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„Wir müssen unbedingt Raum für Zweifel lassen, sonst gibt es keinen 
Fortschritt, kein Dazulernen. Man kann nichts Neues herausfinden, wenn man 

nicht vorher eine Frage stellt. Und um zu fragen, bedarf es des Zweifelns.“  

 

(Richard P. Feynman  
– Physiker und Nobelpreisträger des Jahres 1965) 
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Summary 

 

Microbes are main players in soil nutrient turnover and therefore important for soil health. 

Thus, effects of land-use changes on soil microbial communities have been studied with 

great interest. However, most of these studies describing changes in the soil microbial 

community structure and function are focusing on short-term effects. Hence, it is not clear if 

the observed changes are an adaptation to the new conditions or just reflect a response to 

the disturbance of an equilibrated ecosystem. To answer this question, we studied land-use 

changes from natural tidal wetlands to cultivated paddy soils and long-term paddy soil 

management. The common practice of land reclamation through sea dyke building in the 

Yangtze River Delta in China, provided the unique opportunity to study a paddy soil 

chronosequence ranging from 0 (tidal wetland) to 2000 years of continuous management. 

Paddy soils are an important agricultural system, as rice is the main source of food for more 

than half of the world’s population. Flooded rice fields are known to be strongly nitrogen 

deficient. In terms of feeding the world, the inorganic nitrogen cycle is therefore of special 

scientific interest.  

 

The first and main part of this Ph.D. thesis was the molecular analysis of nitrogen- 

transforming microbial communities in the chronosequence soils. We measured functional 

gene abundances and diversity pattern in soil samples from sites being under rice cultivation 

for 0 (tidal wetland), 50, 100, 300 and 2000 years. The processes and respective functional 

genes being investigated were nitrogen fixation (nifH), nitrification (amoA AOA, amoA AOB) 

and denitrification (nirK, nirS, nosZ). Overall, changes in abundance and diversity of the 

functional groups could be observed, reflecting the different chemical and physical soil 

properties, which changed in terms of soil development. However, pronounced were 

changes between the tidal wetland and the paddy soils. This might be explained by alteration 
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from salt- to freshwater conditions and the beginning effects of the rice plants. The latter 

might be driver for the significant increase of nifH gene copy numbers in the 50 years 

cultivated paddy soil compared to the tidal wetland and the other paddy soils. They might 

also influence gene abundances of bacterial ammonia oxidizers, which significantly declined 

in the paddy soils, while their archaeal counterparts remained at a constant level throughout 

the chronosequence. This might indicate that ammonia-oxidizing archaea are able to adapt 

very fast to the changing environmental conditions. Abundant genes of denitrification (nirK, 

nosZ) showed only changes after 300 years of paddy soil development, suggesting that 

accumulation effects might have strong influences on these genes.  

In general, changes in diversity pattern were more pronounced than in abundance pattern. T-

RFLP results showed significant differences between the tidal wetland and the paddy soils 

for all genes under investigation (nifH, amoA AOA, nosZ), indicating that changes in 

community structure occurred rapidly over a time period of less than 50 years. No significant 

differences were found for amoA AOA genes between the 100 and the 300 years cultivated 

paddy soils, while differences between the 2000 years cultivated and the younger paddy 

soils were again significant for all genes analyzed. This shows that accumulation effects of 

agricultural management practices over such a long time period thoroughly impact the soil 

microbial community structure.  

 

The second part of this thesis was a comparison of phenotypic and genotypic markers for the 

dominant nitrifying organisms in the chronosequence: ammonia-oxidizing archaea. The 

glycerol dialcyl glycerol tetraether lipid crenarchaeol was suggested to be specific for the 

recently identified archaeal phylum Thaumarchaeota to which known archaeal ammonia 

oxidizers belong. Surprisingly, the ratios of amoA AOA gene abundances to crenarchaeol 

were not constant, as shown for different aerated agricultural soils, but were significantly 

higher in the paddy soils compared to the tidal wetland and upland soils. This leads to the 

hypothesis, that ammonia-oxidizing archaea different from crenarchaeol containing 

Thaumarchaeota play an important role in paddy soils.  
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One of the major problems of the chronosequence study is that there might be factors 

influencing soil microbial communities, which are not related to soil age. But statistical 

evaluation revealed that the intrinsic heterogeneity of paddy soil organic and minerogenic 

components per field was smaller than between study sites. Furthermore, a greenhouse 

experiment under defined conditions was conducted as third part of the thesis, comparing the 

50 and the 2000 years cultivated paddy soils. In this context an improved protocol for 

simultaneous extraction of DNA and RNA from soil was developed.  

 

Overall, we could show that during ongoing paddy cultivation microbial communities adapted 

to the changes in soil structure and organic matter quality and consequently, selected 

functional groups became dominant. Thus, these changes are due to the type of 

management and not a response towards the disturbance of an equilibrated system. 

Furthermore, changes in microbial community structure and function were observed at very 

different points in time along the chronosequence. Therefore, we hypothesized paddy soil 

development occurring in three different phases: (I) the change from tidal wetlands to initial 

paddy soils, (II) ongoing paddy soil cultivation, and (III) long-term cultivation for hundreds and 

thousands of years, including accumulation effects.   
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Zusammenfassung  

 
Mikroorganismen spielen eine wichtige Rolle für die Stoffkreisläufe im Boden. Deshalb ist die 

Untersuchung der Auswirkungen von Landnutzungsänderungen auf die mikrobielle 

Gemeinschaft von Interesse. Die meisten Studien, die sich in diesem Zusammenhang mit 

Veränderungen von mikrobieller Funktion und Diversität im Boden beschäftigen, beschreiben 

allerdings nur Kurzzeiteffekte. Deshalb ist unklar, ob die beobachteten Veränderungen der 

mikrobiellen Gemeinschaft wirkliche Anpassungen an die neuen Bedingungen sind, oder ob 

sie lediglich eine kurzfristige Reaktion auf die Störung des Ökosystemgleichgewichts 

darstellen. Um diese Frage zu klären, wurden Landnutzungsänderungen von der Salzmarsch 

zum Nassreisboden und die Langzeitkultivierung dieser Reisböden untersucht. Im Yangtze 

Flussdelta in China wird neues Ackerland sukzessive durch Deichbau gewonnen. Dies 

ermöglichte die Untersuchung einer Chronosequenz von Nassreisböden, die bis zu 2000 

Jahre kontinuierlich bewirtschaftet wurden. Reisböden sind wichtige landwirtschaftliche 

Nutzflächen, weil für mehr als die Hälfte der Weltbevölkerung Reis das Hauptnahrungsmittel 

ist. In Nassreisböden ist Stickstoff limitierender Faktor für das Pflanzenwachstum. In Bezug 

auf die Welternährung ist das Verständnis des anorganischen Stickstoffkreislaufs in 

Nassreisböden deshalb von besonderem wissenschaftlichem Interesse. 

 

Hauptteil der Doktorarbeit war die molekulare Analyse der am Stickstoffkreislauf beteiligten 

Mikroorganismen in den Böden der Chronosequenz. Gemessen wurden Abundanzen und 

Diversitätsmuster funktioneller Gene in 0 (Salzmarsch), 50, 100, 300 und 2000 Jahre 

kultivierten Nassreisböden. Die folgenden Prozesse und die entsprechenden funktionellen 

Gene wurden untersucht: Stickstofffixierung (nifH), Nitrifikation (amoA AOA, amoA AOB) und 

Denitrifikation (nirK, nirS, nosZ). Sowohl Abundanz als auch Diversität der entsprechenden 

funktionellen Gruppen änderten sich über die Chronosequenz und spiegelten die 

Entwicklung der chemischen und physikalischen Eigenschaften der Böden wieder. Am 

stärksten waren die Unterschiede zwischen der Salzmarsch und den Nassreisböden. Eine 
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mögliche Erklärung ist der Wechsel von Salz- zu Süßwasserbedingungen und der 

beginnende Einfluss der Pflanzen in den Reisböden. Die Reispflanzen bedingen 

möglicherweise den signifikanten Anstieg in den nifH Genkopienzahlen im 50 Jahre 

kultivierten Boden im Vergleich zur Salzmarsch und den anderen Reisböden. Sie könnten 

auch Einfluss auf die Genkopienzahlen der bakteriellen Ammoniumoxidierer haben, die in 

den Reisböden signifikant abnehmen, während die Genabundanzen Ammonium 

oxidierender Archaeen über die gesamte Chronosequenz auf einem gleichen Niveau 

bleiben. Die Ammonium oxidierenden Archaeen scheinen also die Möglichkeit zu haben, sich 

sehr schnell an die veränderten Umweltbedingungen anzupassen. Veränderungen in den 

Genabundanzen dominanter Gene der Denitrifikation (nirK, nosZ), konnten erst nach 300 

Jahren gemessen werden. Das zeigt, dass Akkumulationsprozesse möglicherweise einen 

großen Einfluss auf diese Gene haben. Generell wurden mehr signifikante Veränderungen in 

den Diversitätsmustern gemessen als in den Genabundanzen. Die Ergebnisse der T-RFLP 

zeigten signifikante Unterschiede zwischen der Salzmarsch und den Nassreisböden für alle 

untersuchten Gene (nifH, amoA AOA, nosZ). Die Diversität veränderte sich also in einem 

Zeitraum von weniger als 50 Jahren. Für amoA AOA wurden keine signifikanten 

Unterschiede in den Diversitätsmustern für Proben des 100 und 300 Jahre kultivierten 

Reisbodens gefunden. Unterschiede zwischen dem 2000 Jahre alten Boden und den 

anderen Reisböden waren hingegen für alle untersuchten Gene wieder signifikant. Dies 

zeigt, dass Akkumulationseffekte durch landwirtschaftliche Bewirtschaftungsmethoden über 

einen entsprechend langen Zeitraum einen großen Einfluss auf die Struktur der mikrobiellen 

Gemeinschaft haben.  

 

Der zweite Teil der Doktorarbeit bestand in einem Vergleich zwischen genotypischen und 

phenotypischen Markern für die dominierenden Nitrifizierer in der Chronosequenz: 

Ammonium oxidierende Archaeen. Bekannte Ammonium oxidierende Archaeen gehören zu 

dem kürzlich postulierten Phylum Thaumarchaeota. Das Gylcerol Dialkyl Glycerol Tetraether 

Lipid Crenarchaeol ist nach bisherigen Erkenntnissen für diese Gruppe spezifisch. 
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Überraschenderweise war das Verhältnis der amoA AOA Genabundanzen zu Crenarchaeol 

für die Chronosequenz nicht konstant, wie es in anderen Arbeiten mit landwirtschaftlichen 

Böden gemessen wurde, sondern in den Reisböden signifikant höher als in der Salzmarsch 

und generell höher als in durchlüfteten landwirtschaftlichen Böden. Dies führt zu der 

Hypothese, dass in Reisböden andere Ammonium oxidierende Archaeen als Crenarchaeol 

enthaltende Thaumarchaeota eine wichtige Rolle spielen.    

