prepare the products for cloning. 

PCR for cloning was carried out with the proof-reading Pfu DNA polymerase 

(Promega) according to the manufacturer’s guidelines. In order to minimize PCR 

biases, three reactions were run in parallel and pooled using a Multiscreen plate 

(Millipore, Inc.). For cloning the Zero Blunt PCR cloning kit (Invitrogen) was used 

according to the manufacturer’s guidelines. For 16S rDNA and amoA/pmoA, 96 

clones were selected and for amoA, nirK and nirS, 48 clones were selected. Those 

clone wered checked for inserts of the expected size by PCR with plasmid-specific 

primers M13f and M13r and agarose electrophoresis. For screening of 16S rDNA, 

one-shot sequencing using M13f primer was performed using the BigDye terminator 

v3.1 cycle sequencing kit, and analyzed with an ABI 3100 Genetic Analyzer (Applied 

Biosystems) according to the manufacturer’s recommendations. For functional genes, 

sequencing of both strands was performed with M13F and M13R primers.  

 

The nucleotide sequences of 16S rDNA were compared with those in the 

GenBank using BLASTN (Altschul et al., 1997) on the NCBI’s homepage 

(http://www.ncbi.nlm.nih.gov/blast/Blast) and classification of the clones was carried 

out using the hierarchy browser of the ribosomal database project (Cole et al., 2005). 

The sequences of functional genes were checked using BLASTX. 

 

 

2.7 Diversity estimation of clone libraries 
Rarefaction analysis with the DOTUR program (Schloss and Handelsman, 

2005) was used to compare the functional genes diversity based on DNA within each 

clone library. Operational taxonomic units (OTUs) were defined as sequence groups 

in which sequences differed by 5%. 

 

 

2.8 Phylogenetic analysis 
Phylogenetic analysis of functional genes was performed with the software 

ARB (http://magnum.mpi-bremen.de/molecol/arb/). To build database, sequences of 
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each functional gene were collected from GenBank. Phylogenetic tree was 

constructed with the PHYLIP distance method by Neighbor-Joining and Fitch-

Margoliash method. 

 
 

2.9 Nucleotide sequence accession numbers 
All sequences obtained in this study were deposited in GenBank. The 

accession numbers for different region of amo genes are EF204958-EF204996 and 

those for amoA genes are EF219168 - EF219191, EF222028 - EF222286 and 

EF615038 - EF615208. Using the primers A189/A682 for amoA and pmoA, accession 

numbers are EF623537 - EF623623 for amoA and EF623624 - EF623822 for pmoA. 

The accession numbers are DQ337713 - DQ337812 and EF615209 - EF615414 for 

nirK and DQ337813 - DQ337925 and EF615415 - EF615570 for nirS. 

 

 

2.10 Bioinformatic analyses for chapter I in results 
 

2.10.1 Sequences and alignments 

For in silico analyses, the nucleotide sequences of amo genes were 

downloaded from GenBank using ENTREZ (http://www.ncbi.nlm.nih.gov/). Protein 

sequences were retrieved from Swissprot using Expasy (http://www.expasy.org). 16 

sequences of amoC were analyzed, including beta- and gamma-AOB. Additionally 

eight sequences of the related subunit of the particulate methane monooxygenase 

(pmoC) and one sequence from the recently described ammonia-oxidizing archaea 

Candidatus Nitrosopumilus maritimus (Könneke et al., 2005) were retrieved for the 

analysis. 32 amoB sequences from both subclasses of proteobacteria and seven pmoB 

sequences were included in the analysis. Two amoB sequences from crenarchaeota 

were also included. A total of 2669 sequences consisting of cultured and uncultured 

amoA and the related alpha subunit of the particulate methane monooxygenase 

(pmoA) were retrieved. Although, amoA sequences from crenarchaeota were 

considered, they differed widely and were excluded from the analysis. amoC, amoB 

and amoA sequences were integrated in ARB (Ludwig et al., 2004). A database of 

complete and partial sequences of amoA from recognized AOB species was also 

http://www.ncbi.nlm.nih.gov/entrez/
http://www.expasy.org/
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prepared in ARB. Before the analysis, all the sequences were verified manually and 

those including STOP codons or erroneous starting points were omitted. In order to 

simplify the presentation of the results, sequence similarity is shown for amoA 

sequences from cultured AOB (11 different phylogenetic clusters) and 10 pmoA 

sequences, only. Results from the complete database are available upon request. 

Sequences were aligned using ClustalW included in ARB. 

 

 

2.10.2 Primer analyses 

The primers analyzed in this study are summarized in Table I-1. Analysis of 

the primers was carried out using the software Oligo 6.0 (Table I-1). The position of 

each primer was determined after alignment of all the sequences in ARB. Specificity 

was evaluated using BLAST for short nearly exact matches 

(http://www.ncbi.nlm.nih.gov/BLAST/) and MATCH PROBE in ARB. The MATCH 

PROBE subroutine of ARB calculates two different parameters for specificity: 

number of mismatches and weight of the mismatches. The last parameter depends on 

the number, position and kind of mismatches. A maximum number of 5 mismatches 

were allowed in the analysis. New primers were designed by visual inspection of the 

multiple alignments or using the software GeneFisher (http://bibiserv.techfak.uni-

bielefeld.de/genefisher/). The new designed primers were also analyzed with Oligo 

v.6.0 (Table I-1). In order to simplify the comparison between primers that had been 

designed in different studies, we propose a standardized designation system according 

to the name of the targeted gene, followed by information on the position and 

orientation of the primers. Additional letters at the end of the designation indicate 

modifications such as shorter versions (s), wobble positions (IUPAC code), probe for 

FISH (p) or primer specific for AOB belonging to gammaproteobacteria (Gam). 
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ABSTRACT 

 
            Over the past years several PCR primers have been described to amplify genes 

encoding the structural subunits of ammonia monooxygenase (AMO) from ammonia-

oxidizing bacteria (AOB). Most of them target amoA, while amoB and amoC have 

been neglected so far. In this study we compared the nucleotide sequence of thirty-

three primers that have been used to amplify different regions of the amoCAB operon 

with alignments of all available sequences in public databases. Advantages and 

disadvantages of these primers are discussed based on the original description and the 

spectrum of matching sequences obtained. Additionally, new primers are described to 

amplify the almost complete amoCAB operon of AOB belonging to 

betaproteobacteria (beta-AOB), generating products of about 3,000 bp that were 

useful for nested amplifications to increase the sensitivity of detection of these 

functional genes in environmental samples. A primer pair for DGGE analysis of 

amoA and specific primers for gamma-AOB are also described. With this strategy we 

detected differences in the composition of AOB communities in various environments 

including soil, the Jordan River, lakes and the Baltic Sea.  

 

 

 

INTRODUCTION 

 
Ammonia-oxidizing bacteria (AOB) are chemolithoautotrophic Gram-negative 

proteobacteria that fix CO2 with the reducing power obtained from ammonia 

oxidation (Prosser, 1989). They belong to two monophyletic lineages: Nitrosomonas 

spp. (including Nitrosococcus mobilis) and Nitrosospira spp. (including Nitrosolobus 

and Nitrosovibrio) form a closely related clade within the beta subclass of 

proteobacteria (beta-AOB); whereas Nitrosococcus oceani is affiliated to the gamma 

subclass (gamma-AOB) of proteobacteria (Head et al., 1993; Purkhold et al., 2000; 

Purkhold et al., 2003).  

 

Characterization of the species composition and diversity of AOB 

communities in nature has been hampered for a long time by the difficulties in 
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isolation and culture of these microorganisms. The analysis of AOB communities has 

become accomplishable by applying culture-independent molecular approaches, 

which are based on the amplification of 16S rRNA genes (16S rDNA) by PCR (Bothe 

et al., 2000; Kowalchuk and Stephen, 2001) or the detection of 16S rRNA by FISH 

(Wagner et al., 1993; Wagner et al., 1995; Mobarry et al., 1996). 16S rDNA is a good 

phylogenetic marker, but it is not necessarily related to the physiology of the target 

organisms (Kowalchuk and Stephen, 2001; Calvó and Garcia-Gil, 2004). Therefore, 

functional markers such as the genes encoding for key enzymes involved in their 

metabolism, provide an alternative in ecological studies (Rotthauwe et al., 1997). 

Diversity studies of AOB based on the sequence analysis of one of these genes, amoA, 

have shown a higher resolution to separate closely related strains (Rotthauwe et al., 

1997; Alzerreca et al., 1999; Aakra et al., 2001a; Norton et al., 2002).  

 

The ammonia monooxygenase (AMO) is a membrane-bound multiple subunit 

enzyme responsible for the conversion of ammonia to hydroxylamine (Hyman and 

Arp, 1992). The structural subunits of AMO in AOB are encoded by the genes amoC, 

amoA (containing the active site) and amoB, which are organized in one operon 

(Norton et al., 2002). The physical organization of the operon seems to be conserved 

in all AOB; multiple copies have been reported for beta-AOB (Norton et al., 2002), 

whereas so far it seems that a single copy is present in gamma-AOB (Alzerreca et al., 

1999). 

 

Since the publication of the first amoA sequence of Nitrosomonas europaea 

(McTavish et al., 1993), the number of partial and full-length sequences available in 

public databases has increased significantly. Several PCR primers to amplify amoA 

have been published (Holmes et al., 1995; Sinigalliano et al., 1995; Rotthauwe et al., 

1997; Juretschko et al., 1998; Nold et al., 2000; Purkhold et al., 2000; Hoshino et al., 

2001; Nicolaisen and Ramsing, 2002; Norton et al., 2002; Okano et al., 2004). The 

analysis of AMO-encoding genes has been extended to amoC and amoB (Purkhold et 

al., 2000; Norton et al., 2002; Calvó and Garcia-Gil, 2004), and more recently 

functional genes homologous to those in AOB have been described in archaea 

(Könneke et al., 2005; Treusch et al., 2005). Some of these primers were designed 

when only few sequences were available. Considering the new sequence information 

accumulated in recent years, including the complete genome of Nitrosomonas 
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europaea (Chain et al., 2003) and the draft sequences from the genomes of 

Nitrosospira multiformis and Nitrosococcus oceani, sequence analysis can contribute 

to estimate the advantages and failures of the available primers, and to assist the 

development of new strategies to study the structure of AOB communities. In this 

study we used all available amoCAB sequences from recognized AOB species, and 

whenever possible also the sequences from uncultured clones to characterize the 

published PCR primers and to propose new primers for the amplification of the 

amoCAB operon.  

 

 

 
RESULTS AND DISCUSSION 

 

Sequence analysis of amoA primers  

Analysis of the primers in this study was carried out using the software Oligo 

6.0 (Table I-1). Sequence matching of the amoA primers was analyzed in the ARB 

database prepared in this study. The complete alignment extended over 829 nucleotide 

positions numbered according to the sequence of Nitrosomonas europaea (L08050). 

The majority of the amoA sequences were concentrated in the region between 

positions 340 to 802. Therefore, the comparison of primers annealing outside of this 

region was limited to only a few sequences from the clusters: Nitrosospira cluster 3, 

Nitrosomonas europaea, Nitrosomonas oligotropha, Nitrosomonas cryotolerans, 

gamma-AOB, and Methylococcus capsulatus (Table I-2).  

 

The primer pair AMO-F (amoA21f) and AMO-R (amoA686r) (Sinigalliano et 

al., 1995), had been derived from one sequence of Nitrosomonas europaea available 

at that time, and proved to be highly specific for the Nitrosomonas europaea cluster 

(Table I-2). The forward primer AMO-F (amoA21f) has three to five mismatches with 

some sequences of Nitrosospira cluster 3, and more than five mismatches with 

Nitrosospira multiformis, two sequences from Nitrosomonas oligotropha cluster, 

Nitrosomonas cryotolerans, gamma-AOB and MOB. In the GenBank search, the 

primer matched perfectly sequences from Nitrosomonas europaea and a probable 
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Table I-1: Comparison of the primer sequences with the ARB database. Sequences of beta-AOB 
were grouped in clusters according to their 16S rDNA phylogeny following the cluster 
designation of Purkhold et al., (2003). Sequences not grouped in any cluster are indicated as “no 
cluster”. The number of mismatches is given in each box.  Color coding: gray= no sequence in 
this area; black= more than 5 mismatches; blue gradient = increasing weight of the mismatches 
(see methods) starting in 0 (white) to more than 4 (dark blue).  For the explanation of new primer 
designation see Table I-1 and text. Sequences from this study are indicated in bold.  
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Nitrosospira sp. III2 AJ298694                                 4 3 0 2           

Nitrosospira sp. Nsp5 AY123834                                 4 3 0 2           

Nitrosospira sp. Nsp12 AY123823                                 4 3 0 2           C
lu

st
er

 0
 

Nitrosospira sp. 40KI AJ298687                                 4 3 0 2           

Nitrosospira sp. B6 AJ298690                                 4 3 0 2           

Nitrosospira sp. III7 AJ298695                                 4 3 0 2           

Nitrosospira sp. O4 AJ298723                                 4 3 0 2           

Nitrosospira sp. O13 AJ298722                                 4 3 0 2           C
lu

st
er

 2
 

Nitrosospira sp. L115 AJ298698                                 4 3 0 3           

Nitrosospira briensis U76553 3 3 0   4 0 0 0 0 1   1 0 1 0       4   3 2 2 3 2 

Nitrosospira multiformis AF042171   3 2   3 0 0 1 0 2 4 2 2 2 0   4 2 1 2 3 2 2 3 2 

Nitrosospira multiformis AY177933           0 0 1 0 2 4 0 1 1 0     2 2 2           

Nitrosospira tenuis AY123824                                 4 3 2 3           

Nitrosovibrio tenuis U76552 5 2 0   3 0 0 0 0 1   1 2 4 0   4 4 3   1 0 0 1 0 

Nitrosospira sp.  U31655                   1   2 2 2 0                     

Nitrosospira sp. 24C AJ298685                                 4 2 2 3           

Nitrosospira sp. A16 AJ298688                                 4 2 2 3           

Nitrosospira sp. AF AJ298689                                 4 2 2 3           

Nitrosospira sp. L115 AY123817                                 4 2 2 3           

Nitrosospira sp. L13 AJ238542                                   4 1 2           

Nitrosospira sp. LT1FMf AY189144                           2 0       4   2 1 1 2   

Nitrosospira sp. LT2MFa AY189145                           2 0       4   2 1 1 2   

Nitrosospira sp. NI5 AY123832                                 4 4 3 3           

Nitrosospira sp. NpAV AF032438 5 3 1   4 0 0 1 0 0   0 1 2 0   4 3 1 3 3 2 2 3 2 

Nitrosospira sp. Nsp1 AY123828                                     4             

Nitrosospira sp. Nsp2 AJ298719                                 3 2 1 2           

Nitrosospira sp. Nsp2 AY123822                                   2 1 2           

Nitrosospira sp. Nsp17 AY123825                                 4 2 2 3           

Nitrosospira sp. Nsp40 AY123840                                     4             

Nitrosospira sp. Nsp62 AY123837                                     4             

Nitrosospira sp. Nsp65 AY123839                                   3 2 2           

Nitrosospira sp. Nsp65 AY123838                                 3 3 2 2           

Nitrosopira sp. Np 39-19 AF042170           0 0 0 0 1 4 0 0 2 0   4 4 4   1 0 0 1 1 

C
lu

st
er

 3
 

Nitrosospira sp. Nv6 AY123826                                 4 4 3             

Nitrosospira sp. CT2F AY189143                           1 0     3 1 3 2 1 1 2   

Nitrosospira sp. Ka3 AJ298696                                   3 1 3           

C
lu

st
er

 4
 

Nitrosospira sp. Ka4 AJ298697                                   3 1 3           

Nitrosospira sp. Nsp41 AY123833                                 4 3 1 3           

Nitrosospira sp. Nsp58 AY123836                                   2 1 3           

Nitrosospira sp. Nsp57 AY123835                                 4 4 4             

N
o 

cl
us

te
r 

Nitrosospira sp. NI20 AJ298703                                 4 4 3 4           
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Table I-2: continued. 
 

   Original designation 
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9 
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FF
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F 
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F 
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A
33
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    A

M
O
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A
68

2 
m

od
 

A
68

2 
A

M
O

-R
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oA

-2
R

' 
am

oA
-2

R
 

am
oA

-2
R

TG
 

am
oA

-2
R

TC
 

30
2R

 

 

  New designation  

 

S
tra

in
 

A
cc

es
si

on
 

am
oA

21
f 

am
oA

34
f 

am
oA

40
f 

am
oA

49
f 

am
oA

60
r 

am
oA

12
1f

 
am

oA
15

1f
 

am
oA

15
4f

 
am

oA
15

4f
s 

am
oA

18
7f

 
am

oA
31

0f
 

am
oA

33
2f

 
am

oA
33

2f
H

Y
 

am
oA

33
7p

 
am

oA
35

9r
C

 
am

oA
62

7r
 

am
oA

66
5r

 
am

oA
68

0r
 

am
oA

68
1r

 
am

oA
68

6r
 

am
oA

82
0r

 
am

oA
82

2r
 

am
oA

82
2r

TG
 

am
oA

82
2r

TC
 

am
oA

82
8r

 

Nitrosomonas europaea L08050 0 2 0   3 0 1 2 1 0 4 1 1 0 1   0 2 1 0 0 0 0 1 0 

Nitrosomonas eutropha AY177932           2 1 2 1 2 4 0 1 4 2   1 3 3 2           

Nitrosococcus mobilis AF037108 0 2 0   3 0 1 2 1 0 4 1 1 0 1   0 2 1 0           

Nitrosomonas sp. F3 AJ298691                                 1 3 3 2           

Nitrosomonas sp. F6 AJ298693                                 1 3 3 2           

Nitrosomonas sp. GH22 AF327917 1 2 0   4 2 1 2 1 2 4 0 1 4 2   2 3 3 2 2 1 1 2 1 

Nitrosomonas sp. Nm93 AF272401                                 2                 

Nitrosomonas sp. Nm103 AF272411                                 0 2 1 0           

Nitrosomonas sp. Nm104 AF272409                                 2                 

Nitrosomonas sp. Nm107 AF272407                                 2                 

N
m

. e
ur

op
ae

a 

Nitrosomonas sp. TK794 AB031869 1 2 0   4 1 1 2 1 2 4 0 1 4 2   2 3 3 2 2 1 1 2 1 

Nitrosomonas communis AF272399                                 4 2   4           

Nitrosomonas nitrosa AF272404                               5 2 4 4 4           

Nitrosomonas sp. Nm33 AF272408                                 2 3 3 3           

Nitrosomonas sp. Nm41 AF272410                                 1 2 3 4           

Nitrosomonas sp. Nm58 AY123820                                 2 2 4 4           N
m

. c
om

m
un

is
 

Nitrosomonas sp. Nm148 AY123815                                 2 4 4 4           

Nitrosomonas aestuarii AF272400                                 2 1 3 3           

Nitrosomonas marina AF272405                                 4 2 3 3           

Nitrosomonas sp. C-113a AF339042             0 1 0 2   1 2 2 0   4 3 2             

Nitrosomonas sp. C-45 AF339041             0 1 0 1 3 1 0 2 0   3                 

Nitrosomonas sp. Nm51 AF272412                                 4 3 3 2           

Nitrosomonas sp. NO3W AF339039             0 1 0 1 3 1 0 2 0   3 2 2             

Nitrosomonas sp. TA-921-I-NH4 AF339043             0 2 0 1   1 2 2 1     2 2             

N
m

. m
ar

in
a 

Nitrosomonas sp. URW AF339040             0 1 0 1 3 1 0 2 0   3                 

Nitrosomonas oligotropha AF272406                                 2 4 2 2           

Nitrosomonas ureae AF272403                                 4 4 4 4           

Nitrosomonas sp. AL212 AF327918   3 0   5 4 1 2 1 2 4 1 1 4 2   4 2 3 3 2 3 3 2 3 

Nitrosomonas sp. JL21 AF327919   2 0   4 2 1 3 1 1 4 2 1 5 2   3 3 1 1 2 3 3 2 3 

Nitrosomonas sp. Nm143 AY123816                                   2 2 2           

Nitrosomonas sp. Nm47 AY123830                                 3 4 3 3           

Nitrosomonas sp. Nm59 AY123831                                 2 4 3 4           

Nitrosomonas sp. Nm84 AY123818                                 2 3 1 1           

N
m

. o
lig

ot
ro

ph
a 

Nitrosomonas sp. Nm86 AY123819                                 2 3 2 2           

Nitrosomonas cryotolerans AF314753   4 3     0 0 0 0   4 0 1 2 2   4       2 2 2 2 4 

Nitrosomonas halophila AF272398                                 3 4 4 4           

Nitrosomonas halophila AY026907                                 4 4 4 4           

N
o 

cl
us

te
r 

Nitrosomonas oligotropha AJ298709                                 3 4 4 4           

Nitrosococcus oceani AF047705       0     0 3 0   1         0   2 3             

Nitrosococcus halophilus AF272521                     0         3   4 4             

N
c.

 o
ce

an
i 

Nitrosococcus sp. C-113 AF153344       0     1 4 1   1         0   2               

Methylocaldum gracile U89301             0 2 0   2                             

Methylocaldum tepidum U89304             0 2 0   3         1                   

Methylocapsa acidiphila AJ278727                     2                             

Methylococcus capsulatus L40804             0 2 0   3             2 1 3           

Methylohalobius crimeensis AJ581836                     3         2                   

Methylomicrobium album U31654                     3         1                   

Methylomonas methanica U31653                     2         3                   

Methylosarcina lacus AY007286             0 3 0   3         2                   

Methylothermus thermalis AY829010                     3                             

M
O

B 

Methylobacter sp. LW12 AY007285             0 3 0   2         2                   
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aminopeptidase of Pirellula sp. strain 1 (BX294141). Additionally, the comparison 

with clonal sequences from uncultured organisms showed that this primer has five 

mismatches to another region of pmoA. AMO-R (amoA686r) matched perfectly only 

three sequences of the Nitrosomonas europaea cluster, but possessed two to more 

than five mismatches with other sequences of this cluster. It has also two to four 

mismatches with almost all sequences from cultured beta-AOB, 1,190 sequences from 

uncultured beta-AOB, and pmoA from Methylococcus capsulatus. According to the 

sequence analysis, this primer pair may be suitable to amplify AOB closely related to 

Nitrosomonas europaea and exclude other AOB groups under stringent PCR 

conditions. The experimental evaluation (Sinigalliano et al., 1995) had shown that this 

primer pair can also amplify amoA from Nitrosomonas cryotolerans and 

Nitrosococcus oceani, but this should be possible only using PCR conditions favoring 

low specificity. 

 

 

 
Figure I-1: Schematic diagram of the amoCAB operon in beta- (A) and gamma-AOB (B). IS= 
intergenic regions. The position and orientation of the different primers are shown by arrows. 
For primer designation see Tab. 1. 

 
 
Consequently, only few primers have been described to amplify these genes. 

Primer 305F (amoC763f) (Norton et al., 2002) was designed to be used in 

combination with 304R (amoA60r) to generate a PCR product encompassing the 3’ 

end of amoC, the intergenic region with amoA and the 5’ part of amoA (see Fig. I-1). 

Alignment with amoC sequences showed that primer 305F (amoC763f) does not 

match perfectly any of the sequences analyzed (Fig. I-2) and it possesses a significant 

difference in the melting temperature (Table I-1) with 304R (amoA60r). It has 

between one to six mismatches with beta-AOB and more than 10 mismatches with 
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gamma-AOB and MOB. The two copies of amoC that are not located in the amoCAB 

operon of beta-AOB had more mismatches at different positions with the primers 

(Fig. I-2), suggesting that these genes might have evolved separately and that they 

could be targeted specifically. 

 

 
Figure I-2: Alignment using CLUSTALW of amoC primers with all sequences available. Matches 
with the primer sequences are indicated by dots. Matches in wobble positions are shown shaded. 

 

The primer amoB-4R (amoB44r) (Purkhold et al., 2000) which was designed 

to amplify amoAB from Nitrosococcus halophilus in combination with the primer 

amoA-3F (amoA 310f), does not match perfectly any sequence analyzed (Fig. I-3). 

This region is not highly conserved neither in gamma- nor in beta-AOB. 

 

 
Figure I-3: Alignment using CLUSTALW of amoB primers with all sequences available. Matches 
with the primer sequences are indicated by dots. Matches in wobble positions are shown shaded. 
Dashes represent gaps in the alignment. 



 
3. RESULTS-I 

 34

The primer pair amoBMf (amoB160f) and amoBMr (amoB660r) (Calvó and 

Garcia-Gil, 2004) has been published recently in order to use amoB as an alternative 

molecular marker for AOB. Both primers target regions relatively conserved in beta- 

and some gamma-AOB (Fig. I-3), but so far they have not been use extensively in 

environmental samples. The annealing temperature suggested for this primer pair 

(Calvó and Garcia-Gil, 2004) is significantly higher than the calculated values (Table 

I-1). 

 

 
Figure I-3. continued. 

 
 

The primer 308R (amoB506r) (Norton et al., 2002) was proposed to be 

combined with 305F (amoC763f) as an alternative to obtain the full length of the 

amoA gene and its flanking regions. In the alignment with amoB sequences (Fig. I-3), 

this primer had 10 to 11 mismatches with sequences from gamma-AOB and therefore 

it is probably suitable only for beta-AOB. 
 