 

Eines der Hauptprobleme der Chronosequenzstudie ist der mögliche Einfluss von Faktoren, 

die nicht mit dem Alter der Böden korreliert sind. Statistische Analysen konnten jedoch 

zeigen, dass die Heterogenität organischer und minerogener Komponenten innerhalb eines 

Reisfeldes geringer war, als zwischen den unterschiedlich lange kultivierten Böden. Der 

dritte Teil der Doktorarbeit bestand in einem Gewächshausexperiment unter kontrollierten 

Bedingungen. Hier wurden der 50 und der 2000 Jahre kultivierte Boden verglichen. In 

diesem Zusammenhang wurde ein verbessertes Protokoll für die Coextraktion von DNA und 

RNA aus Boden entwickelt.   

 

Zusammenfassend konnten wir zeigen, dass sich die Mikroorganismen im Laufe der 

Bodenentwicklung an die veränderten Bedingungen in Bodenstruktur und Qualität der 

organischen Substanz anpassen und ausgewählte Gruppen im Zuge der Bodengenese 

dominant werden. Dies zeigt, dass die Veränderungen in Funktion und Struktur der 

mikrobiellen Gemeinschaft durch die unterschiedliche Landnutzung und kontinuierliche 

Bewirtschaftung entstehen und nicht aufgrund der Störung eines sich im Gleichgewicht 

befindenden Ökosystems. Außerdem veränderten sich die verschiedenen funktionellen 

Gruppen zu sehr unterschiedlichen Zeitpunkten der Bodenentwicklung. Dies führt zu der 

Hypothese, dass diese in drei Phasen abläuft: (I) die Landnutzungsänderung von der 

Salzmarsch zum Nassreisboden, (II) die weitere Bewirtschaftung und schließlich (III) die 

Langzeitkultivierung mit entsprechenden Akkumulationseffekten.          
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Introduction  

 

1. The paddy soil chronosequence 

1.1. Global relevance of wetlands 

The global wetland area is estimated to range around 700 Mha (Mitsch et al. 2007). Almost 

half of it is situated in the tropics. Wetlands are in general terms lands where water saturation 

is the dominant factor determining the nature of soil development. They are seasonally or 

permanently water-saturated and occur therefore in areas where soils are naturally or 

artificially flooded due to high groundwater or surface water (Neue et al. 1997). Wetland 

ecosystems may be differentiated on the basis of hydrology, soil type and vegetation 

(Cowardin et al. 1979). Both, natural and agricultural wetlands are important sources for 

atmospheric methane (CH4) (Neue et al. 1997). Estimates of the total annual emission of CH4 

amount to 100 to 200 Tg a-1 for natural wetlands and to 20 to 100 Tg a-1 for paddy soils 

(Houghton et al. 1992). The latter accounts for approximately 15% of the global methane 

emission and may therefore be one of the major biogenic sources of this atmospheric 

greenhouse gas (Neue et al. 1997, Liesack et al. 2000, Denier van der Gon et al. 2002). 

Additionally, paddy fields are also a relevant source for the greenhouse gas nitrous oxide 

(N2O). Around 1% of the nitrogen applied is lost through N2O emission (Cai et al. 1997, 

Denier van der Gon et al. 2002; summarized in reviews: Frenzel 2000, Majumdar 2005). 

The importance of wetlands to global biogeochemistry, water balance, wildlife, and human 

food production is much greater than their proportional surface area on earth (Neue et al. 

1997). Tropical wetlands, e.g., contain the most productive agricultural and natural 

ecosystems on earth (Downing et al. 1993). Most important agricultural wetlands are paddy 

soils, as rice is the main source of food for more than half of the world’s population (Fukai et 

al. 1985).   
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1.2 The wetland rice ecosystem 

Worldwide around 158 million hectares of land are under rice cultivation (FAOSTAT 2009) 

and about 75% of this rice grows under flooded conditions (Roger et al. 1993). For 

comparison, the worldwide amount of land used for wheat cultivation is around 226 million 

hectares (FAOSTAT 2009).   

Paddy soils are man-made wetlands and belong to the Hydragric Anthrosols (Zhang et al. 

2003, IUSS Working Group WRB 2006).  

The biogeochemistry of paddy soils differs from aerated agricultural soils as it is controlled by 

flooding and the resulting pattern of oxidation and reduction (Neue et al. 1997). The diffusion 

of atmospheric oxygen decreases by a factor of 105 due to submergence. Oxygen only 

penetrates the first millimetres of the soil where it is rapidly consumed and is therefore a 

limiting factor in flooded paddy soils (Frenzel et al. 1992, Revsbech et al. 1999). This leads to 

a coexistence of oxidized and reduced zones forming a compartmentalized system with three 

major parts: (I) the anoxic bulk soil, (II) the oxic surface soil and (III) the partially oxic 

rhizosphere with increased substrate concentrations. Diffusive transport of oxygen through 

the aerenchyma of rice roots leads to the availability of oxygen in the rhizosphere (Armstrong 

1971, Gilbert et al. 1995, Revsbech et al. 1999). Between the compartments, well-defined 

chemical gradients can be measured and form different habitats for microorganisms 

(Revsbech et al. 1999, Liesack et al. 2000). Anaerobic microorganisms, such as fermentative 

bacteria and methanogenic archaea, predominate within the microbial community. 

Consequently, methane is the final product of anaerobic degradation of organic matter in 

paddy soils (Liesack et al. 2000). Oxygen at the soil surface and along the roots is a key 

factor controlling the gradients of other electron acceptors such as nitrate, ferric oxide and 

sulphate. In the anoxic zone alternative electron acceptors are used according to their redox 

potential. Nitrate is the first electron acceptor reduced after oxygen depletion (E0’=750 mV) 

followed by Mn(IV), Fe(III), SO4
2-, and CO2 (Ponnamperuma 1972, Zehnder et al. 1988, 

Vepraskas et al. 2001; Figure 1). 
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Figure 1: Oxidation-reduction couples of various electron acceptors occurring in paddy soils 

arranged from the strongest oxidants at the top to the strongest reductants at the bottom 

(Liesack et al. 2000).  

 

In the presence of oxygen these electron acceptors are regenerated by an oxygen-

dependent oxidation of the reduced products (ammonium, iron (II) or sulfide). Consequently, 

redox cycling of nitrogen (N), iron (Fe) and sulphide (S) takes place (Liesack et al. 2000, 

Conrad et al. 2002).  

The microbial food web is driven by an input of organic matter into the rice soil. Besides soil 

organic matter, the organic carbon originates from decay of plant material (addition of rice 

straw represents a common fertilization method) or is released from the plant through root 

exudation (Hartmann et al. 2009).  
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1.3. Characteristics of the paddy soil chronosequence in Cixi, Zhejiang Province, 

China 

A chronosequence is defined as a sequence of related soils that differ in their degree of 

profile development because of differences in their age (Allaby 2004). There are many 

reports about different, investigated chronosequences, such as glacier forelands (Haugland 

2004, Brankatschk et al. 2010), marine terraces (Scarciglia et al. 2006), mining area (Frouz 

et al. 2001) or pasture (Numata et al. 2003). However, few reports are related to paddy soils. 

There are 112 rice producing countries. But according to the Food and Agriculture 

Organization (FAO) of the U.N., 80% of the world rice production comes from only 7 

countries. Most of the paddy soils are located in China, which contributes 32.7% to the 

worldwide rice production (2009-2010). They total more than 30 million hectares and occur 

mainly in the area south of the Yangtze River (Zhang and Gong 2003). The Yangtze River 

Delta is one of the earliest and major rice production areas, where about 70% of the ancient 

rice relict sites in China have been found (Cao et al. 2006). In this area, it is a common 

practice to create new farmland through consecutive land reclamation by protective dykes. 

Once a dyke is built, the land inside the dyke gradually becomes arable as the salts are 

leached off by rain. Rice cultivation begins when the salt concentration decreases to a 

certain level. A historically well-dated construction of the dykes can provide a unique 

chronosequence setting of soil formation under agricultural use. This is the case in the 

Chinese Zhejiang Province, near Cixi, a subtropical monsoon area, with a mean annual 

temperature of 16.3°C and precipitation of 1325 mm (Zhang et al. 2004). The 

chronosequence there ranges between day zero of soil development, represented by a tidal 

wetland being the soil parent material, and 2000 years of continuous paddy soil cultivation. 

For this thesis a tidal wetland (P0) and paddy soils being under rive cultivation for 50 (P50), 

100 (P100), 300 (P300) and 2000 (P2000) years, respectively, were investigated. All sites 

are located within 40 km. Coordinates of sampled sites were: P0: 30° 19' N, 121° 09' E; P50: 

30° 11’ N, 121° 22’ E; P100: 30° 09’ N, 121° 21’ E; P300: 30° 06’ N, 121° 31’ E and P2000: 

30° 05’ N, 121° 27’ E (Figure 2). Points in time of sea dyke construction are well documented 
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in Cixi County Annals. Abstracted information is available in Chinese at www.cixi.gov.cn and 

was summarized by Cheng et al. (2009).  

 

Figure 2: Geographic location of the sampling site showing chronosequence recognition. Dark 

lines in the close-up map show the dike positions and the year of construction. Modified from 

Cheng et al., (2009).  

 

Due to the nature of the marine sediments, the texture is similar between all age groups and 

strongly dominated by silt-sized particles. A continuously increasing accumulation of total 

organic carbon in the topsoils with cultivation time from 1.7% in P50 to 3.1% in P2000 could 

be shown. Similarly, total nitrogen content of the soils increased with cultivation time. The 

pH(KCl) value of soil decreased from neutral to slightly acidic with increasing duration of rice 

cultivation due to continuous decalcification. This process is very fast and firstly appears in 

the topsoils of the paddy chronosequence because of abundant irrigation water input in the 

paddy fields (Zou et al. 2011). Rice cultivation in summer and cultivation of wheat or 

vegetables in winter is the major crop rotation system in this area and was also practiced on 

the investigated fields. Types, rates and methods of application of fertilizers and pesticides 

were similar between all sites. Irrigation is needed to maintain standing water in certain 

periods of rice growing. Water regimes were also comparable between all sites of the 

investigated chronosequence. In fact, the study of Cheng et al. (2009) comparing the paddy 
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soil chronosequence with a corresponding non-paddy chronosequence revealed that paddy 

management had a profound impact on soil formation.  

 

2. The microbial nitrogen cycle 

2.1. The importance of nitrogen for rice growth 

Nitrogen (N) is the most important determinant for plant growth and crop yield (Hooper et al. 

1999), as it is an essential component of proteins and nucleotides. It is also part of co-

enzymes, photosynthetic pigments, secondary metabolites or other molecules. However, the 

most abundant form N2 (3.9 x 109 million tonnes on earth) accounting for 78% of the 

atmosphere (Jenkinson 2001) is an inert gas and thus not directly available for plants. 