Very recently the amoB sequences from two archaea have been deposited in 

GenBank (Könneke et al., 2005; Treusch et al., 2005). These partial sequences were 

too short for sequence comparison with the majority of primers analyzed here. The 

primers amoBMf (amoB160f) and 308R (amoB506r) presented more than 12 

mismatches and are not expected to target these sequences.  
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Description of new primers for amplification of the amoCAB operon  

Various motivations lead us to search for new primers for different pieces of 

the amoCAB operon. Conventional PCR approaches are often not sensitive enough to 

amplify functional genes from many natural habitats with low abundances of AOB. 

Nested PCR approaches for any of the amo genes could be useful to solve this 

problem, as has been demonstrated for 16S rDNA (Ward et al., 1997). However, 

adequate templates and internal primers need to be designed for this purpose.  

 

In order to amplify the almost complete amoCAB operon, sequence 

conservation was inspected in the few sequences available for the flanking genes 

amoC and amoB. The primers amoC58f and amoB1179r (Table I-1) were designed to 

amplify the largest segment possible of the operon, which includes the three genes 

and the intergenic regions. The size of the PCR product is variable due to differences 

in the length of the genes and especially of the intergenic regions, but should be 

around 2,900 bp. Matching of the primer amoC58f with the amoC sequences available 

in GenBank is shown in Fig. I-2. A BLAST search retrieved only sequences from 

beta-AOB and did not have any unspecific match. This primer matched perfectly the 

sequences from beta-AOB, excepted for the amoC copies of Nitrosomonas europaea 

and Nitrosospira sp. NpAV that are not located in an operon. These extra copies of 

amoC are expected to be excluded from the amplification due not only to the 

difference in the sequence but also to the use of the reverse primer amoB1179r, which 

is located at the end of the amoB gene. The primer amoB1179r matches in a highly 

conserved region of amoB from beta-AOB and Nitrosococcus halophilus (Fig. I-3). In 

a BLAST search, it matched all amoB from beta-AOB and it had one mismatch with a 

hypothetical protein of Geobacter metallireducens (CP000148). Considering that a 

loop formation was detected with Oligo 6.0 (Table I-1), the experimental annealing 

temperature was higher than the melting temperature of the primer in order to avoid 

the formation of loops. In a modification of this primer (amoB1179rGam) the 

specificity is shifted to target only gamma-AOB.  

 

The application of amoA for phylogenetic inference is partially limited due to 

short length and high conservation of the fragment analyzed (Purkhold et al., 2003). 

Therefore, one of the main challenges for applying this gene as a functional molecular 

marker is the search of primers that allow the amplification of a longer amoA piece. 
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Different conserved positions were detected in the amoA alignment. The primer 

amoA34f was designed to target positions close to 5’ region of the gene that can be 

use in combination with primers for the 3’ region of the gene such as amoA-2R 

(Rotthauwe et al., 1997) or 302R (Norton et al., 2002) to amplify almost the complete 

of amoA. This primer retrieved sequences from all beta AOB included in this study 

(Table I-2), and has been already used to characterized AOB communities in marine 

environments (Molina et al., 2007). The wider spectrum of beta AOB recognized by 

the primer, compared to the primer amoAF (Sinigalliano et al., 1995), makes them a 

better option for PCR in environments not dominated by Nitrosomonas-like AOB.  

 

The primers amoA121f and amoA359rC were designed to amplify an internal 

fragment from beta-AOB suitable for DGGE. The primer amoA121f matches 

perfectly all Nitrosospira spp. and some Nitrosomonas spp. and with one to four 

mismatches Nitrosomonas eutropha, Nitrosomonas sp. GH22, Nitrosomonas sp. 

TK794, Nitrosomonas sp. AL212, Nitrosomonas sp. JL21. It has more than 5 

mismatches with sequences from gamma-AOB (Table I-2). The reverse primer 

amoA359rC, having 9 bases overlap with amoA-1F (amoA332f) (Rotthauwe et al., 

1997), matches perfectly the sequences from all Nitrosospira clusters and displays 

high similarity with the Nitrosomonas clusters. A former version of the primer 

combination amoA121fgc-amoA359r designed in our laboratory was used in the past 

by other research groups to analyze the impact of soil management on the diversity of 

AOB in soil (Webster et al., 2002). The primer amoA359rC reported in this 

manuscript is an improved variant of the originally primer designated amoA4-R, 

which was used in the DGGE without wobble positions to avoid artifacts. Besides the 

use of this primer combination for DGGE, the size of the expected PCR product 

makes it also potentially useful for quantification of AOB by real time PCR. 

 

           Although the number of amoA sequences from gamma-AOB is very limited 

(only two complete sequences), the primer pair amoA49f and amoA627r was 

designed to tentatively amplify a fragment of 559 bp exclusively from gamma-AOB. 

These primers, when checked in GenBank by BLAST, matched only the sequences 

used for primer design. Similarly, the evaluation in ARB showed that the forward 

primer matches only the two gamma-AOB while the reverse primer has three 

mismatches with Nitrosococcus halophilus but no mismatches with Nitrosococcus 
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oceani. Between one and three mismatches were recorded with some MOB and more 

than five with all beta-AOB (Table I-2). These primers have a similar melting 

temperature (Table I-1), desirable for specific amplification.   

 

 

Figure I-4. Agarose gel electrophoresis of PCR products amplified with the primers amoC58f-
amoB1179r from genomic DNA of recognized AOB species (A) and environmental samples (B). 
M= 1 Kb ladder; B=Negative control. 

 

Experimental evaluation of the new PCR primers  

           The primers designed in this study were used to amplify almost the complete 

amoCAB operon from named species of AOB and environmental samples. A product  

of about 3,000 bp was obtained from genomic DNA of Nitrosomonas europaea, 

Nitrosovibrio tenuis and Nitrosospira briensis (Fig. I-4). Some environmental 

samples and a positive control were selected for testing a nested PCR approach (Fig. 

I-5). A PCR product was visible in the amplification with genomic DNA from 

Nitrosomonas europaea after 25 cycles with the most distant primers (amoC58f and 

amoB1179r), but not in the environmental samples (Fig. I-5A). Further nested 

amplification with the primer combination amoA121fgc-amoA359rC, using these 
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PCR products as templates, produced a fragment of the expected size (around 230 bp; 

Fig. I-5B). 

 

 
Figure I-5: Evaluation of the nested PCR approach and the DGGE for analyzing AOB in 
environmental samples. A. PCR with the primers amoC58f-amoB1179r directly from DNA. B. 
Nested PCR with the primers amoA121fgc-amoA359rC from the products shown in A. C. DGGE 
profiles of PCR amplicons obtained with the primers amoA121fgc-amoA359rC from 
environmental samples and Nitrosomonas europaea shown in B. Amplicons from Nitrosospira 
briensis and Nitrosovibrio tenuis were included in the DGGE. M= 1 Kb ladder; B=Negative 
control. 
 

Differences in the AOB community composition were evaluated by DGGE 

(Fig. I-5C). Nitrosomonas europaea, Nitrosovibrio tenuis and Nitrosospira briensis 

were used in the analysis. Although, more than one band was present on the DGGE 

gel, each culture produced a dominant band at different positions in the gradient: the 

band from Nitrosomonas europaea was located at around 45%, the band from 

Nitrosovibrio tenuis at 55%, and the one from Nitrosospira briensis at around 65% of 

denaturant concentration. Each environmental sample was characterized by a specific 
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pattern of bands. 
 

Table I-3: Identification of bands excised from the DGGE gel shown in Fig. I-5. The first BLAST 
hit of an identified species is given, as well. 
 

Band 
no Sample  lenght 

(bp)  First hit in BLAST (Accession) Identity 
(%) 

 First identified hit in BLAST 
(Accession) 

 Identity 
(%) 

1 Soil  218 
 Uncultured ammonia-oxidizing 
bacterium clone slEASLc44 
(AY177930) 

 97  Nitrosospira sp. 40KI 
(AJ308612) 98 

2 Soil  221 
 Uncultured ammonia-oxidizing 
bacterium clone slEASLc44 
(AY177930) 

 97  Nitrosospira sp. NpAV 
(U92432)  94 

3 Soil  215 
 Uncultured ammonia-oxidizing 
bacterium clone slEASLc44 
(AY177930) 

 96  Nitrosospira sp. 40KI 
(AJ308612)  98 

4 Soil  214 
 Uncultured ammonia-oxidizing 
bacterium clone slEASLc44 
(AY177930) 

 97  Nitrosospira sp. 40KI 
(AJ308612)  98 

5 Soil  211 
 Uncultured ammonia-oxidizing 
bacterium clone slGMSLc3 
(AY177931) 

 96  Nitrosospira sp. 40KI 
(AJ308612)  99 

6 Soil  212 
 Uncultured ammonia-oxidizing 
bacterium clone slGMSLc3 
(AY177931) 

 96  Nitrosospira sp. 40KI 
(AJ308612)  99  

7 Jordan river 218 
 Uncultured ammonia-oxidizing 
bacterium clone slEASLc41a 
(AY177929) 

 96  Nitrosospira multiformis 
(AY177933) 96 

8 Jordan river 219  Nitrosospira sp. NpAV copy 3 
(U92432)  91  Nitrosospira sp. NpAV copy 3 

(U92432)  91 

9 Jordan river 222 
 Uncultured ammonia-oxidizing 
bacterium clone slGMSLc3 
(AY177931) 

 98  Nitrosospira sp. 40KI 
(AJ308612)  99 

10 Lake 
Schöhsee 228  Nitrosospira sp. NpAV copy 2 

(AF016003)  87   Nitrosospira sp. NpAV copy 2 
(AF016003)  87  

11 Lake 
Plußsee 133  Uncultured beta proteobacterium 

DGGE band U4a(3)B (AJ308620)  96  Nitrosospira sp. (X90821)  93 

12 Lake 
Plußsee 220  Uncultured beta proteobacterium 

DGGE band U4a(3)B (AJ308620)  100  Nitrosospira sp. NpAV copy 3 
(U92432)  95 

13 Lake 
Plußsee 207  Nitrosospira sp. NpAV copy 3 

(U92432)  94  Nitrosospira sp. NpAV copy 3 
(U92432)  94 

14 Lake 
Plußsee 202 

 Uncultured ammonia-oxidizing 
bacterium clone slGMSLc3 
(AY177931) 

 96  Nitrosospira sp. 40KI 
(AJ308612)  99 

15 Lake 
Plußsee 197 

 Uncultured ammonia-oxidizing 
bacterium clone slGMSLc3 
(AY177931) 

 94  Nitrosospira sp. NpAV copy 3 
(U92432)  92 

16 Baltic Sea 220 
 Uncultured ammonia-oxidizing 
bacterium clone slGMSLc3 
(AY177931) 

 96  Nitrosospira sp. 40KI 
(AJ308612)  99 

17 Standard 226  Nitrosomonas europaea ATCC 
19718 (BX321863)  98  Nitrosomonas europaea 

ATCC 19718 (BX321863)  98 

18 Standard 221  Nitrosovibrio tenuis (U76552)  100   Nitrosovibrio tenuis (U76552)  100  

19 Standard 228  Nitrosospira briensis (U76553)  99  Nitrosospira briensis 
(U76553)  99 
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The most prominent bands from each pattern were excised from the gel and 

sequenced. All the sequences matched amoA when compared to GenBank entries by 

BLAST (Table I-3). In all the cases, the first hit corresponding to an identified species 

was related to the Nitrosospira lineage. The most complex communities were 

observed  in rhizospheric  soil  and  Lake Plußsee,  whereas  the communities in Lake 

Schöhsee and the Baltic Sea were dominated by a single band.  In some cases, the first 

hit in BLAST was the same for bands from different samples and in different 

positions in the gel, e.g. bands 5 and 6 (rhizospheric soil), 9 (Jordan River), 14 and 15 

(Lake Plußsee) and 16 (Baltic Sea) matched the uncultured ammonia-oxidizing 

bacterium clone slGMSLc3. However, alignment of the sequences and the identity 

level obtained in BLAST (Table I-3) showed that the bands migrating in different 

positions in the gel corresponded to different sequences. The occurrence of the same 

BLAST hit in bands located at different positions in the gel can be explained by the 

low number of environmental sequences in the database for the region amplified with 

the primers amoA121fgc-amoA359rC. 
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ABSTRACT 

  

A novel PCR strategy involving nested amplification was assayed for the 

analysis of various regions of the complete amoCAB operon in ammonia-oxidizing 

bacteria belonging to the beta subclass of proteobacteria (beta-AOB). Primers to 

amplify the whole amoCAB and the different subunits and intergenic regions were 

applied. The fragments obtained were analyzed by cloning and sequencing and 

showed different grades of identity to amoCAB sequences in the database. 

Environmental sequences retrieved by this approach formed clusters separated from 

those of cultured ammonia-oxidizing bacterial species. By multiple alignments, one 

environmental sequence of amoCAB (2901 bp) could be reconstructed. This approach 

allows retrieving amoCAB sequences from environmental samples and open new 

insights on the study of the evolution and function of these coupled genes. 

 

 

 

INTRODUCTION 
 
 Ammonia oxidation to nitrite, the first step in nitrification, is primarily 

mediated by chemolitoautotrophic microorganisms belonging to beta- and 

gammaproteobacteria (Prosser, 1989; Head et al., 1993; Teske et al., 1994; 

Kowalchuk and Stephen, 2001) and archaea (Könneke et al., 2005; Treusch et al., 

2005). In order to examine the diversity of the ammonia-oxidizing bacteria (AOB) 

several molecular tools have been developed (Bothe et al., 2000; Kowalchuk and 

Stephen, 2001; Prosser and Embley, 2002). One of these techniques, targets the genes 

encoding the enzyme ammonia monooxygenase (AMO), which catalyzes the 

oxidation of ammonia to hydroxylamine (Hyman and Arp, 1992). The AMO is a 

membrane-bound multiple subunit enzyme encoded by the genes amoC, amoA 

(containing the active site) and amoB, which are organized into the amoCAB operon 

(Norton et al., 2002). Genes homologous to amoCAB have been also described in 

archaea (Könneke et al., 2005; Treusch et al., 2005), but with relatively low sequence 

similarity to their bacterial counterparts.  
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One of the limitations for the applicability of PCR detection of amoCAB genes 

is the relative low abundance of AOB in natural environments. Analysis based on 16S 

rRNA genes has shown that nested amplification can improve the detection of AOB 

(Ward et al., 1997). In this study we describe a novel PCR strategy that can be applied 

to amplify the different subunits of AMO in environmental samples using a nested 

PCR approach. This approach provides a more sensitive detection method and brings 

information on all the different subunits, which can be relevant to analyze the origin 

and evolution of this microbial group and its function in the environment.   

 

 

 

RESULTS AND DISCUSSION 
 

Nested PCR approach to amplify the amoCAB genes  

Several combinations of published (Holmes et al., 1995; Rotthauwe et al., 

1997; Norton et al., 2002; Calvó and Garcia-Gil, 2004) and newly designed PCR 

primers (Table II-1, Fig. II-1) were used to amplify different regions of the amoCAB 

operon in beta-AOB. Amplification of amoCAB with the primers 

amoC58f/amoB1179r (Fig. II-2A) produced a band of approximately 3,000 bp with 

beta-AOB  (Nitrosomonas europaea   ATCC   19718,   Nitrosomonas  eutropha  C-31 

ATCC 25978, Nitrosospira briensis C-128, Nitrosospira tenuis Nv1, Nitrosomonas 

sp. L13). The size of the amoCAB products in these beta-AOB was variable due to the 

variability of the intergenic spacer region between amoC and amoA in beta-AOB 

(Norton et al., 2002). This amplification did not produce any band with the gamma-

AOB (Nitrosococcus oceani ATCC 19707) nor with the type I and type II methane 

oxidizing bacteria (MOB) (Methylococcus capsulatus Bath NCIMB 11853,  

Methylocystis parvus OBBP)  (Fig. II-2A). In order to confirm the specificity of this 

amplification, amoCAB PCR products were used as template for amoA PCR with the 

primers amoA34f/amoA-2R, which produced one band of 789 bp in beta-AOB, but no 

products in gamma-AOB or MOB (Fig. II-2B).   
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Table II-1: Primers used to amplify fragments from amoCAB genes in betaproteobacterial 
ammonia-oxidizing bacteria. 

Primer Positiona Sequence 5’-3’ Reference 

amoC58f 58-72 CTA YGA CAT GTC RCT GTG G This study 

305F 763-786 GTG GTT TGG AAC RGI CAR AGC AAA (Norton et al., 2002) 

amoA34f 34-57 GCG GCR AAA ATG CCG CCG GAA GCG (Molina et al., 2007)  

amoA-1F 332-349 GGG GTT TCT ACT GGT GGT (Rotthauwe et al., 1997) 

amoA349r 332-349 ACC ACC AGT AGA AAC CCC This study 

amoA664f 664-681 GCS TTC TTC TCN GCS TTC This study 

A682 664-681 GAA SGC NGA GAA GAA SGC (Holmes et al., 1995) 

amoA802f 802-822 GAA GAA GGC TTT SCM GAG GGG This study 

amoA-2R 802-822 CCC CTC KGS AAA GCC TTC TTC (Rotthauwe et al., 1997) 

amoBMf 160-177 TGG TAY GAC ATK AWA TGG (Calvó and Garcia-Gil, 2004)

amoBMr 643-660 RCG SGG CAR GAA CAT SGG (Calvó and Garcia-Gil, 2004)

amoB1179r 1164-1179 CCA AAR CGR CTT TCC GG This study 
a
 Positions in the amoCAB gene of Nitrosomonas europaea ATCC 19718 (Accession number, BX321859). 

 

 

 

Figure II-1: Structure of amoCAB operon in β-AOB including intergenic space (IS) between 
amoC and amoA and designed PCR for this study. Initial PCR and 16 nested PCRs are described. 
The expected length of fragments is given in parenthesis. 
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Additional combinations of primers (see Table II-1, Fig. II-1) were used to 

amplify different regions of the  amoCAB operon using the initial  amoCAB  template. 

These combinations were tested in genomic DNA from Nitrosomonas europaea 

ATCC 19718 and total DNA extracted from an environmental sample. A total of 16 

nested amplifications were assayed, but only 10 of them produced a band of the 

expected size in both Nitrosomonas europaea and the environmental sample (primer 

combinations 1, 4, 5, 6, 7, 8, 9, 10, 13 and 14; Fig. II-3). In the primer combinations 

2, 3, 11 and 12, a product with the expected size was obtained from Nitrosomonas 

europaea, but no-amplification or a wrong size product was obtained for the 

environmental sample. Although, a band with the expected size was also observed in 

PCR with the primer combinations 15 and 16, the amplification was very inefficient 

in both Nitrosomonas europaea and the environmental sample.    

 

 

 

Figure II-2: Agarose gel electrophoresis of PCR products from amoCAB (approximately 3,000-
bp) (A) and of 789-bp fragments of the amoA (789-bp) (B) from ammonia-oxidizing bacteria and 
methane-oxidizing bacteria. Lane 1: Nitrosomonas europaea ATCC 19718; lane 2: Nitrosomonas 
eutropha; lane 3: Nitrosospira briensis; lane 4: Nitrosovibrio tenuis; lane 5: Nitrosomonas sp. L13; 
lane 6: Nitrosococcus oceani ATCC 19707; lane 7: Methylococcus capsulatus; lane 8: 
Methylocystis parvus; lane 9: Blank. 
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Figure II-3: amoCAB nested PCR amplification of Nitrosomonas europaea ATCC 19718 and 
Baltic Sea sediment with different primer combinations using amoC58f-amoB1179r PCR 
fragment. M = 1 kb Ladder; 1 = Baltic Sea sediment; 2 = Nitrosomonas europaea ATCC 19718; 3 
= Blank. 

 

 

Cloning and sequencing of amoCAB PCR products  

In order to better characterize the amoCAB products obtained from the 

environmental sample, the following PCR products were selected for cloning and 

sequencing: amoC58f/amoA349r (nested 1), 305F/amoA-2R (nested 5), amoA34f 

/amoBMr (nested 7), amoA34f-amoB1179r (nested 8), amoA-1F/amoB1179r (nested 

10) and amoA802f/amoBMr (nested 13). These combinations were selected because 

they represent different regions within the amoCAB operon, including amoC (nested 

1), the intergenic space (IS) between amoC and amoA (nested 1 and 5), amoA (nested 

1, 5, 7, 8 and 10) and amoB (nested 7, 8, 10 and 13). The cloning did not intended to 

thoroughly describe the diversity on the sample but rather to validate the 

methodological approach. Therefore, from each cloning only 12 clones were peaked 

randomly and checked for inserts. Finally, 47 clones containing a right-sized insert 

were obtained and the comparison of the sequences obtained with sequences 

deposited in the GenBank database showed that in all the cases the cloned products 

corresponded to the different subunits of AMO operon (see below). 
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Sequence analysis of clone libraries  

In the phylogenetic analysis, all amoC clones (766 bp; from the nested 1) 

formed a single cluster (Cluster C-I) that was related to Nitrosomonas (Fig. II-4A). 

The corresponding amoA sequences from the same clones were also grouped into a 

single cluster (Cluster A-I, Fig. II-4B), that also contained clonal sequences from 

products obtained with the nested 5 (305F/amoA-2R; 1 clone), nested 7 

(amoA34F/amoBMr; 3 clones), nested 8 (amoA34F/amoB1179R; 2 clones) and 

nested 10 (amoA-1F/amoB1179R; 5 clones). The cluster A-I was related to other 

sequences from Nitrosomonas spp., but formed an independent branch from cultured 

AOB species.  

 

 Since many of the amoA sequences analyzed here included the starting codon of 

the gene, the codon usage was analyzed in the clones. It has been noted before that the 

unusual start codon GTG is preferentially found in Nitrosomonas amoA, in contrast to 

the standard ATG start found in Nitrosospira strains (Norton et al., 2002). The 

analysis of the sequences included in the cluster A-I showed the triplet GTG as start 

codon, confirming their placement in the Nitrosomonas lineage.  

 

 Two additional amoA clusters related to Nitrosospira were observed (Fig. II-

4B). This clusters included most of the clones from the nested 5 (9 clones in cluster 

A-II and 2 clones in cluster A-II) and some of the clones of the nested 7 (2 clones in 

cluster A-II).  All this clones have the standard ATG start codon that has been 

observed in Nitrosospira strains (Norton et al., 2002). 

 

The phylogenetic analysis of the amoB sequences was in agreement with the 

results of amoA. The clones in the cluster B-I in phylogeny of amoB (Fig. II-4C) 

corresponded to those in the amoA cluster A-I, whereas the clones in cluster B-II 

corresponded to those included in amoA cluster A-II. The cluster B-I that was related 

to the Nitrosomonas lineage, included clones from the nested 7 (3 clones), 8 (2 

clones), 10 (5 clones) and 13 (amoA802F/amoBMr; 5 clones). The cluster B-II was 

related to the Nitrosospira lineage and contained sequences from nested 7 (2 clones) 

and nested 13 (5 clones).   
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Figure II-4: Phylogenetic tree based on AmoC (A), AmoA (B) and AmoB (C) sequences. 
Phylogenies were constructed with the PHYLIP subroutine by Fitch-Margoliash in ARB using 
Amo from Nitrosococcus occeani and Pmo from Methylococcus capsulatus and Methylocystis as 
outgroups. Clones in this study are shown in bold. Bootstrap values ≥90% (100 replicates) are 
indicated at the branch points in two different colors: black (100%), gray (95 - 99%) and white 
(90 - 95%). 
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Analysis of the intergenic region amoC-amoA and amoA-amoB 

Sequence analyses of cultured AOB species has indicated the existence of a IS 

between amoC and amoA. This region varies in size as well as in sequence, largely 

due to insertions and deletions of nucleotide blocks outside conserved regions (Norton 

et al., 2002).  The phylogenetic relevance  of the IS  region between  amoC and  amoA 

has never been considered, only the intergenic space (IS) between the 16S rRNA and 

the 23S rRNA genes has been used in the past to study the phylogeny of AOB (Aakra 

et al., 2001b).  

 

In the clones including amoC and amoA, an intergenic space between both 

genes was observed. For those clones obtained from the nested 1, the length of the IS 

varied between 136 to 138 bp, which is shorter than the IS reported for different 

species of identified ammonia-oxidizing bacteria (Norton et al., 2002). The length of 

the IS in some of the clones from the primer combination 305F/amoA-2R is similar to 

the IS of cultured AOB species (Norton et al., 2002). For example the clones 5-01, 5-

02, 5-04, 5-06, 5-08, 5-09, 5-10 and 5-12 (233 bp) produced an IS similar to the one 

reported for Nitrosospira sp. NpAV (223 bp), while in the clones 5-05, 5-07 and 5-11 

the length of the IS (426 or 428 bp) was similar to the one reported for Nitrosospira 

tenuis (427 bp).  

 

Although for the majority of the clones the phylogenetic analysis and the IS 

length showed correspondence, in some others like 5-01, 5-07 and 5-11, it did not, 

suggesting that other evolutionary processes can be occurring in this non-coding 

region, that are not observed in the coding areas of the operon.  

 

In all the clones related to Nitrosospira sp. the amoA was followed 

immediately by amoB. In contrast, a 1 bp overlap and shift in the open reading frame 

between amoA and amoB was observed in the clones related to Nitrosomonas sp.. 

This is in agreement with previous observations of the physical structure of the 

amoCAB operon indicating that in beta-AOB, amoA is either followed immediately by 

amoB, or there is a 1-bp overlap between both genes (Norton et al., 2002), whereas in 

gamma-AOB the genes amoA and amoB are separated by an intergenic space of 

approximately 65 bp (Alzerreca et al., 1999; Norton et al., 2002). 
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Figure II-5: Phylogenetic tree based on 263 amino acids of AmoA, constructed with the PHYLIP 
subroutine and Fitch-Margoliash method in ARB. Outgroups: AmoA from Nitrosococcus oceani 
and PmoA from Crenothrix polyspora, Methylococcus capsulatus and Methylocystis parvus. Clones 
from this study are coded as BS_amoA_CB and shown in bold; clones from our previous study 
are coded as Bsedi. Cluster designations are based on (Purkhold et al., 2000) and (Francis et al., 
2003). Bootstrap values ≥95% (100 replicates) are indicated at the branch points in two different 
colors: black (100%) and gray (95 - 99%). 
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Alignment of an environmental amoCAB sequence 

Using multiple alignments, the sequences from the six clone libraries were 

aligned in an attempt to reconstruct an environmental amoCAB sequence. One 

sequence of amoCAB (2901 bp) was assembled, with an overlapping approximately of 

300 bp in amoA. The assembled sequence contains amoC (766 bp), IS (136 bp), amoA 

(825 bp) and amoB (1177 bp, 1 bp overlap with amoA). The comparison of this 

environmental sequence with complete sequences from the amoCAB operon reported 

in GenBank showed as closest relative Nitrosomonas cryotolerance, with identities in 

the DNA sequence of 82% for amoC, and 78% for both amoA and amoB. The identity 

at the level of the protein sequence was of 92, 89 and 86% for amoC, amoA and 

amoB, respectively.  

 

 
Extended analysis of amoA sequences 

After the publication of the first amoA sequence from Nitrosomonas europaea 

(McTavish et al., 1993), the number of sequences of this gene in public databases has 

increased  enormously,   including  the  complete  genome  of   Nitrosomonas  

europaea (Chain et al., 2003), the genomes of Nitrosospira multiformis and 

Nitrosococcus oceani, and amoA sequences in metagenomic libraries (Venter et al., 

2004; Treusch et al., 2005). Despite this, due to the limitations of the primers used, up 

to date, more than 90 % of the amoA sequences in GenBank (≥ 2,500 sequences) are 

only partial sequences (about 500 bp from 800 bp possible). Although the potential of 

amoA as molecular markers has been widely recognized, the partial amoA/AmoA 

fragment analyzed in the vast majority of studies provides less resolution compared to 

16S rDNA, since its relative small size and the high sequence conservation of the 

stretch analyzed (Purkhold et al., 2003).  

 

Many of these limitations can be overcome by using primers that target a 

longer amoA fragment (Norton et al., 2002). The primer combination 

amoA34f/amoA-2R (nested 6) can be a very good alternative to target almost the 

whole amoA. In order to evaluate this, a clone library with PCR products using this 

primer pair was prepared. A total of 26 clones had an insert of the right size (789 bp). 

Although the efficiency of cloning was low, all the clones contained amoA sequences 

according to BLASTX (http://www.ncbi.nlm.nih.gov/blast/Blast) (Altschul et al., 
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1997). The deduced amino acid sequence of 25 clones was 91~93% identical with 

amoA from Nitrosomonas sp. AL212 (Acc. No. AF327918), while the deduced amino 

acid of one clone (BS_amoA_CB-26) was 90% identical with Nitrosospira sp. NpAV 

(Acc. No. U92432).  

 

A 789 bp region (corresponding to 263 amino acids) of the clonal amoA 

sequences was used to construct a phylogenetic tree. For comparative purposes this 

tree includes sequences of reference cultures of AOB and 22 clonal amoA sequences 

obtained in a previous, independent experiment from the same sample (Kim et al, in 

preparation).  

 

The clonal sequences from the Baltic Sea sediment-water interface fell into 

three clusters, a Nitrosospira-like cluster and two Nitrosomonas-like clusters (Fig. II-

5). The majority of clones was related to Nitrosomonas-like cluster A and B (cluster 

nomenclature according to (Purkhold et al., 2000) and (Francis et al., 2003)). One 

clone (BS_amoA_CB-26) was related to a Nitrosospira-like cluster. This distribution 

of the clones coincided with a previous study of the same sample based on 16S rDNA 

sequences (Kim et al., 2006). Also, the distribution of the clones obtained in this study 

coincided with amoA clones retrieved in a previous study from the same environment 

(clones coded by Bsedi in Fig. II-5). However, the Cluster C found in Bsedi was not 

observed in this clone library. 
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ABSTRACT 

 

One important pathway of the nitrogen cycle in aquatic environments is the 

oxidation of ammonia to nitrite by ammonia-oxidizing bacteria (AOB). In this study 

the composition of AOB communities was compared between fresh (lakes Plußsee 

and Schöhsee) and brackish (Baltic Sea) water at two different levels: i) between 

environments and ii) within different depths in each environment. Changes in the 

community structure were studied by denaturing gradient gel electrophoresis (DGGE) 

and clone libraries of PCR products of 16S rRNA genes (rDNA) from AOB of the 

beta subclass of proteobacteria. Each environment displayed a particular DGGE band 

pattern. In Plußsee and the Baltic Sea, the differentiation of communities in epi- and 

metalimnion from those in hypolimnion coincided with a distinct stratification of the 

water column. In Schöhsee with an aerobic hypolimnion, the communities at all 

depths were similar. AOB communities in sediments were different from those in the 

water column. The composition of clone libraries showed the presence of specific 

Nitrosomonas and Nitrosospira-like sequences in each environment and habitat.  

 

 

 

INTRODUCTION 
 

Nitrification, the microbiologically mediated two-step oxidation of ammonia 

to nitrite and then to nitrate, is an important process in aquatic environments. It links 

ammonia from different sources (organic matter mineralization or nitrogen fixation) 

to denitrification, which might result in the loss of nitrogen from the system in the 

form of gaseous dinitrogen (Ward, 2000). Nitrification is especially important in 

coastal and freshwater systems with elevated anthropogenic inputs of nitrogen, 

because it can lead ultimately to nitrate contamination, which produces eutrophication 

and ecosystem degradation (Seitzinger, 1988).   

 

The microorganisms responsible for the first step of nitrification, autotrophic 

ammonia-oxidizing bacteria (AOB), are extremely refractory to traditional laboratory 

culture techniques, making the study of their ecological importance and in situ 

diversity difficult (Koops et al., 2003). AOB are restricted to two monophyletic 
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clusters within the beta and gamma subclasses of proteobacteria, also called beta- and 

gamma-AOB (Head et al., 1993; Teske et al., 1994). This has facilitated the use of 

molecular markers targeting the 16S rRNA gene (16S rDNA) to study the distribution 

and diversity of AOB in various environments (Bothe et al., 2000; Kowalchuk and 

Stephen, 2001).  

 

Sequences from clone libraries recovered from different environments have 

shown that total diversity of AOB exceeds the diversity of culture collection isolates 

(Stephen et al., 1996). Available sequence information from cultured isolates 

identifies at least nine clusters within the beta-AOB (Purkhold et al., 2003). Two 

additional environmental clusters including 16S rDNA sequences from uncultured 

bacteria (Nitrosospira cluster 1 and Nitrosomonas cluster 5) that clustered in between 

the coherent group built by all known AOB have been proposed (Stephen et al., 1996; 

Kowalchuk et al., 1997). It has been shown that the occurrence of some of these 

clusters can be coupled with environmental gradients such as pH and ammonia 

concentration (Koops and Pommerening-Röser, 2001; Prosser and Embley, 2002).  

 

In marine sediments and open waters, specific groups of 16S rDNA sequences 

of AOB have been recorded. Sequences similar to Nitrosospira cluster 1 (Bano and 

Hollibaugh, 2000; Hollibaugh et al., 2002) and Nitrosomonas cluster 5 and 7 (Phillips 

et al., 1999; Hollibaugh et al., 2002), have been found in clone libraries from Arctic, 

Antarctic and Mediterranean waters, as well as in sediments from the Pacific 

Northwest, Scotland, and Netherlands (Kowalchuk et al., 1997; McCaig et al., 1999; 

Freitag and Prosser, 2003, , 2004). Relatively little is known about the diversity and 

distribution of AOB in freshwater lakes. A previous study including lakes in North 

Germany found that AOB species composition differs among depths in vertical 

profiles, and among samples and enrichments (Ward et al., 1997). Additionally, an 

apparently dominant group of AOB belonging to Nitrosomonas cluster 6 

(Nitrosomonas marina and Nitrosomonas oligotropha) has been detected in sediment 

and water samples from lakes in the Netherlands (Speksnijder et al., 1998).    

 

The aim of this study was to compare the composition of AOB communities in 

two lakes in North Germany (Lakes Plußsee and Schöhsee) and the Baltic Sea. The 

comparison was carried out at two levels: between different layers of the water 
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column and sediment, and between the environments. Differences in the community 

composition were analyzed by denaturing gradient gel electrophoresis (DGGE) and 

clone libraries of PCR products amplified in a nested PCR approach with primers 

specific for 16S rDNA of beta-AOB. 

 

 

RESULTS 
 
Hydrographic data 

 The two lakes (Plußsee and Schöhsee) and the Baltic Sea were 

sampled in the period of thermal stratification. For the comparison of the AOB 

communities, four layers were established according to the temperature and oxygen 

profiles (Fig. III-1). These depths included epi-, meta- and hypolimnion in the three 

environments. Although in Schöhsee a thermal stratification was observed, this did 

not cause the formation of a strictly anaerobic hypolimnion. Additionally, in one 

sample taken at the water-sediment interface, the proportion of particulate material 

from sediment was very high and therefore they will be denominated sediment. 

 

 
DGGE analysis of 16S rDNA  

DGGE with PCR products of the hypervariable V3 region of the 16S rDNA 

(Muyzer et al., 1993) showed differences in the beta AOB communities in samples 

from different depths of the same location and between environments. Data from 

several DGGE gels obtained from different PCR reactions from various filters and 

DNA extractions were compared in order to evaluate whether the differences were 

due to variability within the samples. In all the cases the resulting patterns showed to 

be highly reproducible (data not shown). For the different samples, few very intense 

bands were observed in the patterns (Fig. III-2). Baltic Sea 1 and 10 m shared the 

same band pattern, which was clearly differentiated from the one observed at 20 m 

and sediment. Sediment produced the most complex pattern and none of the bands 

observed in this sample had the same positions as bands observed in the water 

column. In Lake Plußsee a similar situation was observed with the samples from 1 

and 4 m sharing the same band patterns and with the differentiation of the samples at 

7 m and sediment. In contrast, samples from 1, 11, 12 and 14 m in Lake Schöhsee 
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presented a very similar band pattern, and only the sediment sample was clearly 

different.  
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Figure III-1: Depth profiles taken at the Baltic Sea, Plußsee and Schöhsee in September 2004. 
Temperature (n), dissolved oxygen (▲), and salinity in the Baltic Sea (g). Samples for 
community analysis were taken from different depths: in the Baltic Sea from 2, 10 and 20 m; in 
Plußsee from 1, 4 and 7 m; in Schöhsee from 1, 11, 12, and 14 and. Samples from the sediment 
were taken from 27.5 (Baltic Sea), 28 (Plußsee) and 22 m (Schöhsee). 

 

 

In order to compare different samples the bands in the DGGE gel were 

assigned to migration groups (see Fig. III-2A). Considering that DNA with different 

sequence can co-migrate to the same band position in the gel, these migration groups 

are not interpreted as a phylogenetic classification. For this comparison only very 

intense bands were taken into account, which produced 11 different migration groups. 

Some groups were commonly observed in samples from different locations. Migration 

group B was observed in all sediment samples, whereas group C was only detected in 

sediment samples from the lakes. Group H was detected with different intensities in 

the water column of both lakes and in sediment from Lake Plußsee. 
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Figure III-2: DGGE (A) and cluster (B) analysis of 16S rDNA AOB-specific PCR products from 
various depths of the Baltic Sea, Plusssee and Schöhsee. Cultures from AOB were used as 
standards. Arrows in A show the migration groups defined in the text. 
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Cluster analysis, principal component analysis (PCA) and multidimensional 

scaling (MDS) were used to analyze the existence of common patterns between the 

samples. These analyses produced a similar ordination (data not shown) and therefore 

only data from the cluster analysis are shown. In a cluster analysis three clusters were 

observed: the first containing all sediment samples, the second the samples of water 

column from lakes and the last one with the samples from the Baltic Sea (Fig. III-2B). 

This analysis also showed that samples from the sediment of the three environments 

are more similar between them, than with samples from their respective water 

column. The formation of these clusters was confirmed independently by analysis of 

similarity (ANOSIM). This analysis showed that the formation of groups separating 

sediment samples, lake water column and the water column from the Baltic Sea was 

statistically significant.  

 

The grouping of the samples according to the DGGE patterns was compared 

with environmental data in order to find which variable explained the separation of 

the samples best. We observed that oxygen and the combination of oxygen and 

temperature had the highest predictive capacity. 

 

 

Recovery of AOB from clone libraries of 16S rDNA PCR products 

Seven samples (Baltic Sea 2 and 20 m; Plußsee 1 and 7 m; Schöhsee 1 m; 

sediment from the Baltic Sea and Plusssee) were selected to construct clone libraries. 

These samples were selected because their DGGE band pattern contained all the 

bands observed in the different environments. From a total of 541 clones screened by 

one-shot sequencing, 538 clones (99.4%) were assigned to proteobacteria by 

comparison with the hierarchy browser of the ribosomal database project (RDP). The 

rest of the clones belonged to unclassified bacteria. Within the proteobacteria, 533 

sequences were assigned to the beta subclass. Not all sequences from 

betaproteobacteria did belong to AOB. The percentage of AOB differed in each clone 

library (Table III-1). In the Baltic Sea the clone libraries from 20 m and sediment 

were dominated by AOB-like sequences, while at 2 m only three sequences were 

classified as such. Most of the sequences from 1 and 7 m of Plußsee were not related 

to AOB, which only dominated in the clone library from the sediment. All clones 

from Schöhsee 1 m belonged to betaproteobaceria, none was classified as AOB.  
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Table III-1: Summary of clone recovery in the different sampling sites including the number and 
percentage of clones assigned to ammonia-oxidizing bacteria (AOB). 

Ammonia-oxidizing bacteria Sample Site Depth Total No. 
of clones Nitrosospira Nitrosomonas Total No. of AOB % 

2 m 80 2 1 3 3.8 
20 m 91 90 1 91 100.0 Baltic Sea 

Sediment 71 0 67 67 94.4 
       

1 m 72 1 15 16 22.2 
7 m 78 0 1 1 1.3 Plußsee  

Sediment 65 10 31 41 63.1 
       

Schöhsee 1 m 72 0 0 0 0.0 
 
 

 

Identification of 16S rDNA sequences by BLAST  

Sequences from the Baltic Sea were divided into eight groups according to the 

hits obtained in BLAST (Table III-2). The groups represented by the clones BS-54, 

BS-18, BS-71 and BS-91 were related to Nitrosomonas spp. Sequences represented 

by the clone BS-18 dominated the library from sediment. The clones BS-54 and BS-

71 were only found in the sediment, representing a small proportion of the clones. The 

groups represented by the clones B20-68, BS-57 and B1-43 were related to 

Nitrosospira spp. The clone B20-68 (and 90 identical sequences) was only detected in 

the sample from 20 m. The clone BS-57 (and other four identical sequences) 

amplified from 20 m and sediment. Most of the sequences from 2 m (clone B1-83) did 

not belong to AOB and were related to sequences from Hydrogenophaga. In 2 m only 

two sequences represented by the clone B1-43 were related to Nitrosospira spp.  

 

Sequences from Lake Plußsee were divided into 13 groups (Table III-3). Most 

sequences related to Nitrosomonas, represented by the clone PS-45, were observed in 

1 m and the sediment. The other groups related to Nitrosomonas (P1-46, PS-35 and 

P1-56) included only few clones. Sequences related to Nitrosospira (PS-69 and P1-

07) were also detected in low frequencies in sediment and 1 m (only one clone). The 

other clones were related to different groups of betaproteobacteria. Clones similar to 

Polynucleobacter (PS-74) dominated in the library from 7 m.  
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Sequences from Schöhsee 1 m were similar to six different groups of 

betaproteobacteria (Table III-4). Clones related to Polynucleobacter, represented by 

the clone S1-33, dominated in the library. The other clones were related to the genera 

Polaromonas, Ideonella, Chitinimonas, Azospira and Rubrivivax. 

 

 

 

DISCUSSION 
 
Community structure of AOB analyzed by DGGE  

Amplification of 16S rDNA with specific primers and DGGE analysis is a 

good approach to characterize the community structure of AOB in different 

environments (Kowalchuk et al., 1997; Bano and Hollibaugh, 2000; Hollibaugh et al., 

2002). Analysis of the DGGE patterns obtained from the samples of two lakes and the 

Baltic Sea showed that community composition of AOB in the water column is 

specific from each sampling site (Fig. III-2). This is not unexpected considering the 

variations in salinity and organic content between the lakes and the Baltic Sea (Ward 

et al., 1997).  

 

Although community composition was different between the Baltic Sea and 

Plusssee, in both environments the stratification of the water column coincided with 

the separation of the communities from the surface and the anoxic deeper layers. In 

contrast, the existence of a more oxygenated deep layer in Schöhsee was reflected in 

the similarities of the AOB communities throughout the water column. These results 

were supported by the best correlation of the clustering analysis with oxygen content 

of the water as an environmental variable.    

 

Differences between the DGGE band patterns derived from the water column 

and sediment, provided no evidence for links between benthic and pelagic AOB in 

any of the environments studied, a fact also reported before (Freitag and Prosser, 

2004) for Loch Duich, thus showing the existence of specific pelagic and benthic 

ecotypes in AOB. 
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Composition of AOB communities analyzed by 16S rDNA clone libraries  

Clone libraries from a subset of samples produced a different proportion of 

AOB-like sequences. The existence of a variable amount of non-AOB sequences in 

clone libraries prepared with specific 16S rDNA primers has been extensively 

documented in different studies (Speksnijder et al., 1998; Phillips et al., 1999; Bano 

and Hollibaugh, 2000; Hollibaugh et al., 2002). Several factors may influence the 

relative recovery of AOB sequences in the clone libraries, including the total counts 

of AOB and their abundance respect to the total bacterial population (Speksnijder et 

al., 1998). If the number of AOB-like clones is considered an indirect measure of the 

abundance of AOB in the samples, the comparison of the clone libraries from the 

lakes and the Baltic Sea suggested differential distribution of these microorganisms in 

different depths (Table III-1).  

 

The frequency of AOB-like sequences in the surface (1 m in lake samples and 

2 m in the Baltic Sea) was significantly lower than in the deeper layers and sediment, 

suggesting that this habitat is less suitable for AOB. In the Arctic, no amplification of 

AOB at the surface has been associated with photo-inhibition of the AOB 

cytochromes (Bano and Hollibaugh, 2000). It has been also suggested that 

nitrification generally is greatest immediately below the photic zone, where 

competition with phytoplankton for ammonia is reduced (Johnstone and Jones, 1988). 

Therefore, lower abundances of AOB in the superficial water might be a combined 

effect of lower NH4
+availability and light inhibition. 

 

The recovery of AOB was lower in samples from the lakes compared to the 

Baltic Sea, with the only exception of Plußsee sediment. There are no previous studies 

comparing community composition of nitrifying bacteria in brackish and freshwater, 

however the results from this study suggested that during the stratification, brackish 

environments are a more suitable habitat for AOB.  

 

 
Distribution of specific sequences of AOB in the samples 

It has been observed that the distribution of distinct species of AOB depends 

on various environmental parameters (Koops and Pommerening-Röser, 2001). 
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Therefore, the detection of specific groups of AOB in a sample might be correlated 

with environmental variables.  

 

Sequences from the Baltic Sea 20 m were related to clonal sequences from 

Nitrosospira isolated from other water samples (Phillips et al., 1999; Bano and 

Hollibaugh, 2000; Hollibaugh et al., 2002; Freitag and Prosser, 2004; O'Mullan and 

Ward, 2005). The detection of these sequences in several marine environments all 

over the world, has suggested a worldwide distribution throughout the ocean. The 

sequences found in the water column of the Baltic Sea support this cosmopolitan 

distribution. 

 

Most of the sequences from the Baltic Sea sediment were related to sequences 

from Nitrosomonas that have been detected previously in sediments receiving high 

organic matter loads (McCaig et al., 1999), and in the Artic Ocean in samples from a 

region with higher productivity (Bano and Hollibaugh, 2000). In Plußsee sediment 

also a higher frequency of sequences related to Nitrosomonas was observed. 

However, these sequences were similar to Nitrosomonas species that have been 

recovered from other freshwater environments (Speksnijder et al., 1998).   
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ABSTRACT 
 

The functional gene amoA was used to investigate the diversity of ammonia-

oxidizing bacteria (AOB) in the water column and sediment-water interface of 

Plußsee, Schöhsee and the Baltic Sea. This study represents the first extensive 

analysis of amoA diversity in freshwater lakes. Nested amplifications were used in 

order to increase the sensitivity of amoA detection, and to generate a 789 bp fragment 

from which clone libraries were prepared. In phylogenetic analyses, the larger part of 

sequences was not related to any of the cultured AOB. Almost all sequences from the 

water column of the Baltic Sea and 1 m of Schöhsee were related to different 

Nitrosospira clusters. Sequences from 7 m of Plußsee, 12 m of Schöhsee and the 

dominant ones from the lake sediment samples were clustered together with 

sequences from Chesapeake Bay, a previous study of Plußsee and rice root plants 

(Nitrosospira-like cluster A). The other sequences from Plußsee sediment fell into 

Nitrosospira cluster 0, while additional sequences of Schöhsee sediment clustered 

with Nitrosomonas cluster 6a (Ns. oligotropha/Ns. ureae). Two groups of sequences 

from Baltic Sea sediment were related to the purely environmental clusters from the 

brackish/marine habitats (Nitrosomonas-like cluster and the other with the 

Nitrosospira-like cluster B (Francis et al., 2003)). This confirms previous results from 

16S rDNA libraries that indicated the existence of hitherto uncultivated AOB in lake 

and Baltic Sea samples, and show a differential distribution of AOB along the water 

column and sediment of these environments. 

 

 
 

INTRODUCTION 
 

Aerobic nitrification is an important process in the cycling of nitrogen in 

terrestrial, marine, estuarine and freshwater environments. It is a two-step process 

carried out by distinct functional groups of chemolithotrophic bacteria, the ammonia 

oxidizing bacteria (AOB) and the nitrite-oxidizing bacteria (NOB). Until recently, 

only AOB were accepted to be responsible for the first, rate-limiting step of 

nitrification (Prosser, 1989; Head et al., 1993; Kowalchuk and Stephen, 2001). But 

meanwhile the widespread existence of anaerobic ammonia oxidation (anammox) 
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(Jetten et al., 1997; Strous et al., 1999)  and the capability of some Crenarchaeota 

(AOA) to oxidize ammonia to nitrite (Könneke et al., 2005; Treusch et al., 2005) is 

well established. 

 

AOB use the conversion of ammonia to nitrite as their sole energy source. The 

oxidation of ammonia to nitrite by AOB is also a two-step process, the oxidation of 

ammonia to hydroxylamine is catalyzed by the membrane bound protein ammonia 

monooxygenase (AMO), and the second step is catalyzed by hydroxylamine 

oxidoreductase (HAO) (Hooper et al., 1997). 

 
Based on 16S rDNA sequences, cultured AOB constitute two distinct 

monophyletic lineages within the Proteobacteria. Most strains belong to the beta-

Proteobacteria, which include the genera Nitrosomonas and Nitrosospira (containing 

the former genera Nitrosolobus and Nitrosovibrio). But only two known species, 

Nitrosococcus oceani and N. halophilus belong to the gamma-Proteobacteria (Head et 

al., 1993; Purkhold et al., 2000). Cultured AOB and environmental sequences related 

to beta-Proteobacteria have been grouped into 8 clusters (Nitrosospira cluster 0 - 4 

and Nitrosomonas cluster 5 - 8) based on 16S rDNA (Purkhold et al., 2000). 

Nitrosospira cluster 1 and Nitrosomonas cluster 5 (Purkhold et al., 2000) contain 

environmental sequences, only. As they are defined by 16S rRNA, and no 

representative pure cultures of these two groups have been described, it is not clear 

yet if these bacteria are really able to oxidize ammonia. 

 
Besides 16S rDNA, amoA, the gene encoding subunit A of ammonia 

monooxygenase, has been used as a molecular marker to study the diversity of the 

ammonia oxidizing bacteria in the environment (Rotthauwe et al., 1997). Using amoA 

has several advantages compared to 16S rDNA (Rotthauwe et al., 1997; Purkhold et 

al., 2000). First, this gene is related to the potential function of ammonia oxidation, 

thus giving relevant ecological information. Second, amoA sequences have a better 

phylogenetic resolution than 16S rDNA sequences. 

 
Since the publication of the first amoA sequence from Nitrosomonas europaea 

(McTavish et al., 1993), more than 3,000 amoA sequences from bacteria, and a few 

from archaea, are available in GenBank, the majority from soil (40%), brackish and 

marine environments (37%) and wastewater treatment plants (21%). Only 2% of the 
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amoA sequences are from freshwater, illustrating that the investigation of amoA 

diversity in freshwater has been neglected so far.  