Nitrogen input into soils occurs mainly through fertilization or microorganisms, which are able 

to convert nitrogen gas (N2) into ammonium (NH4
+; nitrogen fixation). Although ammonium is 

considered as the major form to which rice is especially adapted (Wang et al. 1993), it has 

been suggested that rice plants may also adsorb significant amounts of nitrate (NO3
-) formed 

by nitrification of ammonium (Kronzucker et al. 2000). In rice cultivation the yield-limiting 

factor is the availability of nitrogen due to large losses in flooded soils trough denitrification or 

leaching (De Datta et al. 1989, Cassman et al. 1998). Nitrogen limitation of plant productivity 

in salt marshes has also been demonstrated (Bagwell et al. 2000). Generally, nitrogen 

fertilizer efficiency in flooded rice fields is poor. Flooded rice crops typically use only 20-40% 

(Vlek et al. 1986), whereas upland crops frequently use 40-60% of the applied nitrogen. 

 

2.2. Inorganic nitrogen cycling in flooded soils 

The biochemical nitrogen cycle in wetland ecosystems features a combination of chemical 

transformations and transport processes not shared by many other ecosystems (Mitsch and 

Gosselink 2007). This is mainly in consequence of the compartmentalization which develops 

due to the limitation of oxygen (see chapter 1.2.). As the organic nitrogen cycle was not 

investigated in this thesis, the following descriptions focus on the main processes of the 

inorganic nitrogen cycle.  
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Figure 3: Simplified scheme of the nitrogen cycle in a paddy soil with focus on the inorganic 
part of the cycle, representing the interaction between aerobic (II, III) and anaerobic (I) zones. 
Modified from Francis et al. (2007), Conrad et al. (2007) and Conrad and Frenzel (2002). 
Graphical design by Stephan Winklmeier.  
 

 

2.2.1. Nitrogen fixation  

The biological reaction counterbalancing the loss of N from flooded soils is biological nitrogen 

fixation, the enzymatic transformation of nitrogen gas (N2) to ammonia (NH3) (Roger et al. 

1992, Ladha et al. 2003). This process is unique to certain groups within the domains 

Bacteria and Archaea (diazotrophs) (Young 1992). Rice can meet a notable proportion of its 

nitrogen requirement from biological nitrogen fixation (Roger and Ladha 1992, Roger 1995, 

Ladha and Reddy 2003) and paddy fields are habitats for numerous groups of diazotrophs 

(Engelhard et al. 2000, Kennedy et al. 2004, Ariosa et al. 2005). However, the majority of 

nitrogenase gene fragments retrieved from rice roots cannot be assigned to cultivated 

diazotrophs (Engelhard et al. 2000, Hurek et al. 2005). Root environments of flooded plants 
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may be particularly favorable for nitrogen fixation, because they probably constitute a 

suitable low-O2 environment (Hurek and Reinhold-Hurek 2005). Rice crops belong to the 

Poaceae, which do not naturally form specialized symbiotic structures such as root nodules 

(Knauth et al. 2005). But internal tissues of rice have been shown to be colonized by 

endophytes and the nitrogenase may be expressed in the aerenchyma of the roots (Hurek et 

al. 1994, Hurek et al. 1997, Egener et al. 1999, Engelhard et al. 2000). Also in salt marshes 

nitrogen fixation is carried out through plant-associated diazotrophs. Surprisingly, the 

diversity of nitrogen-fixing microbes there is high in comparison to the relatively small group 

of known diazotrophic bacteria and archaea (MCClung et al. 1983, Young 1992). In natural 

ecosystems like salt marshes, diazotrophy is the most important source of nitrogen as no 

fertilization takes place (Hanson 1983).  

Four different types of nitrogenases are known up to now. Closely related are (I) the 

molybdenum-based (Mo-), (II) the vanadium based (V-) and (III) the iron-based (Fe) 

nitrogenase which have all three a common ancestor (Newton 2007). The fourth type of 

nitrogenase invented independently and was so far only found in the thermophilic 

streptomycete Streptomyces thermoautotrophicus (Ribbe et al. 1997).           

All nitrogen-fixing microbes contain the molybdenum-based nitrogenase, which is the most 

efficient catalyst for N2 reduction, while the others occur randomly as additional enzyme. It is 

composed of two metallo-proteins: (I) the MoFe-protein, also called dinitrogenase, encoded 

by nifD and nifK genes and (II) the Fe-protein dinitrogenase reductase, encoded by the nifH 

gene (Burris 1991). The nifH gene is a commonly used marker for studying the diazotrophic 

assemblage as it is highly conserved among all diazotrophs (Young 1992, Zehr et al. 2003, 

Raymond et al. 2004). Biological nitrogen fixation requires large amounts of energy, which is 

at least 16 molecules of ATP to fix one molecule N2 (Zehr et al. 2003).    

 

Equation 1: Reaction equation of biological N2 fixation. The indication below the arrow 

describes the responsible enzyme; the indication above the arrow describes the corresponding 

gene.  



 

2.2.2. Nitrification 

The presence of oxic/anoxic interfaces in flooded soils provides a suitable environment for 

the coupling of nitrification and denitrification leading 

1998, Arth et al. 2000, Nicolaisen et al. 2004)

be supported by oxygen release from rice roots 

reports indicate high rates in the rhizosphere 

nitrification should be expected at the soil surface of recently fertilized soils 

2000).  

Nitrification is a two-step process of enzymatic oxidation: (

(II) nitrite oxidation to nitrate (Bothe et al. 2000, Prosser et al. 2002, Regan et al. 2002)

Equation 2: Reaction equation of nitrification. Indications below the arrows describe 

responsible enzymes; indications above the arrow

 

Neither aerobic oxidation of NH

NAD(P)+ to NAD(P)H. Therefore reversed electron transport was postulated 

2007).  

Ammonia oxidation is the first and rate

archaea and bacteria (Schleper et al. 2005, Francis et al. 2007)

thought that autotrophic ammonia

ammonia oxidation in soils. Substantial discoveries of 

belonging to the Thaumarchaeota linage can also perform ammonia

oxidizing archaea: AOA) (Bothe et al. 2000, Brochier

2010). Both archaeal and bacterial ammonia oxidiz

The presence of oxic/anoxic interfaces in flooded soils provides a suitable environment for 

nitrification and denitrification leading both to N loss from soils

1998, Arth et al. 2000, Nicolaisen et al. 2004). Nitrification occurs in aerobic zones and may 

be supported by oxygen release from rice roots (Arth et al. 1998, Brune et al. 2000)

reports indicate high rates in the rhizosphere (Reddy et al. 1989), but even higher rates of 

nitrification should be expected at the soil surface of recently fertilized soils 

step process of enzymatic oxidation: (I) ammonia-oxidation to nitrite and

(Bothe et al. 2000, Prosser et al. 2002, Regan et al. 2002)

Equation 2: Reaction equation of nitrification. Indications below the arrows describe 

responsible enzymes; indications above the arrows describe corresponding genes. 

r aerobic oxidation of NH4
+ nor of NO2

- produces sufficient reducing power to reduce 

to NAD(P)H. Therefore reversed electron transport was postulated 

Ammonia oxidation is the first and rate-limiting step of nitrification and can be carried out by 

(Schleper et al. 2005, Francis et al. 2007). For a long time it was 

thought that autotrophic ammonia-oxidizing bacteria (AOB) are the major contributors to 

ammonia oxidation in soils. Substantial discoveries of the last years indicate that archaea 

belonging to the Thaumarchaeota linage can also perform ammonia-oxidation 

(Bothe et al. 2000, Brochier-Armanet et al. 2008, Spang et al. 

. Both archaeal and bacterial ammonia oxidizers are found in the majority of terrestrial 
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The presence of oxic/anoxic interfaces in flooded soils provides a suitable environment for 

to N loss from soils (Arth et al. 

. Nitrification occurs in aerobic zones and may 

(Arth et al. 1998, Brune et al. 2000). Some 

, but even higher rates of 

nitrification should be expected at the soil surface of recently fertilized soils (Liesack et al. 

oxidation to nitrite and 

(Bothe et al. 2000, Prosser et al. 2002, Regan et al. 2002).  

 
Equation 2: Reaction equation of nitrification. Indications below the arrows describe 

describe corresponding genes.  

produces sufficient reducing power to reduce 

to NAD(P)H. Therefore reversed electron transport was postulated (Ferguson et al. 

can be carried out by 

. For a long time it was 

oxidizing bacteria (AOB) are the major contributors to 

the last years indicate that archaea 

oxidation (ammonia-

Armanet et al. 2008, Spang et al. 

ers are found in the majority of terrestrial 
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ecosystems including agricultural, grassland, forest and alpine soils. For both the key 

functional enzyme is the ammonia monooxygenase oxidizing ammonia to hydroxylamine 

(Equation 2). The quantification of respective amoA genes indicates greater abundance of 

ammonia-oxidizing archaea in many soils, including paddy soils (Leininger et al. 2006, Boyle-

Yarwood et al. 2008, Chen et al. 2008, Nicol et al. 2008). 

The AOB community in rice soils consists of three major groups, i.e. Nitrosomonas 

communis cluster, Nitrosospira cluster 3a and 3b (Wang et al. 2008). Different dominating 

groups were found in different studies as well as a dependence of diversity composition of 

AOB on the rice variety cultivated (Rotthauwe et al. 1997, Horz et al. 2000, Nicolaisen et al. 

2004, Bowatte et al. 2007, Wang et al. 2008).  

Nitrification processes link decomposition of organic matter, releasing NH4
+ and 

denitrification, for which they provide the electron acceptor. Much of the nitrate-nitrite formed 

by nitrification may subsequently be denitrified, as most NOx
- will diffuse into the anoxic soil 

instead of being taken up by the roots (Reddy et al. 1989, Jensen et al. 1993, van Cleemput 

et al. 2007).   

 

2.2.3. Anaerobic ammonia oxidation (Anammox) 

Ammonia oxidation cannot only occur in aerobic compartments of wetlands through 

nitrification, but also in anaerobic ones (compartment II and III in Figure 3). The process of 

anaerobic ammonia oxidation, shortly Anammox, was firstly found in wastewater treatment 

systems (Mulder et al. 1995). Little is known about the ecological relevance in wetland 

systems (Zhu et al. 2010). Anammox has not been addressed in this thesis, as there are only 

limited molecular tools available for investigation. But it is briefly described in the following, 

because it might play a role in wetland ecosystems. Anammox bacteria are 

chemolithoautotrophic or mixotrophic (Kartal et al. 2008) and form a monophyletic group, the 

Brocadiales, within the Planctomycetes. They use nitrite or nitrate instead of oxygen as 

electron acceptor to oxidize ammonium to dinitrogen gas (Strous et al. 1999, Kartal et al. 