 
In several aquatic environments, habitat specific clusters of amoA sequences 

have been reported. Nitrosospira-like and Nitrosomonas-like clusters distinctly related 

to known AOB have been observed in Washington continental margin (Pacific Ocean) 

and Puget Sound (Nold et al., 2000), Kysing Fjord (Nicolaisen and Ramsing, 2002), 

Chesapeake Bay (Francis et al., 2003), Monterey Bay (O'Mullan and Ward, 2005), 

Plum Island Sound (Bernhard et al., 2005), Bahío del Tóbari along Mexico coast 

(Beman and Francis, 2006) and OMZ off northern Chile (Molina et al., 2007). amoA 

sequences related to several Nitrosomonas clusters were dominant in the Lower Seine 

River and estuary (Cébron et al., 2003) and in groundwater (Ivanova et al., 2000). The 

information of the diversity and distribution of amoA in freshwater lake is almost 

absent, only few sequences are available in the database. 

 
Distribution of ammonia oxidizing bacterial communities has been described 

previously (Kim et al., 2006) by 16S rDNA clone libraries from the same habitats as 

the present study. Baltic Sea 20 m was dominated by Nitrosospira cluster, Baltic Sea 

sediment by Nitrosomonas and Plußsee sediment by both of them. In the present 

study, community composition and distribution of AOB was analyzed using amoA 

gene. Nested amplification and new primer pairs were applied to increase the 

sensitivity and to analyze a larger fragment of 789 bp that covers the almost complete 

amoA gene.  

 

 

 

RESULTS 
 

Increase of sensitivity for amplifying amoA 

In the past, nested amplification has been successfully applied in order to 

increase the sensitivity of specific 16S rDNA PCR detection in environments with 

low abundances of AOB (Ward et al., 1997; Kowalchuk et al., 1998; Phillips et al., 

1999; Ward et al., 2000; Webster et al., 2002; O'Mullan and Ward, 2005; Webster et 

al., 2005; Kim et al., 2006). For amoA amplification, six combinations of primer pairs 
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were used for the initial amplification (Fig. IV-1 and Table IV-1). Initial PCR 

reactions did not produce a visible band in agarose gels stained with ethidium 

bromide (data not shown). These PCR products were used as templates in a nested 

amplification with the primer pair amoA34f/amoA-2R. Although, not all nested PCR 

reactions resulted in amoA amplification, this strategy increased significantly the 

sensitivity of detection in most of the samples (Table IV-2). A band with the expected 

size was obtained with all initial templates from sediment samples of the three 

environments. With the exception of Baltic Sea 2 m, where most of the initial 

templates amplified in the nested PCR, the templates amoA34f/amoB1179r and 

amoA34f/amoA-2R produced more bands in the nested PCR with samples from the 

water column. With three samples from the water column of both lakes (1 and 4 m of 

Plußsee and 11 m of Schöhsee) it was not possible to obtain amplicons with any of the 

templates used. 

 
amoAamoC amoB

IS1

amoC58f amoA28f amoA-2R amoB1179r305F

amoC58f/amoB1179r  (2,936 bp)

305F/amoA-2R (1,038 bp)

amoA34f/amoA-2R (789 bp)

amoC58f/amoA-2R (1,751 bp)

amoA34f/amoB1179r (1,974 bp)

305F/amoB1179r (2,224 bp)

 

 

Figure IV-1: Structure of the amoCAB operon and position of the primers used in this study. 
Initial PCR amplification with 6 different primer pairs was used as templates for nested amoA 
amplification. Predicted size of the PCR-products in parenthesis. 

 
Table IV-1: Sequences and positions of the primers used for amplification of amoCAB. 

Gene Primer Primer sequence 5’-3’ Positiona Reference 
amoC amoC58f CTA YGA CAT GTC RCT GTG G 58-76 In this study 

 305F GTG GTT TGG AAC RGI CAR AGC AAA 763-786 (Norton et al., 2002) 
amoA amoA34f GCG GCR AAA ATG CCG CCG GAA GCG 34-57 (Molina et al., 2007) 

 amoA-2R CCC CTC KGS AAA GCC TTC TTC 802-822 (Rotthauwe et al., 1997)
amoB amoB1179r CCA AAR CGR CTT TCC GG 1163-1179 In this study 
a
 Positions in the amoCAB gene of Nitrosomonas europaea ATCC 19718 (Accession number, BX321859). 
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Table IV-2: Results of nested amplifications of amoA with the primers amoA34f/amoA-2R using 
6 different initial amplicons as templates, coded by: +=visible product with predicted size; 
w=visible product with predicted size but weak band; -=no products. 

Site Primer combinations for initial amplification of the template 
  amoC58f amoC58f 305F 305F amoA34f amoA34f
  Depth (m) amoB1179r amoA-2R amoB1179r amoA-2R amoB1179r amoA-2R
Baltic Sea 2 - + + + + + 

 10 - - - - + - 
 20 w w - - + + 
 Sediment + + w + + + 
        

Plußsee 1 - - - - - - 
 4 - - - - - - 
 7 - - - - + + 
 Sediment w + w + w + 
        

Schöhsee 1 - - - - + + 
 11 - - - - - - 
 12 - + - - + + 
 Sediment w + + + w + 

 
 

Closest relatives of amoA clonal sequences identified by BLASTX 

Clone libraries were made with pooled products of the nested amplification 

from all sediment samples, all water samples from the Baltic Sea, 7 m from Plußsee, 

and 1 and 12 m from Schöhsee. In total 330 clones carrying an insert with the 

expected size  (789 bp) were obtained.  No unspecific amplification was observed, all 

of these clones were assigned to ammonia monooxygenase by BLASTX. The identity 

of deduced amino acid sequences with the first hits of BLASTX varied from 89 to 

100%. According to the percentage of identity, the sequences were classified into 4 

groups (Table VI-3): Nitrosospira group (≥95% identity), Nitrosospira-like group (89 

- 94 % identity) , Nitrosomonas group (≥95% identity), Nitrosomonas-like group (88 - 

94% identity). 

 

The majority of the clones were assigned to Nitrosospira-like (157 clones) or 

Nitrosospira group (119 clones), while only few clones were classified as 

Nitrosomonas-like group (39 clones) and Nitrosomonas (15 clones). 

 
Clones belonging to either the Nitrosospira or Nitrosospira-like group, 

dominated in water column samples from the three environments. Only in Baltic Sea 

10 m, clones belonging to all the groups were detected. Unlike the water column, 
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most of the clones from Baltic Sea sediment belonged to the Nitrosomonas-like group 

(38 clones out of 46) and few clones were affiliated to the Nitrosospira-like group. In 

the sediment samples from the two lakes, the majority of the clones belonged to 

Nitrosospira-like or Nitrosospira group (48 clones of Plußsee and 32 clones of 

Schöhsee). In Schöhsee sediment one quarter of the clones (11 out of 43) was 

affiliated to the Nitrosomonas group. 

 
Table IV-3: Total number of clones carrying an insert with the primers amoA34f/amoA-2R 
obtained from the different samples. The frequency of clonal sequences checked by BLASTX and 
classified into 4 groups: Nitrosospira group ≥ 95% identity with Nitrosospira spp.; Nitrosospira-
like group < 95% identity with Nitrosospira spp.; Nitrosomonas group ≥ 95% identity with 
Nitrosomonas spp.; Nitrosomonas-like group < 95% identity with Nitrosomonas spp. 
 

Site No. of clones in the different groups 
after BLASTX search 

 
  

Depth 
(m) 

No. of 
clones Nitrosospira Nitrosospira 

- like Nitrosomonas Nitrosomonas 
- like 

Baltic Sea 2 41 40 0 1 0 
 10 19 14 2 2 1 
 20 33 33 0 0 0 
 Sediment 46 0 8 0 38 

Plußsee 7 45 3 42 0 0 
 Sediment 48 10 38 0 0 

Schöhsee 1 19 18 1 0 0 
 12 36 0 35 1 0 
 Sediment 43 1 31 11 0 

All sites  330 119 157 15 39 
 

 

 
Diversity of amoA sequences 

To compare the diversity of the amoA sequences in the different samples, 

rarefaction analysis (Fig. VI-2) was performed using ≤5% cutoff at DNA level to 

define an OTU (Francis et al., 2003). Rarefaction analysis showed that the highest 

amoA diversity was detected in Plußsee 7 m (6 OTUs), followed by Baltic Sea 10 m 

(5 OTUs). The lowest diversity was detected in Baltic Sea 20 m with only 1 OTU that 

corresponded to 16S rDNA cluster 0 (Nitrosospira) in the phylogenetic analysis (Fig. 

3). Intermediate levels of diversity were observed in the sediment samples from all 

three environments. The samples from Baltic Sea 2 m and Schöhsee 1 and 12 m 

showed relatively low diversity. 
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Figure IV-2: Rarefaction curves of amoA-based OTUs at 5% cutoff. Coding of the samples with 
three different colors: blue=Baltic Sea; green=Plußsee; red=Schöhsee. 

 

 

 Phylogenetic analysis of amoA sequences. 

In the phylogenetic analysis, the sequences from this study fell into eight 

clusters. For five of these clusters (139/330 sequences) the 16S rDNA nomenclature 

based on (Purkhold et al., 2003) was followed, which contained the sequences closely 

related to cultured AOB. For the other three clusters (191/330 sequences) the 

nomenclature from (Francis et al., 2003) was used, because they included the pure 

environmental clusters. 

Nitrosospira cluster 2 contained sequences only from Schöhsee 1 m, forming a 

separate cluster with cultured species. Nitrosospira cluster 0 included almost all 

sequences from Baltic Sea water column and some from Plußsee 7 m and sediment. 

These were closely related to the known AOB Nitrosospira sp. Nsp5 and Nsp12 

isolated from a freshwater cave lake and soil, respectively (Koops and Harms, 1985) 

and Nitrosospira sp. 40KI isolated from soil (Jiang and Bakken, 1999). As well, some 

environmental sequences from a meadow soil in Giessen (Avrahami and Conrad, 

2003) and from the Baltic Sea (Tuomainen et al., 2003) belong to this cluster. 

Nitrosospira cluster 3 had one sequence from Schöhsee sediment. 
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Figure IV-3: Fitch-Margoliash phylogenetic tree calculated in ARB with 263 amino acids of 
AmoA using PmoA from Crenothrix polyspora (Acc. No. DQ295904) as an outgroup. 
Nomenclature of clusters according to (Purkhold et al., 2003) and (Francis et al., 2003). Clones 
from this study are in bold, with the number of identical clones in brackets, and their origin 
coded with three different letter types: Arial for Baltic Sea with blue, Book Antiqua for 
Plußsee with green, and Comic Sans MS for Schöhsee with red. Bootstrap values for ≥90 
replicate trees are indicated at the nodes with three different colors: black (100%), gray (95 - 
99%) and white (90 - 94%). 
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The Nitrosospira-like cluster contained almost half of the sequences from this 

study (155 out of 330), which so far includes environmental amoA sequences only, 

but none from any cultured AOB. In the characterization by BLASTX, all of these 

sequences showed 89% - 92% identity with AmoA from Nitrosospira sp. NpAV. 145 

out of 330 sequences representing both lakes fell into the Nitrosospira-like cluster A. 

Up to now this cluster contained only few sequences retrieved from a few 

environments, like oligohaline habitats in Chesapeake Bay (Sites CT1 and CB1) 

(Francis et al., 2003), enrichment culture from Plußsee (Rotthauwe et al., 1997) and 

roots of rice plants (Horz et al., 2000). In contrast, the Nitrosospira-like cluster B 

contained sequences only from Baltic Sea 10 m and sediment, related to sequences 

from brackish habitats (Nicolaisen and Ramsing, 2002; Francis et al., 2003; Bernhard 

et al., 2005; O'Mullan and Ward, 2005). 

The Nitrosomonas clusters comprised only 42 sequences from the Baltic Sea 

and 13 from Schöhsee that showed at least 91% identity with any of the Nitrosomonas 

spp. Sequences from Baltic Sea sediment (and one from 10 m) were grouped into the 

Nitrosomonas-like cluster that contained only environmental amoA sequences from 

brackish and marine environments (Nold et al., 2000; Nicolaisen and Ramsing, 2002; 

Francis et al., 2003; Bernhard et al., 2005; O'Mullan and Ward, 2005). These 

sequences were 91 - 93% identical with Nitrosomonas sp. AL212, the first hit in 

BLASTX,. Some sequences from sediment of Schöhsee and the Baltic Sea were 

included in the Nitrosomonas cluster 6b. Sequences from Schöhsee sediment were 

associated with those from groundwater (Ivanova et al., 2000) and showed 95 - 96% 

identity with Nitrosomonas sp. JL21, the first hit in BLASTX,. Sequences from the 

Baltic Sea sediment were 91 - 93% identical with Nitrosomonas sp. AL212, but they 

formed a cluster not related to any other environmental sequences nor cultured AOB. 

Only 4 sequences in this study fell into cluster 7 and were almost identical with 

Nitrosomonas europaea (≥ 99% identity of deduced amino acid sequence). 

 

 

 
DISSCUSSION 

To our best knowledge, this is the first direct comparison of amoA gene 

diversity in natural freshwater lakes and a mesohaline marine environment. In 
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previous studies, amoA sequences from aquatic environments have been compared 

either in sediments of different habitats (Francis et al., 2003; Bernhard et al., 2005; 

Beman and Francis, 2006) or in different depths of the water column in the same 

habitat (Nold et al., 2000; O'Mullan and Ward, 2005; Molina et al., 2007). In the 

present study, amoA genes were detected in several - though not all - depths of the 

water column and in the sediment-water interface of all three environments. 

Therefore, this study provides a good opportunity to compare the diversity of 

ammonia oxidizing bacterial communities over a wide environmental gradient.  

 

 

Amplification efficiency 

One of the major problems for the detection of AOB in many environments is 

that they represent only a small fraction of the total bacteria present. This has been 

overcome by the use of nested PCR with specific primer systems for 16S rDNA 

(Ward et al., 1997; Hastings et al., 1998; Ward et al., 2000; O'Mullan and Ward, 

2005; Kim et al., 2006) and recently suggested as well for amo genes (Hastings et al., 

1998)(Kim et al. submitted). 

 

The low abundance of AOB in many natural environments poses a challenge 

when analyzing the diversity of amoA genes (Beman and Francis, 2006; Leininger et 

al., 2006). In the present study, the sensitivity of detection by PCR was increased 

considerably by using nested amplification. Though PCR products were detected in 

most of the samples analyzed here, with some samples from the water column of both 

lakes amplification products were not visible in agarose gels after ethidium bromide 

staining. This could be due to just the absence of significant numbers of AOB and the 

lack of sensitivity of detection. It is well known that AOB are not evenly distributed 

in stratified water bodies, but occur at certain times of the year and at specific 

locations within the system (Cavari, 1977; Garland, 1978; Christofi et al., 1981; 

Robarts et al., 1982). In general, AOB have to find their niche in a countergradient of 

oxygen and ammonia which occurs in most stratified lakes during summer 

immediately below the photic zone (usually the metalimnion), in areas with high 

nutrient concentrations, or in sediments, especially the sediment-water interface 

(Garland, 1978; Ward, 1986; Johnstone and Jones, 1988). In the water column of the 

hypereutrophic lake Onondaga no apparent nitrification could be measured, but in 
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sediments the nitrification rates were quite high (Pauer and Auer, 2000). Likewise, 

numbers of AOB estimated by MPN, were small in the water column of the eutrophic 

Esthwaite Water (Hastings et al., 1998), but high in the sediment.  

 

 

Community differences in the three environments 

The samples were taken from three environments during thermal stratification 

in summer (Kim et al., 2006). In Plußsee, a eutrophic lake the pelagic zone was 

stratified into three distinct layers, the oxic epilimnion roughly corresponding to the 

photic zone, the metalimnion with steep gradients of oxygen, temperature and 

nutrients, and the anoxic hypolimnion with high concentrations of NH3, H2S and other 

reduced compounds. Schöhsee is a mesotrophic-stratified lake with oxic conditions in 

hypolimnion and an aerobic/anaerobic gradient at the sediment-water interface. Baltic 

Sea at Boknis Eck is characterized as mesohaline with salinities ranging from 13.8 to 

19.7 PSU through the stratified water column. 

 

AOB communities in these three environments differ significantly between the 

two lakes and the Baltic Sea as can be expected considering the effect of different 

salinities (de Bie et al., 2001; Francis et al., 2003; Bernhard et al., 2005; Kim et al., 

2006).  

 

Although some clusters share clones from different habitats, such as 

Nitrosospira cluster 0, Nitrosospira-like cluster and Nitrosomonas cluster 6a, the 

marine and freshwater clones are separated into habitat-specific subclusters. For some 

of these, e.g. subcluster A of the Nitrosospira-like clusters, habitat-specificity is quite 

well substantiated by the large number of sequences from both lakes. This group also 

includes an ammonia-oxidizing enrichment culture from Plußsee (Acc.No. Z97850) 

that has been described in an earlier study (Rotthauwe et al., 1997). Interestingly 

enough, close relatives of this culture have been detected now, about 10 years later, in 

the clone libraries from Plußsee and Schöhsee. In contrast, the well separated 

subcluster B contained some sequences from the Baltic Sea, closely associated with 

amoA from several brackish environments (Nicolaisen and Ramsing, 2002; Francis et 

al., 2003; Bernhard et al., 2005; O'Mullan and Ward, 2005) and may be regarded, on 

the basis of our present knowledge, as specific for mesohaline environments. 
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Members of the Nitrosomonas cluster 6a have been found in soil, freshwater, and 

freshwater sediment based on amoA (Ivanova et al., 2000) and 16S rDNA (Stephen et 

al., 1996; Speksnijder et al., 1998; Stephen et al., 1998; de Bie et al., 2001).This 

cluster also contains some sequences from this study, namely from Schöhsee sediment 

and, in a well separated subcluster, from Baltic Sea sediment. According to (de Bie et 

al., 2001) members of this specific Nitrosomonas lineage may be restricted to non-

salty environments.  

 

 

Community differences within each environment. 

In the two lakes studied, upon overturn in autumn, ammonia and oxygen are 

mixed through the whole water column. During winter, at low temperatures, but high 

oxygen concentrations, the whole ammonia content of the lake is oxidized to nitrate. 

With the beginning of stratification in spring, different compartments are separated in 

depth providing niches for the development of specially adapted bacterial 

communities. The most important factors for the development of AOB communities 

are: light penetration, concentration of ammonia (or urea) and oxygen, and to some 

extent temperature. 

 

In case of Plußsee 7 m and sediment which were under anoxic conditions, all 

clonal amoA sequences were similar to each other, and distributed into the two 

clusters Nitrosospira cluster 0 and Nitrosospira-like cluster A. It may be hypothesized 

that at least the members of the latter cluster A could be microaerophilic or tolerant to 

anoxic conditions. Whether the clear separation of the clones from Plußsee 7m and 

sediment within the Nitrosospira cluster 0 indicates that also these are somehow 

adapted to low oxygen concentrations, remains to be studied. This concept is also 

supported by the distribution of clones from different depths of Schöhsee: All clones 

from the oxygen-rich 1 m water depth formed a separate group within Nitrosospira 

cluster 2. The clones from sediment and the deeper water layers were grouped into 

Nitrosospira-like cluster A and Nitrosomonas cluster 6a. Members of the latter cluster 

6a have been detected by 16S rDNA also in the suboxic, ammonia-rich sediments of 

the Schelde estuary (de Bie et al., 2001) indicating some degree of tolerance to low 

oxygen conditions (Speksnijder et al., 1998; de Bie et al., 2001). They are not 

included in the amoA based phylogenetic tree of Fig. 3. 
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Also in the Baltic Sea AOB communities were significantly different in the 

water column and sediment. It is well known from many studies that the yet 

uncultured Nitrosospira-like and Nitrosomonas-like amoA sequences were dominant 

in marine habitats of different salinities and wide geographic distribution (Nold et al., 

2000; Nicolaisen and Ramsing, 2002; Francis et al., 2003; Bernhard et al., 2005; 

O'Mullan and Ward, 2005; Beman and Francis, 2006; Molina et al., 2007). While 

AOB communities in Baltic Sea sediment followed this pattern, all of the clones from 

Baltic Sea water column were closely related to Nitrosospira cluster 0, where they 

separated from the clones retrieved from the anoxic samples from Plußsee 7m and 

sediment. In the oxygen minimum zone off the Chilean Pacific coast sequences 

similar to Nitrosospira spp. were found while members of the Nitrosospira-like 

cluster dominated in the surface water and upper oxycline (Molina et al., 2007).  

 

 

Definition of new species based on amoA sequence information.  

Nitrosospira-like cluster B and Nitrosomonas-like cluster have been described 

as a novel group for marine habitats (Francis et al., 2003) whereas Nitrosospira-like 

cluster A contains many clones from both lakes, and clearly distinct from all other 

known amoA sequences. 

 

Identity of 80% DNA or 85% protein has been suggested (Purkhold et al., 

2000) as threshold value for defining new AOB species on the basis of partial amoA 

sequences of about 490 bp from the more variable 3’ region (positions 332 to 822 of 

amoA from Nitrosomonas europaea). In the present study, we used the almost 

complete amoA (positions 34 to 822), including the more conserved 5’ part. 

Consequently, sequence identity between amoA from Nitrosomonas cryotolerans 

(Acc. No. AF314753) and Nitrosospira multiformis (Acc. No. CP000103) was 

88/95% (DNA/protein) for the almost complete amoA gene targeted in this study, and 

84/93% (DNA/protein) for the shorter region from 332 to 822 used in the above 

mentioned study (Purkhold et al., 2000). Therefore, for whole amoA gene sequences 

we suggest a somewhat higher threshold of ≤88% for DNA and ≤95% for protein to 

define novel groups. Based on these thresholds Nitrosospira-like cluster A and B, and 
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the subgroups of Nitrosomonas cluster 6a and Nitrosomonas-like cluster are 

potentially novel and habitat-specific groups of AOB. 

 

 

Comparison of the clone libraries diversity 

In order to describe the fine-scale variability of clonal amoA sequences, 

usually operational taxonomic units (OTUs) are defined (Hughes et al., 2001) at 

different cutoff values. For 16S rDNA, cutoff values from 1 to 3% are most frequently 

used. However, for functional genes, like amoA, cutoffs that are applicable for 

defining OTUs are still up for discussion (Ward, 2002). Based on rarefaction analysis 

at 5% cutoff, the clonal sequences from Plußsee 7 m were most diverse, although in 

the phylogenetic analysis they were grouped into only two different clusters, 

Nitrosospira cluster 0 and Nitrosospira-like cluster A. In addition, the number of 

OTUs in these clusters changed at different cutoffs ranging from 2 to 5%, suggesting 

great micro-heterogeneity of the sequences in this clone library. In contrast, the 

number of OTUs in the clone libraries from Baltic Sea water column and Schöhsee 1 

m remained constant at cutoffs from 1% to 5%, indicating almost no variability at the 

DNA level.  

 

The number of OTUs detected in this study were lower than in comparative 

studies (Francis et al., 2003; Beman and Francis, 2006), which may at least in part be 

due to the inclusion of the more conserved part of the amoA gene. In Chesapeake Bay, 

four OTUs were detected at two mesohaline stations (CB2 and CT2) and 11 at an 

oligohaline station (CB1). In Bahía del Tóbari, northwest coast of mainland Mexico, 

the clone library in January and October produced 6 and 7 OTUs, respectively.  

 

 

Comparison of AOB communities characterized by amoA and 16S rDNA  

amoA gene is a better molecular marker to study AOB than 16S rDNA 

(Rotthauwe et al., 1997; Purkhold et al., 2000). This is confirmed in the present study, 

when comparing with previous results based on clone libraries of specific 16S rDNA 

PCR products of the same samples (Kim et al., 2006). PCR with primers for amoA are 

more specific than with those for 16S rDNA of β-AOB. The latter may contain up to 
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100% 16S rDNA from non-AOB (McCaig et al., 1994; Kim et al., 2006; Mahmood et 

al., 2006), while clone libraries with amoA usually are 100% specific (O'Mullan and 

Ward, 2005; Molina et al., 2007), as was the case in this study, where all clones with 

an insert of the expected size (789 bp) contained amoA, as confirmed by BLASTX. In 

former studies, the low sensitivity of PCR of amoA was disadvantageous for studies in 

environments with low abundance of AOB. However, this can be overcome with the 

nested approach described here.  

 

Phylogeny based on 16S rDNA and amoA sequences from cultured AOB is 

highly congruent (Purkhold et al., 2000; Aakra et al., 2001a). This has been found as 

well in the studies of AOB community comparison between 16S rDNA and amoA 

with same samples from aquatic environments, such as Shiprock groundwaters 

(Ivanova et al., 2000), Monterey Bay (O'Mullan and Ward, 2005) and oxygen 

minimun zone (OMZ) off northern Chile (Molina et al., 2007). The clone libraries 

from the Baltic Sea showed a good agreement between 16S rDNA and amoA as well. 

Only in Plußsee clone libraries of 16S rDNA and amoA do not coincide at all. 

Nitrosomonas sequences were dominant in 16S rDNA, and only few Nitrosospira 

sequences were detected (Kim et al., 2006). In the present study, there was no single 

amoA sequence related to Nitrosomonas spp.  

 

This discrepancy could be due to several reasons: (i) different specificities of 

the PCR for 16SrDNA and amoA; (ii) amoA PCR is more sensitive for Nitrosospira 

because of different numbers of gene copies in Nitrosospira (3) and Nitrosomonas (2) 

(Norton et al., 2002); (iii) horizontal gene transfer (Juretschko et al., 1998; Aakra et 

al., 2001a). Despite high consistency between the two phylogeny approaches, a few 

discrepancies have been also presented (Juretschko et al., 1998; Aakra et al., 2001a). 

Different clustering of some strains has been observed for 16S rDNA and amoA such 

as between Nc. mobilis and Ns. europaea (Juretschko et al., 1998) and between Ns. 

cryotolerans and Ns. aestuarii (Aakra et al., 2001a), and the possibility of horizontal 

gene transfer of amoA has been suggested as an explanation. 

 

 

 

 84



 
3. RESULTS-V 
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ABSTRACT 
 

Evolutionary relationships between ammonia monooxygenase (AMO) and 

particulate methane monooxygenase (pMMO) lead us to analyze the diversity of their 

genes amoA and pmoA based on cloning, sequencing and T-RFLP in different 

habitats: Plußsee (eutrophic lake) and Schöhsee (mesotrophic lake) as closed 

environments and the Baltic Sea (brackish inland sea) as an open environment. A 

higher frequency of pmoA sequences, mainly belonging to methane oxidizing bacteria 

of the gamma subgroup of proteobacteria (γ-MOB), was detected. Dominant amoA 

sequences were related to ammonia oxidizing bacteria of the beta subgroup of 

proteobacteria (β-AOB), no sequences related to amoA of the γ-AOB were detected. 

The deduced amino acid sequences of some clones from lake sediments were distantly 

related to PmoA from Crenothrix polyspora, a filamentous methane oxidizer with an 

unusual methane monooxygenase. In the Baltic Sea all sequences from the water 

column were related to amoA, while almost all from sediment were related to pmoA. 

In Plußsee all sequences belonged to several pmoA clusters. In the water column of 

lake Schöhsee, amoA and pmoA sequences were detected simultaneously, whereas 

sequences related to C. polyspora dominated in sediment. Principal component 

analysis (PCA) of the T-RFLP data showed the separation of the communities from 

each environment. However, samples from the Baltic Sea grouped more closely 

together than those from the two lakes. 

 

 

 

INTRODUCTION 
 

Oxidation of ammonia to nitrite and methane to methanol are important 

processes in the biogeochemical cycles of nitrogen and carbon in terrestrial and 

aquatic ecosystems. Ammonia-oxidizing bacteria (AOB) and methane oxidizing 

bacteria (MOB) can grow utilizing ammonia or methane as the sole source of energy 

(Hanson and Hanson, 1996).  
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Oxidation of ammonia to nitrite, is catalyzed by two different enzymes, 

ammonia monooxygenase (AMO) and hydroxylamine oxidoreductase (HAO) 

(Hooper et al., 1997). amoA, the gene encoding the catalytic subunit A of AMO has 

been used as a molecular marker to investigate the distribution and diversity of AOB 

in various environments (Avrahami and Conrad, 2003; Francis et al., 2003; Molina et 

al., 2007) and a relatively low sequence similarity with amino acid between AOB and 

AOA were described (38 - 51%) (Könneke et al., 2005).  

 

Based on 16S rDNA sequences, AOB have been classified into two different 

subclasses of the Proteobacteria. The genera Nitrosomonas and Nitrosospira belong to 

the β-subclass of Proteobacteria (β-AOB) and the genus Nitrosococcus to the γ-

subclass of Proteobacteria (γ-AOB) (Head et al., 1993). Recently, ammonia-oxidizing 

archaea (AOA) were discovered in a soil metagenomic library (Treusch et al., 2005), 

and a ammonia-oxidizing mesophilic crenarchaeote, Nitrosopumilus maritimus, has 

been isolated from a marine aquarium (Könneke et al., 2005).  

 

Two distinct types of methane monooxygenases (MMO) catalyze the 

oxidation of methane to methanol in MOB: the membrane-bound particulate methane 

monooxygenase (pMMO) and the cytoplasmic soluble methane monooxygenase 

(sMMO) (Murrell et al., 2000). In spite of their similar function, these two enzymes 

do not share any similarity of genes nor structure.  

 

Based on their phylogenetic relationship, MOB are affiliated to the α- and γ-

subclasses of Proteobacteria (α-MOB type II and γ-MOB type I) (Hanson and 

Hanson, 1996; Murrell et al., 2000). γ-MOB type I include the genera Methylococcus, 

Methylomicrobium, Methylobacter, and Methylomonas, whereas α-MOB type II 

include the genera Methylocystis and Methylosinus.  

 

It has been demonstrated that the genes encoding AMO in AOB and those 

encoding pMMO in MOB share high sequence similarity and gene structure (Holmes 

et al., 1995; Semrau et al., 1995). Furthermore, DNA and amino acid sequences of 

amo and pmo of the γ-subclass of the Proteobacteria are more similar with each other 

than with amo from β-AOB. It has been reported that amo from β- and γ-AOB and 
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pmo from γ-MOB might have separated into three lineages early in evolution 

(Alzerreca et al., 1999). It has also been proved that AMO and pMMO can both 

catalyze ammonia and methane oxidation, although displaying higher affinity for their 

respective substrate (Hanson and Hanson, 1996).  

 

The purpose of this study was to compare the distribution and diversity of 

these two enzymes within each habitat and between habitats in diverse aquatic 

ecosystems, the eutrophic lake Plußsee and the mesotrophic lake Schöhsee as closed 

habitats and the Baltic Sea as open habitat.  

 

 

 

RESULTS 
 

1. Analysis of amoA and pmoA clonal sequences  

 

1.1 Identification by BLASTX.  

A total of 286 clones with an insert of 531 bp were obtained. Several clones 

carrying an unspecific product were also obtained. These “unspecific” amplifications 

were more common in water column samples except for 14 m of Schöhsee. More 

clones were collected from Schöhsee than from Baltic Sea and Plußsee (Table V-1), 

and from Baltic Sea and Plußsee more from sediment than from water column. No 

clones carrying amoA or pmoA were obtained from Baltic Sea 20 m and from Plußsee 

1 and 4 m. 

 

The clones were classified into 4 categories according to the first identified 

bacterium found by BLASTX search. Clones having 93 - 98% similarity with 

deduced amino acid from cultured β-AOB were assigned to β-AOB group (87 

clones). Clones with an identity of 84 - 98% with PmoA from cultured γ-MOB were 

affiliated to pmoA γ-MOB type I (161 clones). One single pmoA clone was assigned to 

α-MOB type-II (98% identity with PmoA from Methylocystis). A group of 37 clones 

from both lakes showed 65 - 67% identity with the unusual PmoA from Crenothrix 

polyspora. These clones which showed higher similarity to AmoA (64%) than to 
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PmoA (51%) in the database.were assigned to the Crenothrix group, which has been 

described to be a methane oxidizer (Stoecker et al., 2006). 

 

Table V-1: Number of clones carrying an insert of 531 bp belonging to the different taxonomic 
groups identified by BLASTX. 

Site BLASTX results 
No. of 
clones γ-MOB α-MOB Crenothrix Depth (m) β-AOB Type-I Type-II   

Baltic Sea 2 16 16 0 0 0 
 10 5 5 0 0 0 
 Sediment 44 3 0 41 0 
Plußsee 7 3 0 0 3 0 
 Sediment 39 0 1 37 1 
Schöhsee 1 34 18 0 16 0 
 11 5 2 0 3 0 
 12 9 3 0 6 0 
 14 70 22 1 47 0 
 Sediment 61 18 35 8 0 
All sites   286 87 37 161 1 

 

 

In Baltic Sea clones from the water column belonged only to the β-AOB 

group, while almost all clones from sediment corresponded to the γ-MOB type I 

group. Clones from Plußsee were affiliated to pmoA groups only, including dominant 

clones in the γ-MOB type I group, one clone in the Crenothrix group and a single 

clone in the α-MOB type II group. In Schöhsee, clones belonging to β-AOB, 

Crenothrix and γ-MOB type I group were detected. Here, the proportion of β-AOB 

and γ-MOB type I decreased in sediment, which was the only habitat that harbored a 

significant number of clones from the Crenothrix group. 

 

1.2 Diversity estimation by rarefaction analysis 

To estimate the diversity of amoA and pmoA sequences in the clone libraries, 

rarefaction analysis was performed using 5% cutoff to define OTUs (Fig. V-1). 

Rarefaction analysis showed that the diversity of sequences from lakes was higher 

than from the Baltic Sea. The sequences from Schöhsee 14 m were the most diverse 

with 14 OTUs detected without saturation of the rarefaction curve. Although from 

sediment of Plußsee fewer sequences were obtained than from 14 m of Schöhsee, the 

diversity was higher in Plußsee sediment (12 OTUs detected). While in the 
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phylogenetical analysis, the sequences from these samples belonged to several 

clusters, the lowest diversity was observed in 2 and 10 m of Baltic Sea with only 1 

OTU that corresponded to Nitrosospira cluster in the phylogenetic tree. Sediment 

from the Baltic Sea and Schöhsee and the water column in all three environments 

(except for 14 m of Schöhsee) showed intermediate levels of diversity. Relatively 

higher diversity was observed in sediments (4 OTUs in Baltic Sea and 8 OTUs in 

Schöhsee), while lower diversity was observed in the water column (2 OTUs detected 

and 2 clusters found in the phylogenetic tree). 

 

 
 
Figure V-1: Rarefaction curves showing the diversity of OTUs from 9 samples using 5% cutoff. 
Samples from the Baltic Sea are coded with blue from Plußsee with green and from Schöhsee 
with red. 

 

 

1.3 Phylogenetic analysis 

The sequences obtained in this study were compared to sequences from 

GenBank (Fig. V-2). The nomenclature of the clusters in the phylogenetic tree for 

amoA is used according to (Francis et al., 2003), and for pmoA according to (Pester et 

al., 2004) and (Bussmann et al., 2006). An additional cluster including the sequences 

related  to  Crenothrix  group  was  also  identified. The sequences from this study fell 
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B2m-37
S1m-67

S14m-61
S1m-75
S1m-13 (+1 clone; -73)

S1m-21
S1m-11 (+7 clones; -06, -41, -43, -46, -48, -51, -56, -63)
S14m-18 (+7 clones; -41, -53, -56, -60, -64, -71, -73)
B2m-25 (+3 clones; -05, -65, -70)

S11m-31 (+1 clone; -38)
B10m-12 (+2 clones; -24, -71)

S14m-22
S14m-36

GMSt30c42, AY249714
slGMSt2c13, AY249708

B2m-72
B2m-06

GMst25c20, AY249703
W9_682_8, DQ008420
S1m-52
GMSc47, AY249689
S1m-10 (+1 clone; -17)
Bsedi-03
B2m-34 (+5 clones; -18, -22, -45, -49, -54)
W9_682_19, DQ008377
B10m-66 (+1 clone; -70)

B2m-51
W9_682_1, DQ008414
B2m-10
B2m-28

S14m-15
W9_682_4, DQ008417

S1m-19
GMSc5, AY249673

Nitrosospira sp. NpAV, U92432
Nitrosospira briensis, U76553

Nitrosovibrio tenuis, U76552
Nitrosospira multiformis, AF042171

Bsedi-34
CT1-32, CBS, AY353022
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 Figure V-2: Phylogenetic tree calculated with 177 amino acids of AmoA and PmoA using Fitch 
Margoliash method in ARB. Nomenclature of clusters follows (Francis et al., 2003) for amoA and 
(Pester et al., 2004) and (Bussmann et al., 2006) for pmoA. Clones from this study are in bold and 
typed with three different fonts: Arial for Baltic Sea with blue, Book Antiqua for Plußsee 
with green and Comic Sans MS for Schöhsee with red. Bootstrap values ≥ 90 replicate trees 
are indicated at the branch with three different colors: black (100%), gray (95 - 99%) and white 
(90 - 94%). 
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into 13 clusters: 3 amoA clusters, 1 Crenothrix-like cluster and 9 pmoA clusters. The 

number of sequences in each of these clusters is presented in Table V-2. 

 

Two clusters of amoA were more than 96% similar to cultured AOB 

(Nitrosospira and Nitrosomonas clusters). The Nitrosospira cluster included 

sequences from the water column of Baltic Sea and Schöhsee that were closely related 

to those from Snake River (Erwin et al., 2005) and soil (Avrahami and Conrad, 2003). 

The Nitrosomonas cluster contained sequences from sediment of Schöhsee and Baltic 

Sea, only, associated with sequences from several aquatic environments (Nold et al., 

2000; Nicolaisen and Ramsing, 2002; Francis et al., 2003; Lipponen et al., 2004; 

Erwin et al., 2005). The Nitrosospira-like cluster included sequences from Schöhsee 

12 and 14 m and one from Baltic Sea sediment, associated with an enrichment culture 

from Plußsee and some environmental clones from soil and estuarine sediment 

(Rotthauwe et al., 1997; Horz et al., 2000; Francis et al., 2003). Sequences in this 

cluster were less than 94% similar with AmoA from known AOB.  

 

The Crenothrix-like cluster contained sequences from both lakes that were 

closely related with the sequences from temporary flooded upland soil (Knief et al., 

2003) and Lake Washington (Nercessian et al., 2005; Kalyuzhnaya et al., 2006) at 

66% similarity with PmoA of Crenothrix polyspora (Stoecker et al., 2006). 

 

The pmoA sequences from this study fell into nine different clusters. The 

clusters B1, B3, B6, B8, B9 (γ-MOB type I) and B7 (α-MOB type II) corresponded to 

groups previously described (Pester et al., 2004; Bussmann et al., 2006). The clusters 

B11, B12 and B13 (γ-MOB type I) were new groups identified in this study. 

Sequences in these newly described clusters showed ≤92% similarity with PmoA 

from known MOB. 

 

Many sequences from sediment of both lakes and 14 m of Schöhsee were 

observed in clusters B1, B3, B6, and B8 that were closely associated with the 

sequences from sediment of different lakes: Lake Wintergreen (Nold et al., 2000), 

Lake Washington (Costello and Lidstrom, 1999; Nercessian et al., 2005; Kalyuzhnaya 

et al., 2006) and Lake Constance (Pester et al., 2004; Bussmann et al., 2006). Those in  
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B8 and B1 showed 92 - 97% similarity with PmoA of Methylobacter spp., while those 

in B3 and B6 were 84 - 93% similar with the PmoA of Methylococcus capsulatus str. 

Bath. Cluster B9 and B7 contained a single sequence from 7 m and sediment of 

Plußsee respectively, which were closely related to PmoA from known MOB 

(Methylomonas sp. LW15 and Methylocystis sp. SC2). Sequences in the cluster B11 

were associated with those from a Transbaikal soda lake (Lin et al., 2004) and Movile 

Cave (Hutchens et al., 2004). They were related to Methylococcaceae bacterium LC2 

(DQ119047), which was isolated from Lake Constance (Bussmann et al., 2006). 21% 

of the sequences, all retrieved from the water column of both lakes, were found in 

cluster B12 and showed 85 - 89% similarity with PmoA from Methylomicrobium 

pelagicum. All pmoA sequences from Baltic Sea sediment were observed in cluster 

B13, related to a sequence from Newport Bay (McDonald et al., 2005). 

 

 

2. T-RFLP analysis 

 

2.1 Relative abundance 

The relative abundance of T-RFs was analyzed after restriction with HaeIII, 

which produced the highest number of different T-RFs (16 T-RFs) (Fig. V-3). 

Samples from each environment showed a distinct pattern of T-RFs. Within each 

environment T-RF patterns from the water column were more similar with each other 

than with those from the sediment. The most diverse T-RF pattern was observed in 14 

m of Schöhsee (8 T-RFs), whereas the most uniform was observed in 1 m and 4 m of 

Plußsee (2 T-RFs).  

 

Only few T-RFs were shared between samples from different environments. 

Two T-RFs (41 bp and 346 bp) were detected in sediment from the Baltic Sea and 

Plußsee and in all samples from Schöhsee. The T-RF 59 bp was common to samples 

from the water column in both lakes, and the T-RF 80 bp was detected in sediment of 

both lakes and Schöhsee 14 m. Specific T-RFs were found through the water column 

of each environment, such as 87 bp and 145 bp in the Baltic Sea, 94 bp in Plußsee, 

and 48 bp in Schöhsee. The T-RF 365 bp was dominant in Baltic Sea 20 m and T-RF 

222 bp in sediment. 
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In Baltic Sea, the samples from 2 and 10 m displayed almost identical T-RF 

patterns. Some of the T-RFs from 2 and 10 m (87 and 145 bp) were also observed in 

20 m. Similarly, the samples from Plußsee water column presented similar T-RF 

patterns dominated by T-RFs 59 and 94 bp. In the water column from Schöhsee, a 

shift in the communities was observed between 1 m and 14 m.  
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Figure V-3: Relative abundance of T-RFs after restriction with HaeIII. Number in upper of the 
columns indicated the number of T-RFs detected in each sample. Length of the different 
fractions is coded according to the panel on the bottom. For the colored T-RFs a corresponding 
clones was identified in the clone libraries by simulated. 

 

 

2.2 Principal component analysis (PCA) 

PCA was performed with the combined results of T-RFLP from the five 

enzymes (Fig. V-4). The analysis was carried out independently for each environment 

and for all three environments combined. In the In the results from the digestion with 

HaeIII, Baltic Sea 10 m was closer to 20 m and sediments than to 2 m. This 

correlation was due to the existence of common T-RFs in these samples that were 

detected with the other restriction enzymes (data not shown). In Plußsee PCA with the 

results from all digestions coincided with those observed for HaeIII. Samples from 

the water column were separated in the PC1 from those of sediment. In Schöhsee, 
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according to the PC1, the samples could be divided into two groups: 1, 11 and 12 m 

as one group and 14 m and sediment as the other. However, 14 m and sediment were 

separated in the PC2.  

 

In the PCA with all samples, Baltic Sea and water column of Plußsee formed 

two compact groups, which were segregated from all samples from Schöhsee and 

Plußsee sediment by PC2. Plußsee sediment was similar to 14 m and sediment of 

Schöhsee. Samples from the upper layer of Schöhsee (1, 11 and 12 m) were also 

grouped together.  
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Figure V-4: Principal component analysis (PCA) of T-RFLP patterns after restriction with 5 
enzymes. Samples are coded as follows: Baltic Sea, blue; Plußsee, green; Schöhsee, red. 
 

 

 

2.3 Simulated T-RF from clonal sequences 

 

To combine the results of T-RFLP and clone libraries, T-RFs were simulated 

from the clonal sequences (Table V-3). Because all sequences from the same cluster 
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usually produced the same T-RFs, only dominant T-RFs in each cluster were used for 

this analysis. Some clusters produced the same T-RFs indicating that T-RFLP has a 

limited applicability to characterize the whole diversity of the community. Simulated 

T-RFs were compared with the direct T-RFLP after HaeIII digestion. T-RFs from the 

direct approach that corresponded to clones in the libraries are marked in colors in 

Figure 1. The actual T-RFs 41 bp and 346 bp corresponded to the simulated T-RFs 45 

bp (three amoA clusters and pmoA cluster B7), and 348 bp (clusters B1, B8, B9 and 

B12) that were dominant T-RFs after simulation with the clones. T-RFs simulated 

with unspecific sequences from the library could be assigned to dominant T-RFs from 

the water column in all three environments, corresponding to the results from the 

clone libraries where a high proportion of unspecific clones were obtained. 

 

Table V-3: Representative T-RFs simulated with the program TRiFLe with clonal sequences in 
different clusters of the phylogenetic tree (Fig. V-3). 

 
Restriction enzymes Genes Cluster 

AluI HaeIII MboI MspI TaqI 
Nitrosospira 531 45 59 46 464 

amoA Nitrosospira-like 284 45 30 46 229 
Nitrosomonas 531 45 472 46 531 

pmoA/amoA Crenothrix-like 284 199 18 33 20 
B1-a 55 348 167 531 531 
B1-b 531 348 59 531 531 
B3 284 85 59 79 257 
B6 284 85 59 79 531 
B8 531 348 531 208 531 pmoA 
B9 98 348 167 531 531 

B11 94 531 531 531 531 
B12 98 348 531 531 531 
B13 85 225 326 531 531 
B7 393 45 30 244 170 

 

 

 

DISCUSSION 
 

The evolutionary relationship between AMO and pMMO lead to design 

primers in conserved regions for simultaneous amplification of both genes (Holmes et 

al., 1995). Although many amoA and pmoA sequences have been reported from 
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aquatic environments and are available in the databases, several studies were focused 

on one of these enzymes independently and investigation of both genes are scarce 

(Nold et al., 2000; Erwin et al., 2005). Thus, the detection of both genes in this study 

gives a good chance to compare diversity and distribution of these genes in three 

different environments.  

 

 

Distribution of both genes within/between environments 

Different distribution of both genes in sediment of marine habitats and lakes 

has been studied with the same primers as used here (Nold et al., 2000). Clones of. β-

amoA (75%) dominated in marine habitats, while in lake sediment only γ-pmoA 

clones were detected. From Eastern Snake River Plain aquifer, β-amoA was dominant 

with 80% and some α-pmoA (20%) were found (Erwin et al., 2005). However, 

applying the same primer pair, only pmoA genes were detected in some lakes. In Lake 

Constance γ-pmoA were dominant and some α-pmoA were detected (Bussmann et al., 

2004; Pester et al., 2004). In sediment of Transbaikal soda lakes (Lin et al., 2004) and 

Mono Lake (Lin et al., 2005) only pmoA of the γ-MOB type I was found.  

 

Although this primer set targets amoA gene of β- and γ-AOB and pmoA of α-

MOB and γ-MOB, it has more mismatches with pmoA than with amoA. In the present 

study only β-AOB and dominant γ-MOB (only a single α-pmoA sequence in Plußsee 

sediment) were found. This finding is in good agreement with the results from a study 

of marine and freshwater sediments where β-amoA and γ-pmoA has been detected 

(Nold et al., 2000).  

 

The investigated habitats in the present study showed significantly different 

diversity of both genes in each environment. The results of clone libraries from the 

Baltic Sea indicated that the habitats were partitioned with only β-amoA sequences 

related to Nitrosospira found in the water column and almost all γ-pmoA sequences 

detected in sediment. This finding in the water column coincides with results from the 

same samples studying amoA diversity with a different set of primers (Kim et al, 

submitted a). However, in this study only few amoA sequences could be detected in 

sediment although diverse amoA sequences were discovered in a previous study (Kim 
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et al., submitted a) with a different set of primers. Probably, pmoA is more frequent in 

Baltic Sea sediment than amoA. In Mono Lake (Lin et al., 2005) only pmoA was 

detected, though four different β-AOB had been found in another study based on 16S 

rDNA (Ward et al., 2000). This could be due to either low abundance of amoA 

sequences or lack of primer specificity. To detect amoA, nested amplification was 

carried out because of low abundance of AOB (Kim et al., submitted a). However, the 

intensive products using A189/A682 primers were obtained with direct amplification 

with genomic DNA.  

 

In Plußsee, almost all sequences were γ-pmoA and only one α-pmoA and a 

Crenothrix-like pmoA were detected. Using 16S rRNA probe with FISH revealed that 

γ-MOB were dominant in Plußsee, and α-MOB were not found (Eller et al., 2005). As 

well in soda lakes, only γ-pmoA have been in clone libraries with the same primers 

(Lin et al., 2004; Carini et al., 2005; Lin et al., 2005). A previous study with the same 

samples but different primers specific for only amoA or 16S rDNA (Kim et al., 2006), 

(Kim et al., submitted a) revealed several different AOB communities.  

 

In contrast to the results of Baltic Sea and Plußsee, the mesotrophic lake 

Schöhsee showed a coexistence of both genes through the water body. The shift of the 

distribution was significant and coincided with the concentration of O2 (Kim et al., 

2006). Coexistence of β-amoA and γ-pmoA was observed at O2 concentrations of 8.4 

– 2 mg L-1 in 1, 11 and 12 m. γ-pmoA dominated at 0.5 mg L-1 in 14 m, and 

Crenothrix-like pmoA sequences under anoxic conditions in sediment. Nitrosospira 

and Nitrosospira-like amoA sequences were detected through the water column, and 

Nitrosomonas sequences in sediment. This coincides with a previous study showing 

different adaptation to particle-associated habitats by Nitrosomonas and Nitrosospira 

(Phillips et al., 1999). More diverse γ-pmoA sequences were found in 14 m. It could 

be hypothesized that relatively high rates of methane oxidation occur at this depth. In 

stratified lakes, methane oxidation usually occurs near the deeper part of the 

chemocline (metalimnion), where dissolved-oxygen levels are relatively low 

compared with the epilimnion (Hanson and Hanson, 1996). (Lin et al., 2005) 

suggested a correlation of methane oxidation activity with a change of the community 

composition of methane-oxidizing bacteria based on pmoA genes. In DGGE profiles, 
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they detected an additional band in the depth, with the highest rates of aerobic 

methane oxidation.  

 

The fact that sequences related to Crenothrix polyspora were found in 

sediment is very interesting, which was isolated from the backwash water of rapid 

sand filters for removal of iron, manganese, and ammonium of German drinking 

water treatment plant (Stoecker et al., 2006). Crenothrix polyspora is a filamentous 

methane oxidizing bacterium that can take up acetate and glucose when methane is 

absent, indicating that it could be a facultative methane oxidizer. Contrasting kinds of 

interaction have been reported between nitrification and methane oxidation, such as 

inhibition (King and Schnell, 1994) and stimulation (Bodelier et al., 2000) of methane 

oxidation by ammonia availability, and the possibility that nitrification either 

contributes to (Bodelier and Frenzel, 1999) or suppresses (Megraw and Knowles, 

1987; Roy and Knowles, 1994) methane oxidation. However, the interaction can be 

more complicated since ammonia oxidizing archaea and methane oxidizing C. 

polyspora were discovered recently (Könneke et al., 2005; Treusch et al., 2005; 

Stoecker et al., 2006), and could be an important part of the community in specific 

habitats. 