2008, Kuenen 2008). The biochemistry of Anammox includes some specialties only found in 
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this process so far: (I) the use of hydrazine (N2H4) as free catabolic intermediate, (II) the 

biosynthesis of ladderane lipids and (III) the presence of an intracytoplasmatic compartment 

called anammoxosome (Francis et al. 2007). In marine sediments the process was found to 

count to a really high value of N loss (up to 50%) (Thamdrup et al. 2002, Kuypers et al. 2005, 

Kuypers et al. 2006, Hamersley et al. 2007). Annamox has been detected in various aquatic 

ecosystems, particularly in oceanic oxygen-minimum zones and marine surface sediments 

(Thamdrup and Dalsgaard 2002, Trimmer et al. 2003, Risgaard-Petersen et al. 2004, 

Rysgaard et al. 2004, Engstrom et al. 2005, Rich et al. 2008), but also in freshwater lakes 

(Schubert et al. 2006). The occurrence of Anammox in such a broad range of aquatic 

environments suggests that it occurs ubiquitously. Furthermore, as the process requires the 

concomitant presence of oxidized and reduced inorganic nitrogen compounds under anoxic 

conditions, it is likely that oxic/anoxic interfaces, as they are present in paddy soils or tidal 

wetlands, may be possible habitats for Anammox bacteria (Jetten et al. 1998, Jetten et al. 

2001, Francis et al. 2007, Humbert et al. 2010). Humbert et al. (2010) gained with 16S rRNA 

primer for Anammox bacteria specific products for 60 out of 112 terrestrial soil samples, 

including paddy soils and marsh sediments, indicating that Anammox bacteria are also 

present in terrestrial environments. But it has to be taken into account, that only a part of the 

clone sequences were closely related to known Anammox bacterial genera, while the rest, 

including paddy soil sequences, were related to Planctomycetes 16S rRNA sequences 

branching outside the “Anammox bacterial cluster”. It is questionable if they belong to a new 

cluster of so far uncultivated Anammox bacteria. Zhu et al. (2010) reported a relative high 

biodiversity of Anammox bacteria in various freshwater wetlands. Cai et al. (2002) found 

clear hints for Anammox processes in paddy soils by 15N tracer experiments. Summarizing, 

so far nearly nothing is known about the distribution, diversity and activity of Anammox 

bacteria in terrestrial ecosystems, including wetlands. Thus, the overall contribution of 

Anammox to N losses in paddy fields and marsh sediments remains unclear.   

 

 



 

2.2.4. Denitrification 

Denitrification is the step wise reduction of nitrogen oxides (NO

products (NO, N2O, N2) (Zumft 1997)

electron transport phosphorylation 

an alternative electron acceptor for energy production when oxygen is limiting 

2006). The process is catalyz

reductase), (II) nitrite to nitric oxide

oxide reductase), (IV) nitrous oxide to dinitrogen (nitrous oxide reductase) (Equation 3) 

(Heylen et al. 2006, van Spanning et al. 2007)

metalloproteins (Berks 1995). They are produced only under (close to) anaerobic conditions, 

indicating that denitrifiying organisms are mostly facultative anaerobes 

more energy-exploiting respiration of O

(van Spanning et al. 2007)

microorganisms, including over 40 genera of bacteria, halophilic and thermophilic archaea, 

fungi, and foraminifera (Zumft 1997, Bothe et al. 2000, Liesack et al. 2000, P

2007, van Spanning et al. 2007, Hayatsu et al. 2008)

Equation 3: Reaction equation of denitrification. Indications below the arrows describe 

responsible enzymes; indications above the arrow

 

The reduction of nitrite to nitric oxide by the nitrite reductase is the first step distinguishing 

denitrifiers from nitrate-respiring organisms. It is carried out by two functionally and 

physiologically equivalent enzymes 

Denitrification is the step wise reduction of nitrogen oxides (NO3
- and NO

(Zumft 1997) in an anaerobic respiration process associated with 

electron transport phosphorylation (van Spanning et al. 2007). Nitrogen oxides are used as 

an alternative electron acceptor for energy production when oxygen is limiting 

is catalyzed by four enzymatic reaction steps: (I) nitrate to nitrite (nitrate 

(II) nitrite to nitric oxide (nitrite reductase), (III) nitric oxide to nitrous oxide (nitric 

oxide reductase), (IV) nitrous oxide to dinitrogen (nitrous oxide reductase) (Equation 3) 

(Heylen et al. 2006, van Spanning et al. 2007). All enzymes are complex multisite 

. They are produced only under (close to) anaerobic conditions, 

indicating that denitrifiying organisms are mostly facultative anaerobes 

exploiting respiration of O2 usually occurs in preference to the use of N

(van Spanning et al. 2007). Denitrification ability is widespread among a variety of 

microorganisms, including over 40 genera of bacteria, halophilic and thermophilic archaea, 

(Zumft 1997, Bothe et al. 2000, Liesack et al. 2000, P

2007, van Spanning et al. 2007, Hayatsu et al. 2008).  

Equation 3: Reaction equation of denitrification. Indications below the arrows describe 

responsible enzymes; indications above the arrows describe corresponding genes.

of nitrite to nitric oxide by the nitrite reductase is the first step distinguishing 

respiring organisms. It is carried out by two functionally and 

physiologically equivalent enzymes (Glockner et al. 1993, Zumft 1997, Braker et al
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and NO2
-) to gaseous end 

in an anaerobic respiration process associated with 

ogen oxides are used as 

an alternative electron acceptor for energy production when oxygen is limiting (Heylen et al. 

ed by four enzymatic reaction steps: (I) nitrate to nitrite (nitrate 

(nitrite reductase), (III) nitric oxide to nitrous oxide (nitric 

oxide reductase), (IV) nitrous oxide to dinitrogen (nitrous oxide reductase) (Equation 3) 

. All enzymes are complex multisite 

. They are produced only under (close to) anaerobic conditions, 

indicating that denitrifiying organisms are mostly facultative anaerobes (Zumft 1997). The 

usually occurs in preference to the use of N-oxides 

spread among a variety of 

microorganisms, including over 40 genera of bacteria, halophilic and thermophilic archaea, 

(Zumft 1997, Bothe et al. 2000, Liesack et al. 2000, Philippot et al. 

 
Equation 3: Reaction equation of denitrification. Indications below the arrows describe 

describe corresponding genes. 

of nitrite to nitric oxide by the nitrite reductase is the first step distinguishing 

respiring organisms. It is carried out by two functionally and 

(Glockner et al. 1993, Zumft 1997, Braker et al. 2000, 
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van Cleemput et al. 2007): containing either (I) copper (encoded by nirK gene) or (II) 

cytochrome cd1 (encoded by nirS gene). Only one of these enzyme types is found per cell, 

although the Nir type may differ within the same genus and even within the same species 

(Coyne et al. 1989, Heylen et al. 2006). Together with the nitrous oxide reductase (encoded 

by nosZ gene) they are the main targets for investigation of denitrifying bacteria (van 

Cleemput et al. 2007). Yoshida et al. (2009) found in their study a large diversity of nirS and 

nirK clones from paddy fields with many nirS clones being closely related to Burkholderiales, 

Rhodocyclales and Rhodobacteriales, which supported results by Saito et al. (2008) with SIP 

and diverse other studies (Ishii et al. 2009, Yoshida et al. 2010). NirK clones were related to 

Rhizobiales (Yoshida et al. 2009), similar to previous studies (Bremer et al. 2007, Saito et al. 

2008). But this does not necessarily mean that the NirK-harboring denitrifiers belong to the 

Rhizobiales, as nirK phylogeny was found to be incompatible with that of 16S rRNA (Heylen 

et al. 2006). Strains belonging to the genus Pseudogulbenkiania were found to be dominant 

in different paddy soils (with and without crop rotation) by Tago et al. (2011) suggesting that 

they may be ubiquitous in various rice paddy soils.   

Paddy soils have a strong denitrifying activity (Yoshida et al. 2009). Denitrification is 

therefore one of the major pathways of N loss (Reddy and Patrick 1986, Freney et al. 1990), 

beside ammonia volatilization and anaerobic ammonia oxidation (Anammox) (Lam et al. 

2011), as NO3
- leaching plays in general only a minor role in wetland rice systems (Zhu et al. 

2002). Next to N2, denitrification can also lead to the emission of N2O and NO to the 

atmosphere, which may contribute to global warming and destruction of the ozone layer 

(Hofstra et al. 2005, Philippot et al. 2007, van Cleemput et al. 2007).  

However, during the growing of rice under continuously submerged conditions the emission 

of N2O and NO are lower than in upland crop fields due to sufficiently reducing conditions 

and the large availability of organic substances leading to a complete reduction of nitrate and 

nitrite to N2 (Hou et al. 2000, Liesack et al. 2000, Nishimura et al. 2005, Akiyama et al. 2006). 

Changes in land use from paddy rice to upland crops resulted in 4.0 to 5.3-fold increasing 

N2O emissions (Nishimura et al. 2005).   



 
 22 

  

2.2.5. Dissimilatory nitrate reduction to ammonia (DNRA) 

Next to denitrification another process of nitrate reduction may play a role in paddy soils: 

dissimilatory nitrate reduction to ammonia (DNRA) (Chen et al. 1995a, Chen et al. 1995b, Yin 

et al. 2002, Rütting et al. 2011). As, like for Anammox, no functional molecular tools are 

established for DNRA so far, the process was not investigated in this thesis, but will be 

described briefly. It is carried out in two steps, whereas (I) the first step is NO3
- reduction to 

NO2
-, like for denitrification and nitrate assimilation, followed by (II) NO2

- reduction to NH4
+ 

(Mohan et al. 2007). Because ammonia is less mobile than nitrate, the process of DNRA may 

conserve nitrogen in the ecosystem (Buresh et al. 1978, Tiedje 1988). DNRA occurs under 

low oxygen concentrations like denitrification. Therefore, portioning of nitrate between both 

processes occurs (Tiedje et al. 1983). In contrast to denitrification, nitrate is not used 

respiratorily as terminal electron acceptor, but fermentatively as electron sink in DNRA (Cole 

1990). Under NO3
- limiting and strongly reducing conditions, as they may occur in paddy 

soils, there is a shortage of electron acceptors. DNRA consumes 3 electrons more per NO3
- 

molecule than denitrification and might therefore be favored under high C/NO3
- ratios when 

the electron acceptor (NO3
-) becomes limiting (Tiedje et al. 1983). The ability of performing 

DNRA is widespread to many soil bacteria and fungi (Rütting et al. 2011).  

 

3. Investigation of soil microbial communities linking function and diversity 

The meaningfulness of studies about diversity and functional composition of microbial 

communities relies on the methodological tools used (Liesack et al. 2000). Consequently, 

they have to be chosen carefully.  

Before molecular techniques were introduced into soil microbiology, the characterization of 

microbial community diversity and function depended on cultivation. However, this allows 

only the identification of a very small part of microorganisms. Estimations speak about less 

than 1% (Amann et al. 1995). But the diversity in soil habitats is enormous, containing an 

estimated up to 106 different species in a single gram (Dykhuizen 1998). Most communities 
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are dominated by only a small number of species, whereas the vast majority of populations 

are quite uncommon. The application of PCR since the early 1990s (Giovannoni et al. 1990) 

in combination with the extraction of nucleic acids (DNA and RNA) from environmental 

samples has been central to the development of culture independent approaches in microbial 

ecology. Combination of PCR amplification of taxonomic (rRNA) or functional gene markers 

(encoding for key enzymes of certain processes) with fingerprinting- or sequencing-based 

analyses makes a description of the so far uncharacterized majority of environmental 

organisms possible (Head et al. 1998).   

The DNA extraction from soil samples as the first step of molecular analysis is crucial 

(Martin-Laurent et al. 2001) and may be hindered by low yields of nucleic acids, difficulties in 

reproducibility (McIlroy et al. 2009) or contamination of nucleic acid extracts with humic 

substances, which might inhibit following PCR amplification (Rajendhran et al. 2008). In 

principal, two different strategies are possible to extract nucleic acids from environmental 

samples: (I) recovery of cells from the soil matrix prior to cell lysis or (II) direct lysis within the 

soil matrix (Holben et al. 1988). According to literature, direct lysis techniques yield more 

DNA (Holben et al. 1988, Steffan et al. 1988, Leff et al. 1995) and might therefore be less 

biased to study microbial community diversity and function. In both cases, the methods used 

often include various combinations of bead beating, detergents, enzymatic lysis, and solvent 

extraction (Krsek et al. 1999).   

The ability to perform inorganic nitrogen processing may be widely spread within and 

between different genera, like it is the case, e.g., for denitrification. Thus, molecular markers 

for these communities are based on functional genes (Philippot et al. 2006). The choice of a 

representative gene(s) for a certain process is crucial. The denitrification pathway, e.g., 

contains four sequential steps, which are catalyzed by at least seven different enzymes (see 

Chapter 2.2.4). It has to be considered that a single gene normally gives not the information 

about a complete pathway (Philippot and Hallin 2006, Hallin et al. 2007). 

The abundance of functional genes can be measured with quantitative PCR (q-PCR). This 

method records the amplification of a PCR product via a corresponding increase in the 
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fluorescent signal during each cycle. We used SYBR® Green I as a fluorescent dye, which 

binds non-specifically to double-stranded DNA. As there is a direct proportionality between 

the intensity of the fluorescent signal during the exponential phase of PCR reaction and initial 

amount of target DNA, the copy number of the latter can be determined using a standard 

curve with target DNA of a known concentration (Hallin et al. 2007, Smith et al. 2009). The 

initial concentration of the target gene is then calculated by determining the cycle at which 

fluorescence for the first time significantly exceeds background accumulation (Heid et al. 

1996). The big advantage of this method is that the quantification of the target gene is made 

during the exponential phase of PCR amplification avoiding “end point” PCR associated 

biases. End-point PCR is less sensitive and the proportions of numerically dominant 

amplicons do not necessarily reflect the abundance of sequences present within the 

environmental sample (Reysenbach et al. 1992, Suzuki et al. 1996, Lueders et al. 2004). 

Compared to sequence probes, the use of SYBR® Green I is simple and inexpensive, as it 

can be used for any reaction without sequence information. However, this leads in turn to the 

disadvantage that no discrimination between gene sequences, primer-dimer artefacts or 

amplification errors is made (Zipper et al. 2004). Thus, reliable primers are a prerequisite. 

The number of sequences in the database is increasing exponentially and with them 

sequence variation. Sometimes it may be necessary to use actual sequence information to 

design more broad range primers (Philippot et al. 2005, Hallin et al. 2007). A post-PCR 

dissociation curve was carried out to confirm that the fluorescence signal is generated only 

from target genes.  

Terminal restriction fragment length polymorphism analysis (T-RFLP) is a fingerprinting 

method to investigate microbial diversity. This method is based on the difference in size of 

terminal restriction fragments from PCR-labelled amplicons. It is a high-throughput 

fingerprinting technique used to monitor changes in the structure and composition of 

microbial communities (Schütte et al. 2008). During PCR the forward primer is marked with a 

5’ fluorescent dye to amplify a fluorescence-labelled fragment, which is subsequently 

digested with one or several enzymes, typically using 4-base cutters (Clement et al. 1998). 
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Not surprisingly, the choice of restriction enzyme(s) is crucial. Sizes and fluorescence 

intensities of labelled DNA fragments are quantified by capillary gel electrophoresis 

comparing peaks to an internal size standard. The polymorphism is solely based on fragment 

length. Enzymes giving the best resolution of different T-RFs for sequences from the 

database are chosen in silico. Restriction efficiency should be tested by including the 

amplified product of a well characterized individual sequence in the restriction step as a 

control. Otherwise, incomplete or non-specific restriction may lead to an overestimation of 

diversity by increasing the number of fragments (Marsh et al. 2000, Nocker et al. 2007). A 

significant and non-linear discrepancy (up to 11 bp) is frequently observed between T-RFs 

determined experimentally and in silico, due to differences in GC-content and sequence 

length of the target gene (Kaplan et al. 2003). Depending on the choice of restriction 

enzyme, T-RFs rather represent operational taxonomic units, than specific sequence cluster 

or phylogenetic groups of organisms (Hallin et al. 2007). T-RFLP is a semi-quantitative 

method, as it comprises a quantitative reflection of the PCR product pool being different from 

the original community due to inherent biases of the end-point PCR methodology (Nocker et 

al. 2007). 

But number and relative abundance of T-RFs give suitable means to determine microbial 

community diversity (Rich et al. 2004, Hannig et al. 2006, Hallin et al. 2007, Nocker et al. 

2007). From T-RFLP results no direct sequence information is gained, as it is possible for 

other fingerprinting methods, e.g., DGGE (denaturing gradient gel electrophoresis). But a 

comparison of T-RFLP and DGGE detecting ribotypes in different soil samples showed T-

RFLP to be at least five times more sensitive (Tiedje et al. 1999). Furthermore, a better 

comparison of fingerprints from different runs is given for T-RFLP, as one difficulty of DGGE 

is the variation in the denaturing gradient of hand-cast gels (Nocker et al. 2007). 
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4. Aims and hypotheses 

Soil microbial characteristics may serve as potential indicators for soil quality, although the 

latter depends on a complex of soil physical, chemical and biological properties (Kennedy et 

al. 1995). The rationale to use microbial characteristics as soil quality indicators is their 

central role in cycling of carbon and nitrogen (Nannipieri et al. 1990).  

Thus, due to the importance of soil microbes for nutrient turnover and consequently soil 

health, the influence of different types of land use changes has been studied with growing 

interest. This includes, e.g., conversion of grassland to forest (Berthrong et al. 2009), 

conversion of forests or grasslands to agricultural land (Postma-Blaauw et al. 2010), changes 

in tillage management (Cheneby et al. 2009, Vargas Gil et al. 2009, Attard et al. 2010) and 

shifts in the intensity of land use in agricultural (Dell et al. 2008) or forest soils (Fraterrigo et 

al. 2006, Azul et al. 2010). Also paddy soils have been investigated in particular, examining 

effects of temporary upland conversion (Chu et al. 2009). All these studies have shown 

significant shifts in microbial community structure and function as a consequence of land-use 

changes. But most of them focused on a very short time scale (review of effects of land-use 

changes on nitrogen transforming communities in Publication VI). The changes in microbial 

diversity and function observed might reflect a response of microbial communities towards 

the disturbance of a balanced ecosystem and not towards the type of management. 

Furthermore, nearly nothing is known about the effect of long-term cultivation after land-use 

changes from natural ecosystems to agricultural land, including an accumulation of 

agricultural management practices.  

The Yangtze River Delta in China provides the unique opportunity of a chronosequence 

approach for paddy soils with up to 2000 years of continuous agricultural management. Tidal 

wetlands are the parent material for land reclamation in this area and the consequences of 

tidal wetland conversion for soil microbial communities are so far poorly understood. Many 

soil physical and chemical parameters will alter in consequence to land-use changes: 

Saltwater conditions are turned into freshwater conditions. The frequent submergence and 

drainage due to crop rotation changes redox conditions. Moreover, the rice plants start to 
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affect the ecosystem through root exudation and litter. The ongoing soil development leads 

to a continuous input of carbon and nitrogen as well as accumulation effects of agricultural 

management practices, e.g., fertilizers (Figure 4).  

 

Figure 4: The paddy soil chronosequence. Important physical, chemical and biological 
parameters acting during paddy soil development. An interaction between changing soil 
properties and soil microbial communities is hypothesized.  
 

Studying this unique chronosequence we focused on the inorganic nitrogen turnover as a 

very important nutrient cycle in agriculture which is especially true for rice cultivation, as 

paddy soils are known to be strongly nitrogen-deficient (Olk et al. 1996). We examined the 

nitrogen transforming soil microbial community in a tidal wetland and four paddy soils 

cultivated for 50, 100, 300 and 2000 years, respectively, and linked these results to changing 

physical and chemical conditions during paddy soil evolution. We postulated in general that 

the altering soil properties influence the nitrogen-transforming microbial communities and 

also that microorganisms adapt to the changing conditions and shape their environment. 

Thus, the main hypotheses of this thesis were (Hypothesis I to III):  

(I) The overall structural and functional diversity will change soon after conversion of 

natural tidal wetlands into cultivated paddy soils.  
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(II) With ongoing agricultural management and paddy soil formation further 

population shifts are expected due to accumulation effects and ongoing changes 

in soil physical and chemical properties.  

(III) Microorganisms will adapt over time to the altered conditions.  

 

Results of the molecular analysis of the nitrogen transforming microbial communities are 

described in Publication I (whole nitrogen cycle) and Publication II (nitrification in 

particular). Publication III is dealing with the microbial contribution to organic nitrogen 

accumulation; Publication IV with the heterogeneity of stable and fast cycling biochemical 

properties. And Publication V describes method development for simultaneous DNA and 

RNA extraction.  

  
Most studies published so far concerning the effect of land-use changes on soil microbial 

communities focused on alterations related to phylogenetic groups based on 16S rRNA 

sequences or on one functional marker. But 16S rRNA analysis gives little insight into the 

functional role of each phylogenetic group (Torsvik et al. 2002a). Therefore, we investigated 

the main processes of inorganic nitrogen cycling: nitrogen fixation, nitrification and 

denitrification by q-PCR and T-RFLP of functional genes. Quantified genes were encoding 

for subunits of the nitrogenase (nifH), the bacterial and archaeal ammonia monooxygenase 

(amoA), the nitrite reductase (nirK, nirS) and the nitrous oxide reductase (nosZ). As nifH, 

archaeal amoA and nosZ genes turned out to be very abundant and may therefore highly 

contribute to the respective turnover processes, these genes were chosen for diversity 

analysis with T-RFLP (Publication I).    