 

 

Habitat specific clusters in aquatic environments 

Habitat specific clusters were found in this study. While the same clusters of 

amoA sequences were detected in both Baltic Sea and Schöhsee, the pmoA sequences 

observed in Baltic Sea did not appear in lakes or the other way around. In Baltic Sea 

pmoA sequences from cluster B13 are closely related to the sequences from Newport 

Bay, Southern California (McDonald et al., 2005), forming a cluster specific for 

brackish environments. The pmoA cluster B12 is a novel cluster dominated by 

sequences from the water column of Schöhsee (and 2 clones from Plußsee 7m) and 

has some similarity with Methylomicrobium pelagicum. On the other hand, pmoA 

sequences from sediment of Plußsee and 14 m and sediment of Schöhsee were closely 

related to the sequences from sediment in Lake Constance (Bussmann et al., 2004; 

Pester et al., 2004; Bussmann et al., 2006), Lake Washington (Costello and Lidstrom, 

1999; Nercessian et al., 2005; Kalyuzhnaya et al., 2006) and Pacific Northwest (Nold 

et al., 2000), suggesting a more cosmopolitan distribution. Sequences related to 
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unusual pmoA of Crenothrix polyspora, which were found mainly in Schöhsee, 

showed 65% - 67% similarity of the deduced amino acid sequences. Similarity of 

DNA between those sequences and C. polyspora, however, was ≤53%. It could well 

be that this group of amoA/pmoA sequences represents a novel group of either 

methane- or ammonia-oxidizing bacteria. 

 

 

Comparison of the clone libraries diversity 

Using 5% cutoff, pmoA genes were much more diverse with 25 OTUs than 

amoA genes (6 OTUs). pmoA was more diverse and divergent in the samples from 

both lakes than in Baltic Sea. For pmoA genes, Plußsee sediment showed the highest 

diversity with 12 OTUs. Most of these sequences were grouped into cluster B3 that 

consisted of only 1 OTU, whereas cluster B1 contained 7 OTUs (5 OTUs in 

subcluster B1-a and 2 OTUs in subcluster B1-b) indicating more divergent sequences 

in B1 and conserved sequences in B3. Sequences in cluster B1 were 86% identical, 

while those in cluster B3 were 96% identical. pmoA sequences from Schöhsee 14 m 

were widely dispersed throughout the phylogenetic tree with 11 OTUs. 3 OTUs in 

cluster B12, 2 OTUs in clusters B11, B1 and B3 and one OTU in clusters Crenothrix-

like and B6 indicated the huge diversity of pmoA genes in this habitat. pmoA 

sequences of Schöhsee sediment showed relatively low diversity with 4 OTUs, 2 

OTUs in Crenotrhix-like cluster and 1 OTU in clusters B3 and B8. Diversity was 

reduced in the water column of Schöhsee (1 OUT) and Plußsee (2 OTUs). Although 

lots of pmoA sequences were observed in Baltic Sea sediment, they belonged to 1 

OTU with 98% sequence identity, indicating the presence of conserved pmoA genes 

in this habitat. In contrast to this, amoA sequences from Baltic Sea sediment were 

distributed into 3 OTUs with 1 sequence each. 3 OTUs were found as well in 

Schöhsee 14 m, while sequences from Baltic Sea water column and Schöhsee 1, 11 

and 12 m and sediment formed 1 OTU, each, indicating low diversity of amoA in 

these habitats. 

 

 

Application of T-RFLP to study amoA and pmoA genes 

Fingerprinting techniques such as DGGE (Henckel et al., 1999; Henckel et al., 

2000a; Henckel et al., 2000b; Fjellbirkeland et al., 2001; Hoffman et al., 2002; Knief 
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et al., 2005) and T-RFLP (Horz et al., 2001; Hoffman et al., 2002; Pester et al., 2004) 

have been applied to investigate the communities in several environments. T-RFLP is 

regarded as a useful method to study diversity of complex bacterial communities and 

to rapidly compare community structure in different ecosystems (Liu et al., 1997). 

However, linking the T-RFLP results with the simulation of T-RFs in the clone 

libraries from this study indicated that this technique has only a limited resolution to 

separate different members of the community. Another problem is the unspecific PCR 

amplification that could misestimate the community composition by T-RFLP method. 

In the clone libraries of this study, unspecific PCR products were also observed. Other 

studies using the same primer set, also described unspecific PCR amplification (Nold 

et al., 2000; Bourne et al., 2001).  
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ABSTRACT 

 

The distribution of denitrifying bacteria carrying nirK or nirS genes was 

studied in samples from the water column and sediment-water interface of lake 

Plußsee as a eutrophic, and lake Schöhsee as a mesotrophic lake in Schleswig-

Holstein (Germany), and a near-shore station of the German Baltic Sea. Both, nirK 

and nirS genes were amplified by PCR and analyzed by terminal restriction fragment 

length polymorphism (T-RFLP), cloning and sequencing. Based on relative 

abundance, clone libraries and rarefaction curve, nirS-denitrifiers were more diverse 

than nirK-denitrifiers. Principal component analysis (PCA) of T-RFLP showed that in 

all environments sediment nirK-denitrifiers and nirS-denitrifiers were different from 

those in the water column. For nirK, dominant sequences from all clone libraries were 

detected in two distinct phylogenetic clusters, and for nirS, sequences from both lakes 

shared several clusters throughout the complete phylogenetic tree and only few 

sequences from Baltic Sea overlapped. Different distribution between nirK and nirS 

sequences was observed in three environments. In the Baltic Sea, nirK-denitrifiers 

were diverse throughout the water column, while nirS-denitrifiers were dominant in 

the sediment and almost absent in the water column. Lake Plußsee communities 

showed inverse composition: nirK-denitrifiers were more diverse in the water column 

and nirS-denitrifiers in the sediment. In Lake Schöhsee nirS-denitrifiers showed high 

diversity across the water body. 

 

 

 

INTRODUCTION 
 

Denitrification is a respiratory microbial process in which oxidized nitrogen is 

used as an alternative electron acceptor for energy production when oxygen is 

limiting. Ecologically, this process is important because it converts the nutrient nitrate 

(NO3
-) into the more inert gaseous nitrogen (N2), which is eventually equilibrated with 

the atmosphere and may thus cause a loss of nitrogen. Gaseous intermediates, like 

NO, NO2 and N2O may contribute to the depletion of ozone if they reach the 

atmosphere (Knowles, 1982). This process is catalyzed sequentially under anaerobic 
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or microaerobic conditions by four different enzymes: nitrate reductase (Nar), nitrite 

reductase (Nir), nitric oxide reductase (Nor), nitrous oxide reductase (Nos). 

Microorganisms possessing these enzymes are distributed over a wide range of 

taxonomically distinct groups of Bacteria and Archaea (Zumft, 1997; Philippot, 

2002). 

 

Nitrite reductase (Nir) is the key enzyme of denitrification, catalyzing the 

reduction of NO2
- to NO, the first gaseous product (Zumft, 1997). There are two 

nitrite reductase enzymes that are evolutionarily distinct but have a similar function: 

the copper-containing NirK encoded by the gene nirK, and the cytochrome cd1-

containing NirS encoded by nirS (Zumft, 1997; Philippot, 2002). These two enzymes 

have never been observed to coexist within the same bacterial species (Coyne et al., 

1989). nirS is part of a nir gene cluster, in which the number of nir genes and the 

organization differ in different species. In some species, the nirK gene forms a cluster 

together with a nirV gene, located downstream and encoding a protein of unknown 

function (Philippot, 2002).  

 

Recent studies using nitrite reductase genes as functional markers have 

explored their diversity, focused on diverse environments comprising soil (Avrahami 

et al., 2002; Priemé et al., 2002; Rösch et al., 2002; Throbäck et al., 2004; Wolsing 

and Priemé, 2004; Sharma et al., 2005), groundwater (Yan et al., 2003), estuarine 

sediment (Nogales et al., 2002; Santoro et al., 2006), marine sediment (Braker et al., 

2000; Liu et al., 2003) and seawater (Tuomainen et al., 2003; Jayakumar et al., 2004; 

Castro-González et al., 2005; Hannig et al., 2006; Oakley et al., 2007). Up to date, 

most studies in environments have focused on either soils or marine environments 

with little attention given to freshwater (Junier et al. submitted). 

 

In this study, we focus on the diversity and distribution of the nitrite reductase 

genes nirK and nirS in the water column and sediment-water interface of two lakes 

(Plußsee and Schöhsee) in northern Germany and the Baltic Sea.  
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RESULTS 
 

1. T-RFLP analysis of nirK and nirS  

 

1.1 Relative abundance of T-RFs 

PCR products of nirK and nirS were obtained from all the samples. Analysis 

of T-RFLP showed that HaeIII produced the highest number of T-RFs (19 T-RFs for 

nirK and and 20 for nirS), while AluI and MspI produced less T-RFs (13 and 16 for 

nirK; 15 and 17 for nirS). Therefore, the relative abundances of individual T-RFs after 

HaeIII restriction were used for further analyses (Fig. VI-1 and VI-2). 

 

In the Baltic Sea, Plußsee and Schöhsee, nirK-denitrifier communities showed 

a clearly distinguishable pattern of T-RFs (Fig. VI-1). Only a few T-RFs (174 bp and 

279 bp) were shared between environments. The T-RFs 35 bp, 41 bp and 205 bp were 

detected in both lakes and the T-RF 240 bp was found in the Baltic Sea and Schöhsee. 

In all three environments, the T-RF pattern from sediment samples was different from 

those in the water column. Sediments from the Baltic Sea and Plußsee were not 

dominated by any particular T-RF, while in Schöhsee sediment the T-RF 143 bp 

showed a significantly higher frequency (more than 60% of the fluorescence). 
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Figure VI-1: Relative abundance of T-RFs after restriction with HaeIII of amplified nirK in 
samples from the Baltic Sea, Plußsee and Schöhsee. Number in upper of the columns indicated 
the number of T-RFs detected in each sample. Numbers in bottom indicate the lengths of T-RFs 
in base pair. 
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A higher proportion of T-RFs was shared between different samples from the 

same environment. In the Baltic Sea, the relative abundance of the T-RFs 231 bp, 279 

bp, 294 bp and 335 bp changed with depth. Likewise, in Schöhsee a similar shift in 

the abundance of the T-RFs 41 bp, 205 bp and 240 bp was observed. The T-RF 111 

bp was unique to Plußsee, and was detected there in 1, 4, 7m and sediment.  

 

The T-RFLP patterns of nirS were more diverse than those of nirK (Fig. VI-2). 

The smallest T-RF 36 bp was common to all samples, except Plußsee 7 m and 

Schöhsee 14 m. Similarly, the T-RFs 66 bp, 136 bp and 147 bp appeared in all three 

environments. The T-RFs 130 bp, 222 bp, 271 bp and 407 bp appeared in the Baltic 

Sea and Plußsee, whereas the Baltic Sea and Schöhsee shared the T-RFs 53 bp, 72 bp, 

91 bp, 176 bp, 301 bp and 372 bp. The T-RF 160 bp was detected only in the two 

lakes. T-RF 102 bp was observed in the Baltic Sea and T-RF 333 bp in Plußsee, only. 

There was no indigenous T-RF in Schöhsee. In the Baltic Sea, none of the samples 

was dominated by any particular T-RF, while one T-RF was dominant in Plußsee 7 m 

(60 bp) and Schöhsee 1 m and 12 m (36 bp).  
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Figure VI-2: Relative abundance of T-RFs after restriction with HaeIII of amplified nirS in 
samples from the Baltic Sea, Plußsee and Schöhsee. Number in upper of the columns indicated 
the number of T-RFs detected in each sample. Numbers in bottom indicate the lengths of T-RFs 
in base pair. 
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1.2 Principal component analysis (PCA) of T-RFLP of nirK and nirS  

PCA of T-RFLP of nirK and nirS with the combined results of the three 

restriction enzymes is presented in Fig. VI-3. In all environments, nirK communities 

in sediment from three environments were separated from those in water column. 

Through the water column, in the Baltic Sea the composition of the nirK communities 

at 10 m depth was intermediated to those at 2 m and 20 m. In each lake, nirK 

communities from 1and 4 m of Plußsee and 11, 12, and 14 m of Schöhsee were 

grouped together. In Baltic Sea nirS communities of 2 and 10 m were similar and 

apart those from the other samples. nirS-communities from Baltic Sea 20 m, Plußsee 7 

m and Schöhsee 14 m were separated from the other samples in each environment by 

the PC 1 (Fig. VI-3. A-C).  

 

When all the samples were analyzed simultaneously (Fig. VI-3. D), the 

denitrifying communities with nirK were more related to each other in the two lakes 

and clearly separated from those in the Baltic Sea. Similar results were obtained for 

nirS, although in this case, the sediment communities of the Baltic Sea were grouped 

together with those in the lakes. 

 

 

2. Clone libraries and sequence analysis of nirK and nirS PCR products 

 

2.1 Clone libraries  

Based on the PCA results of the T-RFLP, nine samples for nirK and ten 

samples for nirS were selected to generate clone libraries because they should cover 

the total diversity in the whole set of samples. These include for both genes all 

sediment samples from the three environments, 2 m and 20 m from Baltic Sea, 1 and 

7 m from Plußsee and 1 and 12 m from Schöhsee. Additionally, nirS from 14 m in 

Schöhsee was chosen for cloning because it was separated from the other samples in 

the PCA. 

 

A total of 305 nirK and 269 nirS clones with an insert of 470 and 473 bp for 

nirK and 410 - 425 bp for nirS were sequenced (Table VI-1). More clones from both 

genes were obtained with sediment samples from the Baltic Sea and Schöhsee than 

with water samples. Most nirK clones were recovered from Plußsee 1 m, while most 
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Figure VI-3: Principal component analysis of T-RFLP of nirK (left) and nirS (right) from samples 
of the Baltic Sea (A), Plußsee (B), Schöhsee (C) and all samples (D). 
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nirS clones originated from sediment. In the clone libraries from 2 and 20 m of the 

Baltic Sea, nirS clonal sequences were almost absent (only four and two clones with 

the right insert were detected). 

 

Table VI-1: Number of sequences in clusters of the phylogenetic trees (Fig. VI-4 and VI-5) 

 
No. of clones sequenced 

Baltic Sea Plußsee Schöhsee Genes Cluster 

2 m 20 m Sediment 1 m 7 m Sediment 1 m 12 m 14 m Sediment 

No. of 
sequences in 
each cluster 

I 13 2 0 0 0 0 0 12 N.D. 2 29 

II 2 0 0 4 2 0 2 5 N.D. 0 15 

V 0 0 0 0 0 0 0 0 N.D. 6 6 

VI 15 33 31 18 7 12 2 2 N.D. 10 130 
VII 2 6 10 18 23 6 16 19 N.D. 22 122 

VIII 0 0 3 0 0 0 0 0 N.D. 0 3 

nirK 

Total 32 41 44 40 32 18 20 38 N.D. 40 305 

I 1 0 0 8 17 15 10 11 10 16 88 

II 0 0 0 0 0 2 1 0 0 4 7 

III 0 0 0 1 0 3 0 9 3 7 23 

IV 0 0 7 0 0 0 1 0 0 2 10 

V 0 1 0 0 16 4 0 2 34 7 64 

VI 0 0 13 0 0 0 0 0 0 0 13 

VII 0 0 0 2 0 12 1 21 0 7 43 

VIII 3 1 0 0 0 0 7 1 0 0 12 

IX 0 0 3 0 0 1 0 0 0 4 8 

X 0 0 1 0 0 0 0 0 0 0 1 

nirS 

Total 4 2 24 11 33 37 20 44 47 47 269 

 

 

Almost all clonal sequences were related to uncultured denitrifying bacteria as 

revealed by BLASTX at similarities from 74% to 100% for NirK and from 59% to 

96% for NirS. Only two nirK sequences in cluster IIf were 100% identical with NirK 

from the cultured denitrifier Ochrobactrum sp. 2FB10 (AY078249). 

 

 

2.2 nirK phylogeny 

In nirK phylogeny (Fig. VI-4), the clusters I - VI correspond to those 

described by (Priemé et al., 2002) and Junier et al. (submitted). The clusters VII and 

VIII were identified in this study. All sequences from this study were grouped into six 

of the eight clusters. No clones were obtained from cluster III and IV, the majority fell  
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Figure VI-4: Phylogenetic tree of nirK gene, based on 158 deduced amino acids, constructed by 
neighbor joining method in ARB with aniA from Neisseria gonorrhoeae (M97926) as the 
outgroup. Clones from this study are shown in bold and designated as B, Baltic Sea in Arial 
with blue; P, Plußsee in Book Antiqua with green; S, Schöhsee in Comic Sans MS with 
red. and followed by depth. Sedi=sample from sediment-water interface. Bootstrap values for 
1,000 replicates are indicated at the branch points by circles: black (100%), gray (95 - 99%) and 
white (90 - 94%). PNWS, Pacific Northwest sediment (Braker et al., 2000); RCES, River Colne 
estuary sediment (Nogales et al., 2002); FUWS, forested upland and wetland soil (Priemé et al., 
2002); SDAC, incubated soil with different ammonia concentration (Avrahami et al., 2002); 
NWMS, northwestern Mexico sediment (Liu et al., 2003); NUCG, nitrate- and uranium-
contaminated groundwater (Yan et al., 2003); BSCB, Baltic Sea cyanobacterial bloom 
(Tuomainen et al., 2003); MWTS, metallurgic wastewater treatment systems (Yoshie et al., 2004); 
ASAF, arable soil receiving artifical fertilizer (Wolsing and Priemé, 2004); ASWC, Arabian Sea 
water column (Jayakumar et al., 2004); ARSO (arable soil), ACSL (activated sludge) and PESO 
(peat soil) (Throbäck et al., 2004); OESP, OMZ in the eastern South Pacific (Castro-González et 
al., 2005); HSBC, Huntington State Beach, California (Santoro et al., 2006); BSWC, Baltic Sea 
water column (Hannig et al., 2006); AGCS, Ag-contaminated soil (unpublished); LKWC, Lake 
Kinneret water column (Junier et al. submitted) 
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Figure V-4: continued. 
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Figure V-4: continued. 
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into cluster VI (130) and the new cluster VII (122). These two clusters contained 

clones from all samples. The sequences in cluster VII could be divided into at least 

two subclusters based on the identity with NirK from Rhodobacter sphaeroides f. sp. 

denitrificans which was isolated from polluted water of a lagoon pond in Japan (Satoh 

et al., 1976). Sequences in subcluster VIIa were 67 - 72% similar, those in subcluster 

VIIb 58 - 60%. The smaller subcluster VIIb contained only sequences from this study, 

while subcluster VIIa contained in addition a few sequences from a wide range of 

environments, such as Lake Kinneret (Junier et al., 2007 submitted), Baltic Sea 

(Tuomainen et al., 2003), northwestern Mexico sediment (Liu et al., 2003), 

Huntington State Beach, California (Santoro et al., 2006), and activated sludge 

(Throbäck et al., 2004). Cluster VI included NirK from Roseovarius sp. 217 (Acc. No. 

NZ_AAMV01000015) isolated from surface seawater collected near Plymouth, 

England (Schäfer et al., 2005), and environmental sequences that were 65 ~ 86% 

identical to NirK from this bacterium. This cluster VI was separated into three 

subclusters VId, VIe and VIa. Subcluster VIa included the sequences from Baltic Sea 

and Plußsee that were closely related with those from Huntington State Beach, 

California (Santoro et al., 2006). Sequences in subclusters VId and VIe were 

associated with those from Lake Kinneret (Junier et al. submitted) and from Ag-

contaminated soil (Throbäck et al., unpublished). 

 

Cluster I contained in the three subclusters Ie, Ii and Ik sequences from water 

column of the Baltic Sea as well as from 12m and sediment of Schöhsee, all closely 

related to sequences from soil (Priemé et al., 2002; Throbäck et al., 2004; Wolsing 

and Priemé, 2004). Similarly, cluster II included sequences from the water column of 

all three environments that were related to those from diverse environments. Cluster V 

contained sequences from Schöhsee sediment, and cluster VIII those from Baltic Sea 

sediment that were related to nirK from Huntington State Beach, California (Santoro 

et al., 2006). 

 

2.3 nirS phylogeny 

Ten clusters were identified in the phylogeny of nirS (Fig. VI-5). Clusters I - 

V are the same groups as previously identified (Yan et al., 2003), clusters VI - X are 

new  from  this  study.  Most of the nirS sequences  (88)  belonged  to cluster I,  which  
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Acidovorax Comamonas Pseudomonas Alicycliphilus,/ / /  MWTS (G/IIIa) 15

P7m_nirS-21 (+8 clones; -07, -11, -14, -16, -17, -19, -26, -29)
S14m_nirS-38 (+6 clones; -01, -11, -22, -31, -40, -43)
S14m_nirS-33 (+2 clones; -09, -18)

P7m_nirS-34
P7m_nirS-36

S14m_nirS-17 (+2 clones; -08, -14)
P7m_nirS-10

P7m_nirS-06 (+2 clones; -12, -33)
P7m_nirS-18

S14m_nirS-24 (+1 clone; -48)
S14m_nirS-06 (+4 clones; -10, -15, -36, -50)

B20m_nirS-01
S14m_nirS-25 (+5 clones; -23, -28, -42, -44, 51)
S14m_nirS-46 (+5 clones; -02, -16, -30, -39, -45)
S12m_nirS-39
S14m_nirS-12

Psedi_nirS-13
S12m_nirS-12
Ssedi_nirS-09
Psedi_nirS-34

LK1mS-12, LKWC, EF623503
LK80S35m, LKWC, AM071471
S14m_nirS-26
Psedi_nirS-05

Cupriavidus Kocuria/ , NUCG (V) 12

LKWC (III) 6

Vb

Va

Pseudomonas  70

OESP (IIa~c), ASWC (IX), PNWS (V), MWTS (IIIb) 35

S1m_nirS-09
Bsedi_nirS-17

Bsedi_nirS-09
Bsedi_nirS-14

M60-97, BSWC, DQ72207
Bsedi_nirS-40

Ssedi_nirS-35
Ssedi_nirS-32

Bsedi_nirS-16
G840-4F, ASWC, AY336818

IV

OESP (III), NUCG (IV), ASWC (VII & VIII)

Vc

Bsedi_nirS-23

 
 

Figure V-5: Phylogenetic tree of nirS gene, based on 142 deduced amino acid sites, constructed by 
neighbor joining method in ARB with nirN from Pseudomonas aeruginosa (D84475) as the 
outgroup. For explanation see Fig. V-4. 
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NUCG (III), ARSO & ACSL 18

Ssedi_nirS-30
DGGE band US6C, ARSO, AY583438

ASWC (I, II, IV), BSWC (VIII), OESP (IV), HSBC (I) 34

S14m_nirS-20
S14m_nirS-37 (+1 clone; -19)

Paracoccus  16

LK87S20m, LKWC, AM071469
LK2S20m, LKWC, AM071461
DGGE band PS2A, PESO, AY583451

P1m_nirS-15
Psedi_nirS-41

BSWC (VIIa) 3

Psedi_nirS-09
DGGE band KS1A, ACSL, AY583445

DGGE band PSA1, PESO, AY425144
DGGE band KS2B, ACSL, AY583448
DGGE band KS1E, ACSL, AY425142

LK56S35m, LKWC, AM071475
R2-s04, MWTS, AB118886

Roseobacter Silicibacter / 14

ARSO 7
Psedi_nirS-31
DGGE band AS8A, ARSO, AY583422

Ssedi_nirS-10
DGGE band AS4E, ARSO, AY583414

ARSO 2

DGGE band BS2G, ARSO, AY583428
DGGE band US5B, ARSO, AY425138

S12m_nirS-26 (+1 clone; -17)
S12m_nirS-20
S12m_nirS-19
S1m_nirS-22 (+2 clones; -19, -21)
S12m_nirS-34

S12m_nirS-29
Ssedi_nirS-40

Ssedi_nirS-13 (+2 clones; -15, -16)
Ssedi_nirS-42

DGGE band KS3E, ACSL, AY425143
LKWC (V) 6

NUCG (II), RCES (J) 23

Activated sludge (unpublished) 3

Psedi_nirS-25
S1m_nirS-05

Psedi_nirS-07
BS1284, BSCB, AJ457201

D09-300-67, NUCG, AF548962
B04-03-140, NUCG, AF549014

Ssedi_nirS-39
DGGE band HS2E, ACSL, AY583443
Ssedi_nirS-45
Ssedi_nirS-04 (+1 clone; -21)

DGGE band HS2A, ACSL, AY583442
LK1mS-7, LKWC, EF623504

ARSO 2

Azoarcus sp. EbN1, NC_006513

0.10

IIIa

II

IIIb

BSWC (VIIb), HSBC (I), RCES (P), NWMS (Ia), NUCG (III)

ASWC (III), NWMS (Ia), HSBC (I), 
RCES (H), BSWC (VIa, b), NUCG (III)IV 117

Va 45

Vb 94

IIIa 163

IIIb 31

II 41

I 348

VI ~ VIII 341

IX 9
X 20

Pseudomonas aeruginosa nirN, D84475, D84475
0.10

 

 

Figure V-5: continued. 
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0.10

Psedi_nirS-11
S1m_nirS-08
S1m_nirS-06

NUCG (I-2) 2

BSWC (IXc) 7

NUCG (I-4), MWTS (F/IIa) 6
Ssedi_nirS-02 (+2 clones; -05, -12)

Ssedi_nirS-06
Psedi_nirS-43

Activated sludge (unpublished) 7
Azospirillum brasilense, AJ224912

NUCG (I-3) 3
F05-03-0112, NUCG, AF549071

LKWC (VIII) 7
P7m_nirS-22 (+1 clone; -15)
LK64S35m, LKWC, AM071478
LK28S20m, LKWC, AM071476

LK65S35m, LKWC, AM071456
LK1mS-9, LKWC, EF623510
LK19mS-26, LKWC, EF623520

P7m_nirS-37
LKWC (VIII) 5

P7m_nirS-28
Psedi_nirS-21

LK26S35m, LKWC, AM071464
Psedi_nirS-16 (+2 clones; -27, -29)

Psedi_nirS-23
Psedi_nirS-20
S14m_nirS-27

Alcaligenes Azoarcus Pseudomonas Thauera Acidovorax/ / / / , 140

S12m_nirS-27
Ssedi_nirS-33

S12m_nirS-03
S12m_nirS-06 (+1 clone; -10)
S12m_nirS-02 (+1 clone; -23)

DGGE band AS3D, ARSO, AY583409
S12m_nirS-08 (+1 clone; -30)
S12m_nirS-09
Ssedi_nirS-14 (+1 clone; -48)
S12m_nirS-21

S1m_nirS-11 (+1 clone; -20)
S1m_nirS-16

S1m_nirS-17
S1m_nirS-15
S1m_nirS-02
Ssedi_nirS-27

Psedi_nirS-32
S14m_nirS-47
Ssedi_nirS-25

Dechloromonas, RCES (N) 58

S1m_nirS-10
S12m_nirS-15

Ssedi_nirS-07
Ssedi_nirS-31
LK22S35m, LKWC, AM071460

Psedi_nirS-06
Psedi_nirS-24
LK75S35m, LKWC, AM071468

P1m_nirS-12
P1m_nirS-13

B2m_nirS-01
P1m_nirS-02

P1m_nirS-06
LK1mS-1, LKWC, EF623506

LKWS (VII-7), UNCG (I) 13

BSWC (IXa, b), RCES (1) 11
P1m_nirS-01 (+1 clone; -05)
S14m_nirS-13
S14m_nirS-35 (+4 clones; -05, -29, -32, -34)
S14m_nirS-21

S1m_nirS-14
S14m_nirS-41

P7m_nirS-05
P7m_nirS-30 (+11 clones; -01, -02, -03, -04, -08, -09, -13, -20, -23, -27, -35)

P1m_nirS-04 (+1 clone; -10)
Ssedi_nirS-23 (+3 clones; -17, -29, -36)
Psedi_nirS-28

Ssedi_nirS-19
Psedi_nirS-37

Psedi_nirS-03
HNIS-2, RCES, AJ440479

LKWC 5

NUCG (I) 3

Activated sludge (unpublished) 2
Psedi_nirS-10
HNIS-4, RCES, AJ440481
HNIS-7, RCES, AJ440484

LKWC 4

NWTS (IIa F, D) 2

Ia

Ie

NUCG (I), NWMS (Ic), PNWS (I), RCES (M), MWTS (B, C/IIa)

Ib

Ic

Id

IV 117

Va 45

Vb 94

IIIa 163

IIIb 31

II 41

I 348

VI ~ VIII 341

IX 9
X 20

Pseudomonas aeruginosa nirN, D84475, D84475
0.10

 
Figure V-5: continued. 