In the last years, archaea have been identified as key players in the global nitrogen cycle, 

especially in nitrification (Venter et al. 2004, Schleper et al. 2005). As recently postulated 

ammonia-oxidizing archaea belong to the new archaeal phylum Thaumarchaeota, for which 

the glycerol dialcyl glycerol tetraether lipid crenarchaeaol might be a good biomarker (Spang 

et al. 2010). The measurement of membrane lipids offers a phenotypic criterion which 

requires no amplification of target sequences and is therefore not bonded by end-point PCR 
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biases (Ramsey et al. 2006) and may amend gene-based results. Leininger et al. (2006) 

calculated a ratio of amoA AOA copy numbers to the phenotypic biomarker crenarchaeol and 

found it to be very constant for different upland soils. However, so far no data existed 

concerning the ratio of amoA AOA gene copy numbers and crenarchaeol from flooded soils. 

We hypothesized the ratio for the paddy soil chronosequence to be constant and similar to 

that found for upland soils (Hypothesis IV, Publication II).   

To estimate the overall microbial biomass we measured microbial biomass C and N by the 

chloroform fumigation extraction method (Jörgensen et al. 1991). These data were used in 

combination with measurements of amino sugar residues to study the contribution of 

microorganisms to long-term nitrogen accumulation processes (Publication III).   

As in any field study, our chronosequence analysis is dealing with a lot of different 

parameters. Although crop rotation, agricultural management and water regime were very 

comparable between all sites, it cannot be excluded that between site differences, in addition 

to soil age related parameters, have an influence on the microbial community. 

Therefore, statistical analysis was performed, to reveal weather intra-site specific differences 

of stable and labile biochemical soil properties were really lower than inter-site specific ones 

(Hypothesis V). Additionally, to get a better understanding of nitrogen cycling in the field, a 

greenhouse experiments under defined conditions was necessary. In this context, it would be 

interesting to measure gene expression (RNA) in addition to the genetic potential (DNA). If a 

direct comparison between genetic potential and transcript rates should be made, there is a 

need for co-extraction of DNA and RNA due to different types of bias, which are linked to 

each individual nucleic acid extraction protocol. Therefore, we developed an improved 

protocol for simultaneous extraction of DNA and RNA from soil, using phenol-chloroform with 

subsequent column-based separation of DNA and RNA. A comparison was made with the 

well established protocol published by Griffith et al. (2000) and two commercial kits for DNA 

or RNA extraction. Molecular analysis of nucleic acid extracts was carried out according to 

the methods used for our chronosequence approach, targeting the nosZ gene as an example 



 
 30 

of a functional gene of the nitrogen cycle via q-PCR and T-RFLP. Critical points were further 

yield and purity of nucleic acids (Publication V). 
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Discussion 

 

The present study was part of the FOR 995 “Biogeochemistry of paddy soil evolution” and 

has been funded by the Deutsche Forschungsgemeinschaft. The aim of the project was to 

investigate the consequences of land-use changes from tidal wetlands to paddy soils and 

long-term paddy soil development up to 2000 years. In the Yangtze River Delta in China it is 

a common practice to perform land reclamation by sea dyke building. As the points in time of 

sea dyke construction are well documented, the region of Cixi, Zhejiang Province is ideally 

suited for a chronosequence approach. The focus of this Ph.D. thesis was to investigate the 

respective soil microbial communities involved in nitrogen cycling, as the macronutrient 

nitrogen is important for rice growth, especially in flooded soils, which are known to be 

strongly nitrogen-deficient. Changes in physical and chemical soil properties during paddy 

soil evolution might be accompanied by a characteristic development of the soil microbial 

community structure and function. To study the interplay of the different functional groups 

involved in nitrogen turnover, effects on nitrogen fixation, nitrification and denitrification were 

investigated.  

     

1. The three phases of paddy soil development 

Summarizing the results of the molecular analysis of microbial communities in the 

chronosequence samples (Publication I), we are able to outline three phases of paddy soil 

development. This is indicated by changes in abundance pattern and genotype richness of 

microbes involved in the three processes of interest, occurring at different points in time of 

soil cultivation (Figure 5). A development in different phases could be confirmed by changes 

in soil physical and chemical parameters. However, it has to be considered that no exact 

points in time, at which alterations between the different phases take place, can be assumed 

from a chronosequence with only five different sites.  
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Figure 5: Main phases of paddy soil development, derived from marine sediments. Alterations 
of microbial community function and structure. Different letters indicate significant differences 
between paddy soil ages.  
 

Linear regression analysis with logarithmized age showed that microbial biomass C contents 

increased significantly with cultivation time of soils throughout the chronosequence and 

paralleled increasing amounts of extracted DNA. Therefore, we normalized gene copy 

numbers to the amount of extracted DNA.  

The first phase (0-50 years) represents the conversion of tidal wetlands into paddy soils and 

the beginning of agricultural management. This phase is characterized by the change from 

saltwater to freshwater influenced habitats. While the tidal wetland has a electrical 

conductivity (EC1:2.5) of 4.2 mS cm-1, this drops down to 0.4 mS cm-1 in all other sites (Jahn et 

al. 2011). In the initial paddy soils the impact of rice plants through rhizosphere and litter 

effects starts. Another important factor influencing soil microbial communities are the 



 
 33 

beginning cyclic changes of redox conditions due to regular flooding (anoxic conditions 

during rice growing period) and subsequent drainage (oxic conditions during/after rice 

harvesting). Jahn et al. (2011) could also measure that redox potentials showed high spatial 

variability after flooding, presumably due to oxic microsites within one horizon. P0 is 

characterized by low contents of organic nitrogen and microbial biomass. Pronounced are 

changes in the abundance of nitrogen-fixing microbes. NifH gene copy numbers were 

significantly higher in P50 compared to P0 and the other paddy soils. A possible explanation 

is the influence of the rice plants in the young paddy soils, whereas the impact of plants in 

the tidal wetland is very low, as there are only a few grasses. Rice plants are competitors for 

ammonia and nitrate and at the same time donator for bioavailable carbon. This finding is in 

line with the results of Brankatschk et al. (2010) investigating a soil chronosequence of the 

Damma glacier forefield. The authors found nifH gene abundance reaching its maximum with 

the first occurrence of plant patches (after 50 years) and not at the very initial sites (after 10 

years) with spare vegetation. The lower relative abundance of nitrogen-fixing microbes in 

P100, P300 and P2000 compared to P50 might be due to ongoing fertilization and 

associated accumulation effects.    

According to the lipid distribution pattern (measured by Cornelia Müller-Niggemann – 

University Kiel), changes in microbial community structure occurred rapidly over a period of 

less than 50 years. This was confirmed by T-RFLP profiles, which were significantly different 

between P0 and the paddy soils for all genes investigated (nifH, amoA AOA and nosZ).  

While gene abundances of ammonia-oxidizing archaea (amoA AOA) remained unchanged in 

all phases of paddy soil evolution, amoA copy numbers of their bacterial counterparts (amoA 

AOB) showed a significant decrease with the beginning of paddy soil formation and stayed at 

a constantly low level along the chronosequence. Evidence that root exudates of rice can 

reduce nitrification rates in soil has been reported recently (Tanaka et al. 2010). Ammonia-

oxidizing archaea might be able to respond very fast to the changing environmental 

conditions (Leininger et al. 2006) and are not inhibited in their abundance by the plants.  
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Within the intermediate phase (100-300 years) changes in diversity pattern (observed from 

T-RFLP results) were less pronounced. There was, e.g., no significant difference between 

P100 and P300 for archaeal amoA genes, suggesting that the changes of soil microbial 

structure are slower at this stage. In general, the total number of T-RFs declined along the 

chronosequence, with exception of nosZ genes. In other studies it was also found that 

managed ecosystems may have less diverse microbial communities compared to their 

natural counterparts (Torsvik et al. 2002b, Yao et al. 2006). Most of the soil development 

processes at this phase are related to the dissolution of carbonates. A statistically significant 

carbonate loss in the topsoils was already observed after 100 years and a complete 

decalcification of all topsoil horizons within the first 300 years. The complete decalcification 

of the total soil profile requires almost 700 years of rice cultivation. Due to frequent flooding 

and drainage this process is significantly accelerated compared to soil development under 

non-paddy agricultural management. In non-paddy soils only a decalcification of the upper 20 

cm was observed after 700 years (Wissing et al. 2011). Decalcification leads to a decrease 

of pH values. As long as carbonates are present, the pH(KCl) value remains above 7. Without 

carbonates most paddy topsoils are in the range of 5-6. An influence of pH values was, e.g., 

described for ammonia oxidizers: It appears in general that AOA ecotypes in the topsoils are 

more tolerant to low pH values than AOB ecotypes (Erguder et al. 2009). This fits to the 

significant increase in AOA:AOB ratios (gene abundances) between P50 (10) and P2000 

(23).  

Within the intermediate phase, there is still an increase of organic carbon in the topsoils (up 

to 300 years of paddy soil cultivation). Afterwards, oscillating organic carbon concentrations 

were found between 700 and 2000 years of paddy soil management (Mueller-Niggemann et 

al. 2011, Wissing et al. 2011). Paddy soils are known to accumulate organic matter. This 

might be due to the periodic short-term redox cycles induced by changes from flooded to 

non-flooded conditions, leading to decelerated organic carbon decomposition (Kögel-

Knabner et al. 2010, Wu 2011). The increasing organic carbon contents with cultivation time 
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might be driver for the increasing microbial biomass during paddy soil development (Powlson 

et al. 1987, Anderson et al. 1989). 

 

Significant changes in gene abundance pattern of denitrification (nirK and nosZ) occurred 

only in the final phase (300-2000 years) of paddy soil evolution, indicating that it takes at 

least 300 years to reach typical pattern for these genes. While nirK gene copy numbers 

increased significantly after this time, nosZ gene abundances decreased. This might be due 

to accumulation effects of agricultural management practices. A high availability of nitrate 

and nitrite favors the more energetic nitrite reduction compared to the reduction of N2O 

(Blackmer et al. 1978, Firestone et al. 1979). T-RFLP pattern showed significant shifts for all 

genes under investigation between P2000 and the other paddy soils. This indicates 

alterations in the microbial community structure for the main nitrogen-transforming processes 

and hints that accumulation effects over such a long time period of 2000 years have a great 

impact on soil microbial community structure. Different soil chemical processes have reached 

a saturation state in the final phase of paddy soil development like, e.g., organic nitrogen 

accumulation (Publication III).  

Soil texture was very similar between all age groups and was strongly dominated by silt-

sized particles. The small decrease in clay content (from 16 to 10%) is due to a displacement 

to deeper soil horizons caused by repeated flooding (Jahn et al. 2011). This shows that all 

paddy soils of the chronosequence developed from comparable parent materials (tidal 

wetlands) and under the same ecological conditions. This assumption is supported by the 

very similar mineral assemblage with comparable total contents of, e.g., Al, Si, Ti and Zr 

(Jahn et al. 2011). The distribution of n-alkanes, n-fatty acids and n-alcohols of higher plants 

and algae also showed that the parent material of all investigated sites comes only from 

Holocene marine and brackish/lagoonal to limnic deposits (Jahn et al. 2011). Thus, although 

it has been described that soil texture can have a great impact on the diversity of 

microorganisms (Schutter et al. 2001, Garbeva et al. 2004), an influence of different soil 
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textures on soil microbial community structure can be largely excluded in our 

chronosequence. 

To sum up, our main hypotheses could be confirmed. We found differences in nitrogen 

transforming microbial community structure and function along the chronosequence, 

following changes in soil physical and chemical properties. Thus, soil characteristics related 

to paddy soil pedogenesis are likely to be important drivers for the observed changes in gene 

abundance and diversity pattern of soil microorganisms. In different studies investigating 

glacier forefields, composition and function of microbial communities were also found to be 

dynamic over hundreds and thousands of years of soil and ecosystem development 

(Ohtonen et al. 1999, Sigler et al. 2004, Tscherko et al. 2004, Nicol et al. 2005, Brankatschk 

et al. 2010). Most pronounced were alterations between the tidal wetland and the paddy soils 

(Hypothesis I), but certain functional groups changed only after at least 300 years of paddy 

soil management, e.g., abundance pattern of the denitrification genes nirK and nosZ 

(Hypothesis II). During ongoing paddy soil cultivation microbial communities adapt to the 

changes in soil structure and organic matter quality and specific phylotypes of selected 

functional groups become dominant. To give an example: amoA AOA gene T-RF-163, which 

only accounted for 14% in the tidal wetland, amounted to three quarters of the total amoA 

community (72%) in the 2000 years cultivated paddy soil. As a continuous development of 

soil microbial function and diversity was observed, it can be concluded, that changes are 

caused by the type of management and are not response towards the disturbance of a 

balanced ecosystem (Hypothesis III).  

 

2. Nitrification in the paddy soil chronosequence: ammonia-oxidizing archaea versus 

ammonia-oxidizing bacteria 

For more than 100 years, it was believed that bacteria were the only group responsible for 

the oxidation of ammonia. In 2004 a unique ammonia monooxygenase gene was detected 

on an archaeal-associated scaffold from samples of the Sargasso Sea (Venter et al. 2004). 

However, in the paddy soil chronosequence as well as in several other studies investigating 
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paddy soils (Briones et al. 2002, Chen et al. 2008, Chen et al. 2011) a higher abundance of 

ammonia-oxidizing archaea compared to their bacterial counterparts was found. AmoA AOA 

gene abundances in the chronosequence ranged between 1.7 x 103 and 5.5 x 103 copies ng-1 

DNA and showed no significant differences between the tidal wetland and the paddy soils 

and also within the four paddy soils cultivated for different time periods. Abundance of 

ammonia-oxidizing bacteria was in general at least one order of magnitude lower than their 

archaeal counterparts in the paddy soils (9.9 x 101 – 5.1 x 102 copies ng-1 DNA). In contrast, 

in the tidal wetland gene copy numbers of AOA and AOB were comparable (Publication I). 

This indicates that archaea are able to adapt better to changing environmental conditions. A 

more versatile metabolism for ammonia-oxidizing archaea was also suggested by Leininger 

et al. (2006). AOA in soils might have the property to live mixotrophic in contrast to AOB, 

meaning that they are also able to use organic energy sources (Tourna et al. 2011). 

Furthermore, it was recently hypothesized that AOA have a lower oxygen demand than AOB 

(Schleper et al. 2010), which would be beneficial in oxygen depleted paddy soils. Based on 

the genome analysis of Candidatus Nitrosopumilus maritimus and the fact that known AOA 

do not contain a homolog of the bacterial hydroxylamine oxidoreductase, it is thought that the 

mechanism of ammonia oxidation in AOA may be different from that in AOB. Possibly, 

ammonia is not oxidized via hydroxylamine such as in AOB, but via nitroxyl to nitrite (Walker 

et al. 2010). Another possible explanation for the higher abundance of AOA compared to 

AOB in the paddy soil chronosequence is the relatively low content of bio-available 

ammonium (between 0.42 and 27 µg N g-1 dw). This indicates a rapid immobilization of Nmin 

to organic and volatile N forms in flooded soils (Olk et al. 1996, Pande et al. 2003, Pan et al. 

2009). Adaptation of AOA to low ammonium concentrations has been reported 

(Hatzenpichler et al. 2008, Erguder et al. 2009). In contrast, minimum total ammonia 

concentrations required for growth of cultured AOB are 100-fold higher than for AOA 

(Martens-Habbena et al. 2009, Koper et al. 2010).    

Although amoA AOA gene abundance pattern remained constant along the whole paddy soil 

chronosequence, T-RFLP profiles showed drastic changes in the community composition. 
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Comparing dominant T-RFs of P50 and P2000: only 3 T-RFs can be found in both paddy 

soils (T-RF-74; T-RF-163 and T-RF-254) – in completely different percentages of the total 

community. Thus, there might be functional redundancy. This means, that different species 

perform the same functional role in ecosystems, here ammonia oxidation, and thus, changes 

in species diversity do not affect ecosystem functioning (Loreau 2004).  

It was recently postulated that ammonia-oxidizing archaea belong to the deep-branching new 

archaeal phylum Thaumarchaeota and not to the Crenarchaeota as thought before (Brochier-

Armanet et al. 2008, Spang et al. 2010). So far, it is not clear if all Thaumarchaeota have the 

capability to perform ammonia oxidation (Pester et al. 2011).   

There are indications that Thaumarchaeota might contain a specific membrane lipid: the 

glycerol dialkyl glycerol tetraether lipid crenarchaeol. It was recently identified as a 

component of the lipid membranes of three cultivated AOAs: Candidatus Nitrosopumilus 

maritimus (Schouten et al. 2008), Candidatus Nitrosocaldus yellowstonii (De La Torre et al. 

2008) and Candidatus Nitrososphaera gargensis (Pitcher et al. 2010). So far no 

crenarchaeote or any other archaeon or bacterium different from Thaumarchaeota has been 

shown to harbor crenarchaeol (Spang et al. 2010).  

The assumption that crenarchaeol might be a good biomarker for AOA was supported by the 

study of Leininger et al. (2006): The authors could proof a constant ratio between gene copy 

numbers of archaeal ammonia monooxygenase genes (amoA) and crenarchaeol for many 

different upland soils. Surprisingly, calculated ratios for the chronosequence varied. They 

were significantly higher in the paddy soils compared to the tidal wetland and in general 

higher as in upland soils (Publication II). Thus, our Hypothesis IV had to be discarded. The 

results lead to the assumption that archeal ammonia oxidizers different from crenarchaeol-

containing Thaumarchaeota may play an important role in paddy soils. This might be due to 

(I) Thaumarchaeota exhibiting no crenarcheaol or (II) another archaeal phylum different from 

Thaumarchaeota containing the amoA AOA gene. But the question remains if the higher ratio 

of archaeal amoA copy numbers to crenarchaeol in the paddy soils compared to the tidal 

wetland is really due to a different community structure with more ammonia-oxidizing 
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archaea containing no crenarcheaol in the paddy soils. As lipids are phenotypic marker, their 

synthesis depends on the current environmental conditions. Thus, another possible 

explanation would be that there is a lower expression of crenarchaeol in the paddy soils due 

to so far unclear reasons. It could also be that there is a better conservation of fossil lipids in 

P0 and a lower input in the paddy soils. Only further molecular studies, including 

metagenomic tools could give a better insight which organisms are involved in archaeal 

ammonia oxidation in flooded soils.  

 

3. Microbial community analysis in flooded soils: snapshot versus time-integrated 

markers 

The characterization of microbial communities can be based on genotypic and phenotypic 

criteria. In this Ph.D. thesis we compared results of our nucleic acid-based approaches, 

detecting copy numbers of the archaeal amoA gene with phenotypic fingerprinting methods, 

measuring the glycerol dialkyl glycerol tetraether lipid crenarchaeol (Publication II). Only 

genetic methods require the amplification of target sequences, resulting in the typical “end 

point” PCR biases (see chapter 3 of the Introduction part). But it is possible to get a high 

taxonomic resolution with these methods in comparison to phenotypic approaches (Ramsey 

et al. 2006). Therefore, it seems likely that it is favorable to use both methods in combination. 

But the interpretation of a comparison of data is not trivial, as the stability of the different 

markers in flooded soils might be very different. The analysis of core glycerol dialkyl glycerol 

tetraether lipids like crenarchaeol provides a time-integrated view, as these markers can be 

stable from decades to millennia (Kuypers et al. 2001). In contrast, it has been reported that 

nucleases rapidly hydrolyze free DNA added to soil (Romanowski et al. 1992, Widmer et al. 

1996). Thus, DNA extraction and subsequent molecular analysis rather reflect the recent 

microbial community at the point in time of sampling. However, soils are chemically complex 

and contain surface-reactive particles (clay, sand, silt and humic substances) which can 

adsorb nucleic acids (Ranjard et al. 2001, Pietramellara et al. 2009). It has been estimated 

that between 0.03 µg (Selenska et al. 1992) to 1 µg (Ogram et al. 1987) of DNA per gram of 
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soil is present in an extracellular form. But this is only a small part, as most of the 

extracellular DNA released after cell lysis is degraded within hours to weeks (Nielsen et al. 

2007). 

Another phenotypic marker was examined in Publication III: amino sugar residues. There 

was no comparison made with genetic markers, but with microbial biomass N (Nmic), 

measured by chloroform fumigation extraction. This method detects only living cells 

(Jörgensen and Brookes 1991). So it represents a snapshot of the current microbial 

community. It has further been reported that Nmic responds quickly to short term 

environmental changes (Chantigny et al. 1996, Bai et al. 2000). Thus, the ratio of both 

markers could give an insight in stability and accumulation of amino sugar residues. These 

markers have been shown to survive their producers (Glaser et al. 2006) and to have a turn-

over time in the range of a few years, at least for well aerated soils (Derrien et al. 2011). 

While amino sugar-N was initially in the same order of magnitude as Nmic, with ongoing 

paddy soil cultivation the amino sugar-N contents exceeded those of Nmic. The calculated 

maximum of the ratio was reached after around 190 years of paddy management, however, 

with great variability (Figure 4 in Publication III). This suggests that at a certain size parts of 

the microbial residue pool have become bioavailable and have been metabolized. Other 

studies also showed that the contents of steady-state amino sugar-N did usually not exceed 

the amount of microbial biomass N by more than a factor of 3 (Kandeler et al. 2000, 

Joergensen et al. 2010).  