 119



 
3. RESULTS-VI 

HSBC (V), PNWS (IV), BSWC (I), RCES (IVf, g), ASWC (X) 148

Bsedi_nirS-05
PNWS (III) 14

Bsedi_nirS-15 (+1 clone; -27)
Bsedi_nirS-36

ANIS-54, RCES, AJ440470
pA12, PNWS, AJ248405

Bsedi_nirS-18
Bsedi_nirS-38

Bsedi_nirS-39
Bsedi_nirS-22
Bsedi_nirS-20
BS1270, BSCB, AJ457196

BSWC (Ie), RCES (B), HSBC 5
ANIS-66, RCES, AJ440475

NWMS (Ib) 2
Bsedi_nirS-11

ASWC (XII), PNWS (IV), HSBC (Id, II) 23

HSBC (III) 4
Bsedi_nirS-10

OESP (I), ASWC (XI), NWMS (Ic), HSBC 48

Bsedi_nirS-29
ANIS-60, RCES, AJ440473

Bsedi_nirS-32
ANIS-55, RCES, AJ440471

HSBC (III), BSWC (III) 16

Yan (V) 2

Azoarcus tolulyticus RCES (L), MWTS (K/IIIc) 11

NWMS (Ic), NUCG (IV) 7
S1m_nirS-24
S12m_nirS-22 (+9 clones; -04, -13, -14, -28, -31, -32, -37, -38, -40)
Ssedi_nirS-44

Psedi_nirS-02
S12m_nirS-05
P1m_nirS-08 (+1 clone; -09)
Psedi_nirS-22 (+1 clone; -30)
Psedi_nirS-36

S12m_nirS-35
S12m_nirS-18

S12m_nirS-07
S12m_nirS-41
S12m_nirS-24

S12m_nirS-01 (+1 clone; -16)
Ssedi_nirS-20

Psedi_nirS-15 (+2 clones; -19, -26)
Psedi_nirS-42 (+2 clones; -17, -35)

Psedi_nirS-39
S12m_nirS-36
Ssedi_nirS-26

DGGE band US6B, ARSO, AY425139
S12m_nirS-33
Ssedi_nirS-22 (+1 clone; -24)
S12m_nirS-25

Ssedi_nirS-34
LK27S20m, LKWC, AM071472

Ssedi_nirS-41
Psedi_nirS-14

DGGE band US5A, ARSO, AY583432
LK1mS-14, LKWC, EF623502

DGGE band KS1F, ACSL, AY583447
hbD_5F, HSBC, DQ159615

NWMS (Ib) 2
B2m_nirS-04 (+1 clone; -09)

B20m_nirS-02
B2m_nirS-14
S1m_nirS-01
S12m_nirS-11

S1m_nirS-07
V483-5GG, ASWC, AY336929
Bsedi_nirS-13
Bsedi_nirS-26

m318b36, NWMS, AY195898
Bsedi_nirS-34

m318a45, NWMS, AY195897
Psedi_nirS-33

LK1mS-17, LKWC, EF623513
Ssedi_nirS-01 (+1 clone; -43)
Ssedi_nirS-11 (+1 clone; -37)

BSWC (X), PNWS (II), ASWC (V) 19
Bsedi_nirS-24

0.10

VI

VIII

VII

X

IX

IV 117

Va 45

Vb 94

IIIa 163

IIIb 31

II 41

I 348

VI ~ VIII 341

IX 9
X 20

Pseudomonas aeruginosa nirN, D84475, D84475
0.10
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includes sequences from all samples of both lakes, but nor from the Baltic Sea. These 

sequences were separated into five subclusters. Subcluster Ia contained sequences 

from Schöhsee and another one from arable soil (Acc. No. AY583409) (Throbäck et 

al., 2004). This purely environmental subcluster is only distantly related to known 

denitrifying bacteria. Subcluster Ib, containing NirS from Dechloromonas spp., also 

includes sequences from the water column of Lake Kinneret (Junier et al., 2007 

submitted) and Baltic Sea (Hannig et al., 2006), and sediment of River Colne estuary 

(Nogales et al., 2002). Sequences in the smaller subclusters Ic and Id were related to 

those from nitrate- and uranium-contaminated groundwater(Yan et al., 2003). 

Subcluster Ie is a lake specific cluster with sequences from Plußsee and Lake Kinneret 

(Junier et al. submitted) and one sequence from Schöhsee. 

 

Sequences from both lakes were also grouped into the clusters V and VII. 

Subcluster Vc was dominated by sequences from 7 m of Plußsee and 14 m of 

Schöhsee, closely related to some sequences from Lake Kinneret and at <85% identity 

with NirS from Cupriavidus necator (AM230890). Cluster VII comprised sequences 

from water and sediment of Plußsee and Schöhsee, from water of Lake Kinneret, 

arable soil and activated sludge, at ≤74% identity with the NirS from Azoarcus 

tolulyticus (AY078272). 

 

The dominant sequences from Baltic Sea sediment and a few from lake 

Schöhsee (from 1 m depth and from the sediment were grouped into clusters IV and 

VI, together with sequences from brackish and marine habitats. Some sequences from 

both lakes were grouped into clusters II and III, together with sequences from arable 

soil, activated sludge, nitrate- and uranium-contaminated groundwater and Lake 

Kinneret. Cluster VIII, with sequences from the Baltic Sea and Schöhsee, was related 

at 68% identity to NirS from the Arabian Sea water column. 

 

2.4 Diversity of nirK and nirS sequences 

Rarefaction analysis comparing the diversity of both genes at 5% cutoff for 

OTU definition (Fig. VI-6) showed that the community with nirS was more diverse 

than the one with nirK. Saturation was not reached in both cases. The highest 

diversity of nirK was observed in the sample from Baltic Sea sediment with 14 OTUs 
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followed by Baltic Sea 2 m (12 OTUs). The lowest nirK diversity was detected in 

Baltic Sea 20 m with 5 OTUs. Diversity in both lakes was at an intermediate level.  

 

 

Figure V-6: Rarefaction curves indicating nirK and nirS diversity in clone libraries derived from 
each environment. OTUs were defined as groups of sequences differing by ≤5% at the DNA level. 
Coding of the samples with three different colors: blue=Baltic Sea; green=Plußsee; 
red=Schöhsee. 

 

In the case of nirS, higher diversity was observed in samples from sediment 

than from the water column of all three environments. Among the sediment samples, 

 122



 
3. RESULTS-VI 

most of the OTUs were detected in Schöhsee (29), followed by Plußsee (27) and 

Baltic Sea (17). 

In the Baltic Sea, the highest diversity for both genes was observed in the 

sediment. In the sample from Plußsee at 7 m depth nirK was the most diverse but nirS 

the least. In the sediment samples from both lakes, the highest diversity was observed 

for nirS and the lowest for nirK. 

 

 
 

DISCUSSION 
 

Up to date most studies in environments have paid attention to either soils or 

marine environments (Wallenstein et al., 2006), with less information provided from 

lakes (Junier et al., submitted). In this study, we combined T-RFLP and clone libraries 

to characterize the diversity and distribution of denitrifiers through the water column 

and sediment-water interface in two lakes and the Baltic Sea.  

 

 

Comparison of nirK and nirS genes on the basis of T-RFLP 

Recent studies have combined the amplification of nirK and nirS genes with 

the fingerprint techniques DGGE (Throbäck et al., 2004) and T-RFLP (Braker et al., 

2001) to characterize the diversity and composition of denitrifiers. Applying T-RFLP 

analysis, the denitrifying bacterial community has been characterized in several 

environments, like soil (Avrahami et al., 2002; Priemé et al., 2002; Wolsing and 

Priemé, 2004) and marine habitats (Braker et al., 2001; Castro-González et al., 2005; 

Hannig et al., 2006). Generally low levels of nirK diversity (5 T-RFs) were found in 

soil (Avrahami et al., 2002; Wolsing and Priemé, 2004), and higher levels of nirS 

diversity (13 - 32 T-RFs) in marine habitats (Braker et al., 2001; Castro-González et 

al., 2005; Hannig et al., 2006).  

 

In all three environments T-RFLP revealed higher diversity of nirS (11 - 17 T-

RFs) than of nirK (10 to 12 T-RFs). This is in good agreement with the results from 

the clone libraries, based on the phylogeny, rarefaction analysis and the number of 
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OTUs detected. However, this finding is in contrast to the results obtained with water 

column samples from Lake Kinneret of nirK and nirS in which revealed that nirK was 

more diverse (20 T-RFs with HaeIII) than nirS (13 T-RFs with AluI) (Junier et al, 

submitted).  

 

 

Distribution of denitrifiers within/between environments based on sequences 

In general, nirS-denitrifiers are more frequent in estuarine and marine habitats 

(Braker et al., 2000; Liu et al., 2003; Jayakumar et al., 2004; Santoro et al., 2006), and 

nirK-denitrifiers in soil (Avrahami et al., 2002; Priemé et al., 2002; Wolsing and 

Priemé, 2004; Sharma et al., 2005). For freshwater there is only one study available 

that compared diversity of both genes in Lake Kinneret (Junier et al., submitted) and 

found that nirS-denitrifiers are most diverse in the epilimnion (1 m) and nirK-

denitrifiers are most diverse in the hypolimnion (at 22 m). The differential distribution 

of both genes in the three environments suggests that diversity of these genes could 

result from a colonization of particular environments. The results from Baltic Sea in 

this study were exceptional in the general finding that nirK-denitrifiers are more 

diverse through the water body. nirS-denitrifiers are almost absent in the water 

column and detected in the sediment, only. This was similar in the Black Sea suboxic 

zone where nirK-denitrifiers showed much higher variation through the suboxic zone 

than with nirS-denitrifiers (Oakley et al., 2007). 

 

Both denitrifiers are recovered in the clone libraries from all samples of both 

lakes as in Lake Kinneret (Junier et al. submitted). Similar distribution in both lakes 

showed that nirS-denitrifiers dominate in sediment. However, both lakes are 

distinguished by the distribution of nirK-denitrifiers. Plußsee showed inverse 

distribution between both denitrifiers that nirK-denitrifiers were dominant in the water 

column (at 7 m) and nirS-denitrifiers in sediment-water interface. Inverse distribution 

between both denitrifiers were presented from nitrate-contaminated groundwater (Yan 

et al., 2003) and Lake Kinneret (Junier et al., 2007).  In contrast, both denitrifiers are 

more diverse in sediment than in water column of Schöhsee. Several studies have 

described factors influencing the distribution of denitrifying bacterial communities 

such as oxygen, nitrate (Liu et al., 2003),  DOC, inorganic nitrogen and salinity 

gradients (Taroncher-Oldenburg et al., 2003), nitrite, oxygen, H2S (Jayakumar et al., 
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2004). We could conclude that dissolved oxygen concentration controls the 

distribution of both denitrifier groups in the two lakes. Many studies have been 

reported about the O2 concentration, which is an important factor to influence the 

composition of denitrifiers (Liu et al., 2003; Jayakumar et al., 2004; Castro-González 

et al., 2005; Hannig et al., 2006). The Plußsee is an eutrophic freshwater lake, has a 

stable thermal stratification during summer with anoxia in the hypolimnion (Overbeck 

and Chróst, 1994). The Schöhsee is a mesotrophic freshwater lake with oxic 

conditions down to the sediment-water interface and low algal biomass (Rai et al., 

1997; Aberle and Wiltshire, 2006). Therefore, oxygen in Schöhsee could be delivered 

to the sediment-water interface but in Plußsee oxygen was depleted below 7 m. It may 

be hypothesized that nirK-denitrifiers are more sensitively influenced by oxic 

condition, whereas nirS-denitrifiers are able to tolerate a broad range of oxygen 

conditions but more favorable to anoxic condition. 

 

 

Habitat specific clusters based on phylogeny 

nirK genes might be more specialized for particular habitats. The vast majority 

of nirK sequences was grouped into two distinct clusters VI and VII that were 

dominantly detected in this study indicating that these cluster are specific for 

freshwater to brackish habitats. Furthermore they are closely related to the sequences 

from Lake Kinneret (Junier et al., 2007 submitted) and a coastal aquifer at Huntington 

Beach (Santoro et al., 2006). 

 

Unique nirS communities were found in the Baltic Sea with little overlap with 

the communities in the two lakes. They were more similar with nirS from brackish 

and marine habitats, such as from Pacific Northwest sediment (Braker et al., 2000), 

Baltic Sea cyanobacterial bloom (Tuomainen et al., 2003), northwestern Mexico 

sediment (Liu et al., 2003), Arabian Sea water column (Jayakumar et al., 2004), 

Huntington State Beach in California (Santoro et al., 2006), Baltic Sea water column 

(Hannig et al., 2006). However, nirS sequences, especially those from sediment, 

shared many clusters between both lakes and were dispersed throughout the complete 

phylogenetic system of this gene. These widely distributed nirS-denitrifier from lakes 

are related to those from a broad range of environments, like River Colne estuary 

sediment (Nogales et al., 2002), Baltic Sea cyanobacterial bloom (Tuomainen et al., 
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2003), nitrate- and uranium-contaminated groundwater (Yan et al., 2003), arable soil, 

activated sludge and peat soil (Throbäck et al., 2004), metallurgic wastewater 

treatment systems (Yoshie et al., 2004), OMZ in the eastern South Pacific (Castro-

González et al., 2005), Baltic Sea water column (Hannig et al., 2006), Huntington 

State Beach in California (Santoro et al., 2006), Lake Kinneret water column (Junier 

et al., 2007, submitted). It has been reported the worldwide distribution of nirS-

denitrifiers in a wide range of habitats (Santoro et al., 2006) (Junier et al. submitted). 

 

 

Comparison of the clone libraries diversity 

As shown by the rarefaction curves, nirS was more diverse than nirK in 

sediment of all three environments. These findings are in agreement with those 

recently reported from the coastal aquifer at Huntington Beach, California where 13 - 

19 OTUs were detected for nirK and 22 - 32 OTUs for niS. However, in the water 

column of the Baltic Sea and Plußsee nirK was more diverse (5 – 12 OTUs) than nirS 

(2 – 7 OTUs), similar to the OMZ of the Black Sea that nirK ranged 1 – 9 OTUs and 

nirS ranged 2 - 5 OTUs (Oakley et al., 2007). 

 

Comparing nirS diversity in several marine OMZs (Oakley et al., 2007), the 

diversity of nirS sequences in both lake sediments is much higher than in the OMZ 

area; 23 OTUs in the Baltic Sea previously studied (Hannig et al., 2006), 20 OTUs 

and 22 OTUs in Arabian Sea (Jayakumar et al., 2004), 8 OTUs in Black Sea (Oakley 

et al., 2007) and 5 OTUs in Chilean OMZ (Castro-González et al., 2005). 

 

The higher diversity does not necessarily mean that all these genes will be 

expressed and contribute to denitrification equivalently. Expression studies with five 

denitrifying genes in estuarine sediment showed that only nirS and nosZ were 

expressed (Nogales et al., 2002). This indicates that, despite the potential ability for 

denitrification is everywhere, expression of these genes is influenced by particular 

conditions. Nevertheless, the present study offers the first and necessary insight into 

the composition of bacterial communities with the potential for denitrification, and 

their interaction with the typical biotic and abiotic factors in stratified aquatic 

ecosystems, represented by two different lakes and the Baltic Sea, where investigation 

of denitrifying bacterial communities has been neglected so far. 
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4. DISCUSSION 

 
Microbes are important components in the ecosystem, forming the basis of the 

food web and playing key roles in controlling the cycling of chemicals. One of the 

significant revolutions in microbial ecology is the application of rapid methods for 

sequencing the genes of microorganisms without cultivation from natural 

environments. At first, based on sequences from 16S rDNA, it is possible to identify 

and characterize microorganisms and to discover the previously unexpected huge 

diversity of the microbial communities. To focus on functional genes which encode 

enzymes catalyzing biogeochemical transformations, makes it possible to link 

microbial diversity to ecosystem function. This application has opened insights into 

the regulation of microbial activity and the microbial role in biogeochemical 

processes previously unknown.  

In this present study, microbial diversity of functional genes related to the 

nitrogen cycle, in particular amoA, pmoA, nirK, and nirS has been investigated by 

molecular approaches in lakes Plußsee and Schöhsee and the Baltic Sea. Up to date, 

the information on functional genes related to the nitrogen cycle in freshwater lakes is 

scarce. Therefore, this work makes possible to compare freshwater communities with 

the diversity in soil and marine environments where the study of functional genes has 

been focused so far. 

 

 

 

4.1 Diversity of ammonia-oxidizing bacteria (AOB) 
 

4.1.1 Strategy to study AOB in environments 

One of the problems faced when studying ammonia-oxidizing bacteria (AOB) 

is the low abundance in natural environments (Ward et al., 1997; Hastings et al., 

1998; O'Mullan and Ward, 2005; Molina et al., 2007). Before the application of 

molecular methods in microbial ecology, ammonia oxidation was a difficult process 

to study, basically because of the slow growth in culture. Therefore cultivation, 

isolation and in vitro experiments with AOB have been a time-consuming process. 
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Based on sequence analysis, phylogeny of 16S rDNA in AOB are consistent with that 

derived from the functional gene, amoA (Aakra et al., 2001a; Purkhold et al., 2003). 

Specific primers to amplify 16S rDNA and amo in AOB were compared 

(appendix A-1 and chapter I). For the detection of 16S rDNA (appendix A-1), the 

clones obtained with primers NitA/NitB recovered the highest frequency of AOB 

sequences, compared with primers βAMOf/βAMOr, βAMOf/Nso1255g and 

NitA/Nso1225g. For example, in the clone library of Plußsee sediment many 

sequences related to AOB were detected using the primer combination NitA/NitB, but 

not a single AOB sequence was detected using the primers βAMOf/βAMOr. The 

experimental examination of AOB-specific 16S rDNA primers showed that neither 

specificity nor sensitivity of the existing primer combinations can be evaluated 

reliably only by sequence analysis. 

The re-examination of specific primers to amplify the amoCAB operon was 

carried out (chapter I) by sequence analyses. This underlines the possible strengths 

and weaknesses of primers to study community composition of AOB in 

environmental samples.  

Hastings and coworker (Hastings et al., 1998) emphasized the necessity of 

nested amplification of amo gene. In this study, to overcome the problem of 

sensitivity for detection of amo due to low abundance in the environments studied, 

nested amplification using several primer pairs were compared (chapter II and IV). 

Nested amplification produced strong bands in agarose gels, although the initial 

amplification did not produce any visible band, indicating the advantages of nested 

amplification. Furthermore, this approach makes possible to detect the different 

regions of AMO genes (chapter II) and opens new possibilities to analyze amoB and 

amoC besides amoA or as coupled units of amoCAB. 

 

 

4.1.2 Community comparison between 16S rDNA and amoA 

When comparing 16S rDNA and the functional gene amo to study AOB 

community, in general amoA allows for more specific detection and better resolution 

of the diversity (Rotthauwe et al., 1997; Purkhold et al., 2000) because the rate of 

mutation and divergence of functional genes generally exceeds that of ribosomal 

genes (Ward, 2005). Therefore, the diversity of a functional group can be described 
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with greater resolution on the basis of functional genes than using 16S rDNA of the 

same group. Likewise, this study confirmed that amoA was better suited as a 

molecular marker for studying AOB communities than 16S rDNA (comparison of 

chapter III and IV).  

The community composition of AOB by 16S rDNA varied between freshwater 

lakes and the Baltic Sea (chapter III). The Baltic Sea has a more diverse community 

and higher proportion of AOB sequences than the two freshwater lakes. Habitat-

specific groups of marine or freshwater sequences were detected, suggesting the 

adaptation of AOB to particular environments. The comparison between the different 

layers of the two lakes and the Baltic Sea confirms earlier findings that Nitrosomonas 

spp. are more abundant in the sediment (Speksnijder et al., 1998; McCaig et al., 1999; 

Bano and Hollibaugh, 2000), whereas Nitrosospira spp. are preferentially found in the 

water column below the metalimnion (Hollibaugh et al., 2002; Freitag and Prosser, 

2004; O'Mullan and Ward, 2005).  

Dominant sequences of amoA genes in this study were distantly related to 

cultured organisms (chapter IV). Those from the Baltic Sea sediment belonged to 

clusters (Nitrosospira-like cluster B and Nitrosomonas-like cluster) which contained 

the sequences distributed worldwide in marine environments (Francis et al., 2003; 

Bernhard et al., 2005; O'Mullan and Ward, 2005). However, amoA genes from both 

lakes formed a lake-specific cluster (Nitrosospira-like cluster A) and were different 

from marine lineages (Nitrosospira-like cluster B). 

 

4.1.3 Comparison of amoA and pmoA diversity 

The genes encoding AMO are evolutionarily related to those encoding pMMO 

based on the similarity of nucleotide and amino acid sequences and protein structure 

(Holmes et al., 1995), although their function is different. In the three aquatic 

environments, γ-pmoA genes are most dominant (Chapter V). Similar findings were 

reported from several aquatic environments, such as freshwater lakes (Nold et al., 

2000; Bussmann et al., 2004; Pester et al., 2004) and soda lakes (Lin et al., 2004; Lin 

et al., 2005). Plußsee and Schöhsee shared many phylogenetic clusters of γ-pmoA 

genes that were closely associated with sequences from Lake Constance (Bussmann et 

al., 2004; Pester et al., 2004) and Lake Washington (Nercessian et al., 2005; 

Kalyuzhnaya et al., 2006) in spite of distant geographic locations. While no overlap 
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between the two lakes and the Baltic Sea were found, pmoA genes from the Baltic Sea 

were clustered together with those from another brackish environment (McDonald et 

al., 2005). Many β-amoA from the Baltic Sea water column and Schöhsee were 

detected which were similar to those from the Nitrosospira cluster. Unusual pmoA 

genes from sediment of both lakes were detected and distinctly related to Crenothrix 

polyspora (Stoecker et al., 2006).  