To summarize: Concerning the comparison of different biomarkers for microbial 

communities, not only the different taxonomic resolutions have to be taken into account but 

also the different persistences in soils need to be considered. The latter might be dependent 

on different factors like, e.g., soil type or management practices. Even a differential 

degradation of free lipids within one soil, depending on the fraction size has been reported 

(Quenea et al. 2004). Further, anaerobic conditions in flooded soils might lead to a better 

conservation of free biomarkers compared to aerated soils.    
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4. Methodological challenges and future perspectives 

The biggest challenge in the chronosequence approach was the comparability of the different 

fields, concerning between-site differences that are not related to soil age like, e.g., 

fertilization, crop rotation or water regimes. Although a similar management has been 

performed on all sites with the same rice cultivars and one upland crop per year in winter, 

results are difficult to interpret. High variability due to fluctuating conditions and the 

complexity of natural soil ecosystems are a common problem of field studies (Eller et al. 

2005). A statistical comparison of intra- versus inter-site specific spatial variability for different 

biochemical factors was conducted (Publication IV). Five field replicates in a distance of 100 

m2 were sampled, each composited of seven subsamples. Stable parameters investigated 

were, e.g., total organic carbon and total nitrogen; fast cycling parameters investigated were 

microbial biomass C and N, nitrate, ammonium, dissolved organic C and N. Although the 

variation of CV (coefficient of variation) values observed for labile parameters as microbial 

biomass C and N was with 20-40% higher than CV values for more stable parameters (10-

20%), the intrinsic heterogeneity per field was smaller than between study sites for all 

parameters (tested with the Kruskal-Wallis test, cluster analysis and principal component 

analysis). This confirms our Hypothesis V and indicates that it is possible to discuss long-

term evolutionary trends of organic and minerogenic components along the investigated 

chronosequence. The results further implicate that the five field replicates sampled for the 

statistical analysis as well as the molecular analysis of the chronosequence might be 

sufficient also for fast cycling parameters. In general, a higher sampling frequency for labile 

compared to more stable parameters is needed. However, it is not clear if these results can 

be transferred to molecular data characterizing microbial communities, as functional groups 

might behave different from the total microbial biomass.           

To get a better understanding of differences in nitrogen fluxes observed in the field, a 

greenhouse experiment under defined conditions was carried out, comparing the 50 and the 

2000 years cultivated paddy soil (collaboration with Adrian Ho and Peter Frenzel, MPI 

Marburg). Abundance pattern of functional groups of microbes involved in nitrogen cycling 
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will be analyzed using high throughput sequencing. As it was planned to measure gene 

expression (mRNA) in addition to the genetic potential (DNA), we developed an improved 

protocol for simultaneous extraction of DNA and RNA from soil using phenol-chloroform with 

subsequent column-based separation of DNA and RNA. This was compared to the well 

established protocol published by Griffith et al. (2000) (Publication V). The Griffith protocol 

resulted in high standard deviations for RNA yield and post-extraction analysis measuring the 

transcript copy numbers of nosZ. In contrast, our new developed protocol revealed better 

reproducible results and seems therefore more suitable comparing the 50 and 2000 years 

paddy soils, which contain very different amounts of nucleic acids (140 and 1100 µg g-1 dw, 

respectively). The final comparison of results from the chronosequence approach in the field 

and the greenhouse study will give a better insight in nitrogen-transforming processes in 

paddy soils and a closer link to activity and turnover rates.  

However, our results cannot be generalized to different types of land-use changes like, e.g., 

from upland soils into paddy soils, which is a frequent practice in many regions of Asia 

different from the Yangtze River Delta. These soils undergo further terrestrial soil formation, 

before paddy cultivation starts, while in the case of tidal wetland conversion point zero of 

paddy soil formation (besides desalinization) is identical with point zero of terrestrial soil 

formation. The conversion of tidal wetlands has some special characteristics: (I) it is a 

conversion of an already flooded soil into a paddy, thus microbial communities already 

tolerate anaerobic conditions and (II) tidal wetlands are characterized by relatively high salt 

contents. Both parameters might have influenced the obtained results about diversity and 

abundance of functional groups involved in nitrogen turnover. It is further unclear if results 

can be transferred to other microbial groups. For nitrogen turnover, investigated in this 

thesis, we studied mainly the metabolization of ammonia and nitrate, which are easy 

degradable (Myrold et al. 1986, Davidson et al. 1992, Stark et al. 1997). Dynamics of 

microbial communities involved in degradation of more persistent polymeric substances 

(Fewson 1988), e.g., cellulose degradation and protein mineralization could be completely 

different. The degradation potential for cellulose and proteins is correlated to the formation of 
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stable organic matter (Paul 1984). So, in contrast to nitrifiers and denittrifiers, which respond 

very soon to land-use changes, alterations of microbial communities involved in degradation 

of polymers might be observed only later in paddy soil development. Therefore, it would be 

interesting to compare results from tidal wetland conversion to paddy soil development from 

upland soils as well as development of nitrogen transforming microorganisms to 

development of microbial communities involved in polymer degradation.   
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Conclusions  

 

Paddy soil chronosequences derived from tidal wetlands through successive sea dyke 

building are a good model to study effects of land-use conversion and long-time effects of 

agricultural management on soil microbial community structure and function. Nitrogen is an 

interesting study object, as paddy fields are usually nitrogen deficient. Using q-PCR and T-

RFLP as molecular techniques, it was possible to follow changes in abundance and diversity 

of functional groups. These results could be linked to pedological data along the 

chronosequence, showing that developing microbial communities reflected the different 

chemical and physical properties of the soils, which changed in terms of soil development. 

As alterations in microbial community structure and function occurred at very different points 

in time along the chronosequence, it was possible to outline three phases of paddy soil 

development:  

(I) the change from tidal wetlands to paddy soils: Young paddy soils were 

characterized by high abundances of nifH genes and declining abundances of 

bacterial ammonia oxidizers, whereas denitrification gene abundances remained 

constant. Diversity pattern of all genes investigated changed significantly.  

(II) Ongoing paddy soil cultivation showed a slower alteration of the soil microbial 

communities, while 

(III) long-term cultivation led to again significant differences in diversity pattern (for all 

genes investigated) and changes in abundances of nirK and nosZ genes 

(denitrification). This is possibly due to accumulation effects (Publication I).  

We could also observe that gene copy numbers of ammonia-oxidizing archaea, which 

dominated over their bacterial counterparts in the paddy soils, remained constant along the 

whole chronosequence. In contrast, the lipid marker for Thaumarchaeota, to which ammonia-

oxidizing archaea belong, declined. Surprisingly, this indicated that ammonia-oxidizing 

archaea different from crenarchaeol-containing Thaumarchaeota might play an important role 

in paddy soils (Publication II).  
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Summarizing diversity analyses: During ongoing paddy soil cultivation specific phylotypes of 

selected functional groups became dominant leading to the conclusion that they are able to 

adapt to the changes in soil structure and organic matter quality. The continuous 

development of soil microbial function and diversity indicates that these changes are rather 

caused by the type of management and are not response towards the disturbance of a 

balanced ecosystem. 

Furthermore, analysis of the high throughput sequencing approach of samples from our 

greenhouse experiment will help to get a better understanding of nitrogen transformations in 

the field.  

However, our data are only related to land-use changes from an already flooded, natural 

ecosystem (tidal wetland) to cultivated paddy soils and hence cannot be generalized to, e.g., 

conversion of upland soils to flooded rice fields, which is performed in many other regions of 

Asia. For future experiments it would be interesting to check if our data are transferable to 

other forms of land-use change.   
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List of abbreviations 

 
a   year 

Al   aluminum 

amoA    gene encoding the α-subunit of the ammonia monooxygenase 

Anammox  anaerobic ammonia oxidation 

AOA   ammonia-oxidizing archaea 

AOB   ammonia-oxidizing bacteria 

ATP   adenosine triphosphate 

C   carbon 

CH4   methane 

Cmic   microbial carbon 

CO2   carbon dioxide 

Ct   threshold cycle 

CV   coefficient of variance 

DGGE  denaturing gradient gel electrophoresis 

DNA   desoxyribonucelic acid 

DNRA   dissimilatory nitrate reduction to ammonia 

dw   dry weight 

E0   standard reduction potential 

EC   electrical conductivity 

et al.   et alii 

e.g.   for example, exempli gratia 

KCl   potassium chloride 

mRNA   messenger ribonucleic acid 

N   nitrogen 

N2   dinitrogen 

NAD(P)+/NAD(P)H nicotinamide adenine dinucleotide (phosphate) 

NH3   ammonia 

NH4
+   ammonium  

nifH   gene encoding the dinitrogenase reductase subunit of the   

                              nitrogenase  

nirK   gene encoding the copper containing nitrite reductase 

nirS   gene encoding the cytochrome cd1-nitrite reductase  
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Nmic   microbial nitrogen 

NO   nitric oxide 

N2O    nitrous oxide 

NO3
-   nitrate 

NO2
-   nitrite 

nosZ   gene encoding the nitrous oxide reductase 

O2   dioxygen 

P0   tidal wetland, day 0 of paddy soil chronosequence 

P50   50 years cultivated paddy soil 

P100   100 years cultivated paddy soil 

P300   300 years cultivated paddy soil 

P2000   2000 years cultivated paddy soil 

PCR   polymerase chain reaction 

qPCR   quantitative real-time PCR 

RNA   ribonucleic acid 

Si   silicium 

SO4
2-   sulfate 

Ti   titanium 

T-RF   terminal restriction fragment 

T-RFLP  terminal restriction fragment length polymorphism  

Zr   zirconium 
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Supplemental Material 

 

Figure S1. Detection of humic substances at A320nm (n = 4, error bars represent standard deviations). 

Significant differences between the three extraction protocols are displayed by different letters and 

were checked by oneway ANOVA. 
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Figure S2. Copy numbers of the nosZ gene per ng DNA are displayed (n = 4, error bars represent 

standard deviations). Significant differences between the three extraction protocols are shown by 

different letters and were checked by oneway ANOVA. “b.d.l.” indicates samples where the RNA 

concentration was below the detection limit of 0.001 ng µl-1 (see Figure 1).  
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The mean is only composed of two replicates as the DNA concentration is below the detection limit for 

the remaining samples. Thus no statistic was performed for this soil. 
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Figure S3. Principal Component Analysis of the T-RFLP dataset for nosZ gene fragments in the DNA 

samples. The ordination plots of the first two principal components (PC) show mean values of the 

replicates per extraction method. The four soils are displayed by four different symbols and each of 

the three similar symbols per soil stands for an extraction method 
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Figure S4. Principal Component Analysis of the T-RFLP dataset for nosZ gene fragments in the cDNA 

samples. The ordination plots of the first two principal components (PC) show mean values of the 

replicates per extraction method. The four soils are displayed by four different symbols and each of 

the three similar symbols per soil stands for an extraction method 
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