 

 

 

4.2 Diversity of denitrifying bacteria 
 

4.2.1 Strategy to study denitrifying bacteria in environments 

The difficulties to study denitrifying bacteria are quite different from those for 

ammonia-oxidizing bacteria. Because of the diverse affiliation of denitrifying bacteria 

in taxonomy, it is necessary to focus on a gene directly involved in denitrification to 

investigate their diversity in the environment, and to link their distribution and 

activity with the process itself.  

 

4.2.2 Comparison of the diversity of nirK and nirS 

Using PCR primers to detect nirS genes from different marine (Braker et al., 

2000; Liu et al., 2003; Jayakumar et al., 2004; Castro-González et al., 2005; Hannig et 

al., 2006), terrestrial environments (Priemé et al., 2002; Throbäck et al., 2004) and 

lakes (Junier et al., submitted and chapter VI), it has been shown that nirS is widely 

distributed and that a remarkably high variety of nirS genes can be observed. In this 

study, all sequences of nirS are only distantly related to those from cultivated 

denitrifiers. 

The PCR approach has been less successful for nirK, probably because this 

gene occurs more widely among different groups of Bacteria and Archaea, and is 

more diverse itself (Braker et al., 2000). Despite several sets of PCR primers for nirK 

have been reported and applied to both marine and terrestrial environments, fewer 

sequences have been collected in the database. This reflects the possibility of either 

the limited occurrence of the Cu variant of the enzyme or a limitation of the sequence 

database for primer development (Ward, 2005).  
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In overall, nirS genes were more diverse than nirK genes in the investigated 

environments, such as marine sediment (Braker et al., 2000), soil (Priemé et al., 

2002), groundwater (Yan et al., 2003), activated sludge (Yoshie et al., 2004), Lake 

Kinneret, Israel (Appendix A), Huntington State Beach, California (Santoro et al., 

2006) and both lakes and the Baltic Sea sediment of this study (chapter V). In the 

phylogeny of nirS genes several clusters contained sequences from different aquatic 

environments while freshwater and marine clusters were separated. However, in the 

phylogeny of nirK genes no separation of freshwater and marine environments was 

apparent. This could be because of the limited information on nirK genes from aquatic 

environments in the database or the nirK gene is not adequately amplified by any set 

of PCR primers. Only few studies were carried out about nirK genes in marine 

environments (Braker et al., 2000; Santoro et al., 2006; Oakley et al., 2007) and in 

lakes (Junier et al., submitted and chapter V) so far.  

 

 

 

4.3 How many species are there? 

 
The question of how to define a species and how many species exist in a 

particular environment are not yet clear (Hughes et al., 2001; Ward, 2002). Both nirK 

and nirS databases suggest that denitrifiers contain a large and highly diverse group of 

species. Despite substantial sequence diversity of amoA and pmoA genes has been 

observed, it appears that both genes are less diverse overall than nirK and nirS. This is 

obvious at the level of cultured strains and environmental clone libraries. Based on 

rarefaction analysis using 5% cutoff to define OTUs, logarithmic regression discovers 

that several hundreds of sequences are necessary to describe the complete diversity of 

amoA in Plußsee 7 m, where amoA genes were the most diverse (chapter III). In 

contrast, more than thousand sequences are necessary to describe the complete 

diversity of nirS from Schöhsee sediment, where nirS genes were most diverse. 

Nevertheless, clone libraries like those in the present study, are suitable to discover 

the most representative types of functional genes from the environments. 
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4.4 Selection pressure 

 
For nirK and nirS the sequences of the protein were less conserved than those 

of the gene. This was the opposite way around for amoA and pmoA and might be an 

indication of a differential selection pressure. The optimal function of AMO, and to a 

certain degree also MMO, is mandatory for the survival of AOB or MOB, 

respectively. In contrast, bacteria with nirK or nirS are not obligate denitrifiers, and 

do not necessarily need this function for survival. In the case of nirK/nirS sequences, 

the exchange of one of the first two bases of a codon was frequently observed, while 

in amoA/pmoA sequences, mutations occurred in the neutral third position of the 

codons. Similar high rates of amino acid exchange in NirK and NirS, indicating low 

selection pressure have been shown (Braker et al., 2000) in denitrifying communities 

of marine sediments. 

In this present study, the deduced amino acid sequences of all four enzymes 

were more conserved in both lakes than in Baltic Sea. In each of these environments, 

amino acid sequences were more conserved in sediment than in the water column. 

This indicates higher selection pressure in the lakes compared to Baltic Sea, and in 

sediment compared to water column. This interesting phenomenon has not gained 

adequate attention so far. 

 

 

4.5 Gene expression 
 

Huge amounts of information about the diversity and distribution of functional 

genes amoA, pmoA, nirK and nirS have been collected in molecular studies on various 

environments, apart from freshwater. These studies do not reveal if those genes have 

been active at the time sampled from the environments, but merely give an insight 

into the genetic capacity of the community. Gene expression is under the control of 

regulatory mechanisms in the cell that respond to environmental conditions. To 

understand the expression under the biotic and abiotic conditions in the environment 

would be helpful for understanding the factors that regulate these processes and 

decide which of the microorganisms are active at a certain time. Amplification of 
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DNA and mRNA by PCR and RT-PCR has been applied to detect differential 

expression of amoA (Ebie et al., 2004), pmoA (Nercessian et al., 2005), nirK (Sharma 

et al., 2005) and nirS (Nogales et al., 2002).  

The data obtained in this study represent a genetic characterization of specific 

microorganisms present under different environmental conditions, and thus constitute 

a framework for more detailed studies of the function and activity of these bacterial 

communities involved in the nitrogen cycle of hitherto neglected aquatic ecosystems. 
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genes in the stratified water column of Lake Kinneret, Israel 

 

 

Pilar Junier, Ok-Sun Kim, Karl-Paul Witzel, Johannes F. Imhoff and Ora Hadas 

Status: submitted to Aquatic Microbial Ecology 

 

 

ABSTRACT 

 

Community composition of denitrifying bacteria was studied in the stratified 

water column of Lake Kinneret. The nitrite reductase genes, nirS and nirK, were 

amplified by PCR from water samples taken at 1, 14, 19 and 22 m depth. The PCR 

products were analyzed by terminal restriction fragment length polymorphism (T-

RFLP) and clone libraries. The highest diversity of nirS denitrifying communities was 

observed at 1 m depth. According to the T-RFLP profiles and clone libraries of nirS 

products, two groups of denitrifiers were common and dominant in all depths. 

Deduced protein sequences from one of these groups displayed 77% identity to 

sequences of nirS reported in GenBank, indicating that it corresponds to previously 

unidentified species. Denitrifying bacterial communities with nirK were most 

diversified at 22 m and showed highest similarity to those at 19 m depth. At 1 m depth 

sequences only distantly related to nirK dominated, suggesting that denitrifying 

bacteria with copper-containing nitrite reductase were practically absent in this depth.  

The results indicate habitat-partitioning of denitrifying communities with different 

nitrite reductases in the stratified water column of Lake Kinneret. We conclude that 

diversity of denitrifying bacterial communities in stratified environments results from 

adaptation to particular environmental conditions.  
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oxidizing bacteria (AOB) in environmental samples 

 

 

Pilar Junier, Ok-Sun Kim, Johannes F. Imhoff & Karl-Paul Witzel   

Status: Prepared 

 

 

ABSTRACT 

 

The specificity of PCR primers that are currently used to amplify the 16S 

rRNA genes (rDNA) of betaproteobacterial ammonia-oxidizers (βAOB) was 

rechecked by sequence comparison with updated GenBank entries, experimentally by 

clone libraries from four aquatic samples, and by analyzing published clone libraries 

generated with different primer combinations from a wide spectrum of habitats. Clone 

libraries prepared from products with different combinations of the primers NitA, 

NitB, βAMOf, βAMOr and Nso1225g showed discrepancies in the recovery of AOB-

like sequences with the different primer pairs. In all the cases, the primers NitA/NitB 

produced the highest frequency of AOB-like sequences, compared to 

βAMOf/βAMOr, βAMOf/Nso1255g and NitA/Nso1225g. The experimental 

examination showed that neither specificity nor sensitivity of the existing primer 

combinations can be evaluated reliably by sequence analysis, only. 
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	 ABSTRACT 
	The functional gene amoA was used to investigate the diversity of ammonia-oxidizing bacteria (AOB) in the water column and sediment-water interface of Plußsee, Schöhsee and the Baltic Sea. This study represents the first extensive analysis of amoA diversity in freshwater lakes. Nested amplifications were used in order to increase the sensitivity of amoA detection, and to generate a 789 bp fragment from which clone libraries were prepared. In phylogenetic analyses, the larger part of sequences was not related to any of the cultured AOB. Almost all sequences from the water column of the Baltic Sea and 1 m of Schöhsee were related to different Nitrosospira clusters. Sequences from 7 m of Plußsee, 12 m of Schöhsee and the dominant ones from the lake sediment samples were clustered together with sequences from Chesapeake Bay, a previous study of Plußsee and rice root plants (Nitrosospira-like cluster A). The other sequences from Plußsee sediment fell into Nitrosospira cluster 0, while additional sequences of Schöhsee sediment clustered with Nitrosomonas cluster 6a (Ns. oligotropha/Ns. ureae). Two groups of sequences from Baltic Sea sediment were related to the purely environmental clusters from the brackish/marine habitats (Nitrosomonas-like cluster and the other with the Nitrosospira-like cluster B (Francis et al., 2003)). This confirms previous results from 16S rDNA libraries that indicated the existence of hitherto uncultivated AOB in lake and Baltic Sea samples, and show a differential distribution of AOB along the water column and sediment of these environments. 
	 
	 
	INTRODUCTION 
	Aerobic nitrification is an important process in the cycling of nitrogen in terrestrial, marine, estuarine and freshwater environments. It is a two-step process carried out by distinct functional groups of chemolithotrophic bacteria, the ammonia oxidizing bacteria (AOB) and the nitrite-oxidizing bacteria (NOB). Until recently, only AOB were accepted to be responsible for the first, rate-limiting step of nitrification (Prosser, 1989; Head et al., 1993; Kowalchuk and Stephen, 2001). But meanwhile the widespread existence of anaerobic ammonia oxidation (anammox) (Jetten et al., 1997; Strous et al., 1999)  and the capability of some Crenarchaeota (AOA) to oxidize ammonia to nitrite (Könneke et al., 2005; Treusch et al., 2005) is well established. 
	 
	AOB use the conversion of ammonia to nitrite as their sole energy source. The oxidation of ammonia to nitrite by AOB is also a two-step process, the oxidation of ammonia to hydroxylamine is catalyzed by the membrane bound protein ammonia monooxygenase (AMO), and the second step is catalyzed by hydroxylamine oxidoreductase (HAO) (Hooper et al., 1997). 
	Based on 16S rDNA sequences, cultured AOB constitute two distinct monophyletic lineages within the Proteobacteria. Most strains belong to the beta-Proteobacteria, which include the genera Nitrosomonas and Nitrosospira (containing the former genera Nitrosolobus and Nitrosovibrio). But only two known species, Nitrosococcus oceani and N. halophilus belong to the gamma-Proteobacteria (Head et al., 1993; Purkhold et al., 2000). Cultured AOB and environmental sequences related to beta-Proteobacteria have been grouped into 8 clusters (Nitrosospira cluster 0 - 4 and Nitrosomonas cluster 5 - 8) based on 16S rDNA (Purkhold et al., 2000). Nitrosospira cluster 1 and Nitrosomonas cluster 5 (Purkhold et al., 2000) contain environmental sequences, only. As they are defined by 16S rRNA, and no representative pure cultures of these two groups have been described, it is not clear yet if these bacteria are really able to oxidize ammonia. 
	Besides 16S rDNA, amoA, the gene encoding subunit A of ammonia monooxygenase, has been used as a molecular marker to study the diversity of the ammonia oxidizing bacteria in the environment (Rotthauwe et al., 1997). Using amoA has several advantages compared to 16S rDNA (Rotthauwe et al., 1997; Purkhold et al., 2000). First, this gene is related to the potential function of ammonia oxidation, thus giving relevant ecological information. Second, amoA sequences have a better phylogenetic resolution than 16S rDNA sequences. 
	Since the publication of the first amoA sequence from Nitrosomonas europaea (McTavish et al., 1993), more than 3,000 amoA sequences from bacteria, and a few from archaea, are available in GenBank, the majority from soil (40%), brackish and marine environments (37%) and wastewater treatment plants (21%). Only 2% of the amoA sequences are from freshwater, illustrating that the investigation of amoA diversity in freshwater has been neglected so far.  
	In several aquatic environments, habitat specific clusters of amoA sequences have been reported. Nitrosospira-like and Nitrosomonas-like clusters distinctly related to known AOB have been observed in Washington continental margin (Pacific Ocean) and Puget Sound (Nold et al., 2000), Kysing Fjord (Nicolaisen and Ramsing, 2002), Chesapeake Bay (Francis et al., 2003), Monterey Bay (O'Mullan and Ward, 2005), Plum Island Sound (Bernhard et al., 2005), Bahío del Tóbari along Mexico coast (Beman and Francis, 2006) and OMZ off northern Chile (Molina et al., 2007). amoA sequences related to several Nitrosomonas clusters were dominant in the Lower Seine River and estuary (Cébron et al., 2003) and in groundwater (Ivanova et al., 2000). The information of the diversity and distribution of amoA in freshwater lake is almost absent, only few sequences are available in the database. 
	Distribution of ammonia oxidizing bacterial communities has been described previously (Kim et al., 2006) by 16S rDNA clone libraries from the same habitats as the present study. Baltic Sea 20 m was dominated by Nitrosospira cluster, Baltic Sea sediment by Nitrosomonas and Plußsee sediment by both of them. In the present study, community composition and distribution of AOB was analyzed using amoA gene. Nested amplification and new primer pairs were applied to increase the sensitivity and to analyze a larger fragment of 789 bp that covers the almost complete amoA gene.  
	 
	 
	RESULTS 
	 
	Increase of sensitivity for amplifying amoA 
	In the past, nested amplification has been successfully applied in order to increase the sensitivity of specific 16S rDNA PCR detection in environments with low abundances of AOB (Ward et al., 1997; Kowalchuk et al., 1998; Phillips et al., 1999; Ward et al., 2000; Webster et al., 2002; O'Mullan and Ward, 2005; Webster et al., 2005; Kim et al., 2006). For amoA amplification, six combinations of primer pairs were used for the initial amplification (Fig. IV-1 and Table IV-1). Initial PCR reactions did not produce a visible band in agarose gels stained with ethidium bromide (data not shown). These PCR products were used as templates in a nested amplification with the primer pair amoA34f/amoA-2R. Although, not all nested PCR reactions resulted in amoA amplification, this strategy increased significantly the sensitivity of detection in most of the samples (Table IV-2). A band with the expected size was obtained with all initial templates from sediment samples of the three environments. With the exception of Baltic Sea 2 m, where most of the initial templates amplified in the nested PCR, the templates amoA34f/amoB1179r and amoA34f/amoA-2R produced more bands in the nested PCR with samples from the water column. With three samples from the water column of both lakes (1 and 4 m of Plußsee and 11 m of Schöhsee) it was not possible to obtain amplicons with any of the templates used. 
	 
	Closest relatives of amoA clonal sequences identified by BLASTX 
	Clone libraries were made with pooled products of the nested amplification from all sediment samples, all water samples from the Baltic Sea, 7 m from Plußsee, and 1 and 12 m from Schöhsee. In total 330 clones carrying an insert with the expected size  (789 bp) were obtained.  No unspecific amplification was observed, all of these clones were assigned to ammonia monooxygenase by BLASTX. The identity of deduced amino acid sequences with the first hits of BLASTX varied from 89 to 100%. According to the percentage of identity, the sequences were classified into 4 groups (Table VI-3): Nitrosospira group (≥95% identity), Nitrosospira-like group (89 - 94 % identity) , Nitrosomonas group (≥95% identity), Nitrosomonas-like group (88 - 94% identity). 
	 
	The majority of the clones were assigned to Nitrosospira-like (157 clones) or Nitrosospira group (119 clones), while only few clones were classified as Nitrosomonas-like group (39 clones) and Nitrosomonas (15 clones). 
	Clones belonging to either the Nitrosospira or Nitrosospira-like group, dominated in water column samples from the three environments. Only in Baltic Sea 10 m, clones belonging to all the groups were detected. Unlike the water column, most of the clones from Baltic Sea sediment belonged to the Nitrosomonas-like group (38 clones out of 46) and few clones were affiliated to the Nitrosospira-like group. In the sediment samples from the two lakes, the majority of the clones belonged to Nitrosospira-like or Nitrosospira group (48 clones of Plußsee and 32 clones of Schöhsee). In Schöhsee sediment one quarter of the clones (11 out of 43) was affiliated to the Nitrosomonas group. 
	 
	Diversity of amoA sequences 
	The Nitrosospira-like cluster contained almost half of the sequences from this study (155 out of 330), which so far includes environmental amoA sequences only, but none from any cultured AOB. In the characterization by BLASTX, all of these sequences showed 89% - 92% identity with AmoA from Nitrosospira sp. NpAV. 145 out of 330 sequences representing both lakes fell into the Nitrosospira-like cluster A. Up to now this cluster contained only few sequences retrieved from a few environments, like oligohaline habitats in Chesapeake Bay (Sites CT1 and CB1) (Francis et al., 2003), enrichment culture from Plußsee (Rotthauwe et al., 1997) and roots of rice plants (Horz et al., 2000). In contrast, the Nitrosospira-like cluster B contained sequences only from Baltic Sea 10 m and sediment, related to sequences from brackish habitats (Nicolaisen and Ramsing, 2002; Francis et al., 2003; Bernhard et al., 2005; O'Mullan and Ward, 2005). 
	The Nitrosomonas clusters comprised only 42 sequences from the Baltic Sea and 13 from Schöhsee that showed at least 91% identity with any of the Nitrosomonas spp. Sequences from Baltic Sea sediment (and one from 10 m) were grouped into the Nitrosomonas-like cluster that contained only environmental amoA sequences from brackish and marine environments (Nold et al., 2000; Nicolaisen and Ramsing, 2002; Francis et al., 2003; Bernhard et al., 2005; O'Mullan and Ward, 2005). These sequences were 91 - 93% identical with Nitrosomonas sp. AL212, the first hit in BLASTX,. Some sequences from sediment of Schöhsee and the Baltic Sea were included in the Nitrosomonas cluster 6b. Sequences from Schöhsee sediment were associated with those from groundwater (Ivanova et al., 2000) and showed 95 - 96% identity with Nitrosomonas sp. JL21, the first hit in BLASTX,. Sequences from the Baltic Sea sediment were 91 - 93% identical with Nitrosomonas sp. AL212, but they formed a cluster not related to any other environmental sequences nor cultured AOB. Only 4 sequences in this study fell into cluster 7 and were almost identical with Nitrosomonas europaea (≥ 99% identity of deduced amino acid sequence). 
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	ABSTRACT 
	 
	Evolutionary relationships between ammonia monooxygenase (AMO) and particulate methane monooxygenase (pMMO) lead us to analyze the diversity of their genes amoA and pmoA based on cloning, sequencing and T-RFLP in different habitats: Plußsee (eutrophic lake) and Schöhsee (mesotrophic lake) as closed environments and the Baltic Sea (brackish inland sea) as an open environment. A higher frequency of pmoA sequences, mainly belonging to methane oxidizing bacteria of the gamma subgroup of proteobacteria (-MOB), was detected. Dominant amoA sequences were related to ammonia oxidizing bacteria of the beta subgroup of proteobacteria (-AOB), no sequences related to amoA of the γ-AOB were detected. The deduced amino acid sequences of some clones from lake sediments were distantly related to PmoA from Crenothrix polyspora, a filamentous methane oxidizer with an unusual methane monooxygenase. In the Baltic Sea all sequences from the water column were related to amoA, while almost all from sediment were related to pmoA. In Plußsee all sequences belonged to several pmoA clusters. In the water column of lake Schöhsee, amoA and pmoA sequences were detected simultaneously, whereas sequences related to C. polyspora dominated in sediment. Principal component analysis (PCA) of the T-RFLP data showed the separation of the communities from each environment. However, samples from the Baltic Sea grouped more closely together than those from the two lakes. 
	 
	 
	 
	INTRODUCTION 
	 
	Oxidation of ammonia to nitrite and methane to methanol are important processes in the biogeochemical cycles of nitrogen and carbon in terrestrial and aquatic ecosystems. Ammonia-oxidizing bacteria (AOB) and methane oxidizing bacteria (MOB) can grow utilizing ammonia or methane as the sole source of energy (Hanson and Hanson, 1996).  
	 Oxidation of ammonia to nitrite, is catalyzed by two different enzymes, ammonia monooxygenase (AMO) and hydroxylamine oxidoreductase (HAO) (Hooper et al., 1997). amoA, the gene encoding the catalytic subunit A of AMO has been used as a molecular marker to investigate the distribution and diversity of AOB in various environments (Avrahami and Conrad, 2003; Francis et al., 2003; Molina et al., 2007) and a relatively low sequence similarity with amino acid between AOB and AOA were described (38 - 51%) (Könneke et al., 2005).  
	 
	Based on their phylogenetic relationship, MOB are affiliated to the - and -subclasses of Proteobacteria (-MOB type II and -MOB type I) (Hanson and Hanson, 1996; Murrell et al., 2000). -MOB type I include the genera Methylococcus, Methylomicrobium, Methylobacter, and Methylomonas, whereas -MOB type II include the genera Methylocystis and Methylosinus.  
	 
	It has been demonstrated that the genes encoding AMO in AOB and those encoding pMMO in MOB share high sequence similarity and gene structure (Holmes et al., 1995; Semrau et al., 1995). Furthermore, DNA and amino acid sequences of amo and pmo of the -subclass of the Proteobacteria are more similar with each other than with amo from -AOB. It has been reported that amo from - and -AOB and pmo from -MOB might have separated into three lineages early in evolution (Alzerreca et al., 1999). It has also been proved that AMO and pMMO can both catalyze ammonia and methane oxidation, although displaying higher affinity for their respective substrate (Hanson and Hanson, 1996).  
	 
	The purpose of this study was to compare the distribution and diversity of these two enzymes within each habitat and between habitats in diverse aquatic ecosystems, the eutrophic lake Plußsee and the mesotrophic lake Schöhsee as closed habitats and the Baltic Sea as open habitat.  
	RESULTS 
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	DISCUSSION 

	Distribution of denitrifiers within/between environments based on sequences 
	In general, nirS-denitrifiers are more frequent in estuarine and marine habitats (Braker et al., 2000; Liu et al., 2003; Jayakumar et al., 2004; Santoro et al., 2006), and nirK-denitrifiers in soil (Avrahami et al., 2002; Priemé et al., 2002; Wolsing and Priemé, 2004; Sharma et al., 2005). For freshwater there is only one study available that compared diversity of both genes in Lake Kinneret (Junier et al., submitted) and found that nirS-denitrifiers are most diverse in the epilimnion (1 m) and nirK-denitrifiers are most diverse in the hypolimnion (at 22 m). The differential distribution of both genes in the three environments suggests that diversity of these genes could result from a colonization of particular environments. The results from Baltic Sea in this study were exceptional in the general finding that nirK-denitrifiers are more diverse through the water body. nirS-denitrifiers are almost absent in the water column and detected in the sediment, only. This was similar in the Black Sea suboxic zone where nirK-denitrifiers showed much higher variation through the suboxic zone than with nirS-denitrifiers (Oakley et al., 2007). 
	Both denitrifiers are recovered in the clone libraries from all samples of both lakes as in Lake Kinneret (Junier et al. submitted). Similar distribution in both lakes showed that nirS-denitrifiers dominate in sediment. However, both lakes are distinguished by the distribution of nirK-denitrifiers. Plußsee showed inverse distribution between both denitrifiers that nirK-denitrifiers were dominant in the water column (at 7 m) and nirS-denitrifiers in sediment-water interface. Inverse distribution between both denitrifiers were presented from nitrate-contaminated groundwater (Yan et al., 2003) and Lake Kinneret (Junier et al., 2007).  In contrast, both denitrifiers are more diverse in sediment than in water column of Schöhsee. Several studies have described factors influencing the distribution of denitrifying bacterial communities such as oxygen, nitrate (Liu et al., 2003),  DOC, inorganic nitrogen and salinity gradients (Taroncher-Oldenburg et al., 2003), nitrite, oxygen, H2S (Jayakumar et al., 2004). We could conclude that dissolved oxygen concentration controls the distribution of both denitrifier groups in the two lakes. Many studies have been reported about the O2 concentration, which is an important factor to influence the composition of denitrifiers (Liu et al., 2003; Jayakumar et al., 2004; Castro-González et al., 2005; Hannig et al., 2006). The Plußsee is an eutrophic freshwater lake, has a stable thermal stratification during summer with anoxia in the hypolimnion (Overbeck and Chróst, 1994). The Schöhsee is a mesotrophic freshwater lake with oxic conditions down to the sediment-water interface and low algal biomass (Rai et al., 1997; Aberle and Wiltshire, 2006). Therefore, oxygen in Schöhsee could be delivered to the sediment-water interface but in Plußsee oxygen was depleted below 7 m. It may be hypothesized that nirK-denitrifiers are more sensitively influenced by oxic condition, whereas nirS-denitrifiers are able to tolerate a broad range of oxygen conditions but more favorable to anoxic condition. 
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