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Summary - Zusammenfassung

SUMMARY
Free-living nitrogen-fixing microorganisms (diazotrophs) are ubiquitous in soil and are
important contributors to the nitrogen-input of many terrestrial ecosystems. The study of these
organisms and their ecological significance requires methods for the assessment of their
diversity and activity. Molecular methods have become increasingly important for the study
of microbial diversity, but their use for the study of the activity of soil microbial communities
is still in its infancy.
In the frame of this thesis, a number of methods for the description of the diversity of freeliving diazotrophs have been developed and improved to provide links between diazotroph
community structures and activities. The approach used was based on the extraction of
nucleic acids and the sensitive PCR detection of the nitrogenase reductase gene (nifH), which
served as a marker gene for potential diazotrophs. Furthermore, reverse transcription PCR
was used to detect nifH mRNA transcripts in soil, which served as a marker for active
diazotrophs. The amplified sequences were subsequently studied with molecular
fingerprinting methods and sequencing.
In order to provide a robust basis for subsequent molecular analyses, a highly efficient nucleic
acid extraction protocol and a high-stringency RNA purification protocol were developed.
The influences of different parameters of the bead-beating extraction protocol were evaluated
and a new approach was developed to increase extraction efficiency. Furthermore, a method
to assess total DNA contents of soil using multiple high-intensity extractions was proposed.
This method provided a solid base for all downstream molecular analyses. The RNA
purification protocol was based on DNAse treatment and acid phenol extraction in order to
obtain highly pure total RNA, which was free of DNA contamination. These extracts allowed
for the use of highly sensitive reverse transcription PCR for the detection of nifH mRNA.
The power of PCR-based nifH detection was improved by an innovative "locked primer site"
approach. This method allowed for selective amplification of nifH from different groups of
diazotrophs with a set of PCR protocols that all target the same gene fragment. The protocols
were tested and optimized using pure cultures of diazotroph reference strains, and
subsequently applied to the analysis of six different soils. The approach allowed for a focused
amplification of nifH from different groups of diazotrophs and improved the detection of less
abundant diazotrophs in soils. Fingerprinting analyses of PCR products obtained from soil
DNA extracts revealed that the new nifH PCR protocols differentiated better between the
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diazotroph populations in different soils than previously used universal amplification
protocols.
By combining these methods, a detection protocol for nifH mRNA in soil was developed. The
high sensitivity of this protocol allowed for the detection and analysis of nifH mRNA in soil.
The developed methodology was applied to study transcription of nifH in Azotobacter
vinelandii growing in sterilized soil microcosms in the presence of an additional carbon
source. Treatments with nitrogen limiting conditions resulted in strong N-fixation activity
while nitrogen excess suppressed nitrogen-fixation. Clear effects of the nitrogen treatment on
the ratio of nifH mRNA to total RNA could be shown. Furthermore, the mRNA data was
significantly correlated with measurements of nitrogen-fixation activity and cell density.
The results presented in this thesis have shown that monitoring of nifH mRNA in soil is a
suitable and promising approach to link population structures and activities of diazotroph
communities. The developed methodology can be used to study the dynamics of microbial
communities in situ, in much greater detail then previously possible. The study of mRNA
expression in soils offers the opportunity to identify key players in asymbiotic nitrogenfixation, to study short-term community responses in changing environments, or to analyze
the effect of regulation in situ. Furthermore, the methods for RNA extraction and purification
provide a robust basis for expression studies of other functional genes in the soil environment.
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ZUSAMMENFASSUNG
Freilebende stickstofffixierende Bakterien kommen in allen terrestrischen Ökosystemen vor.
Sie spielen eine wichtige Rolle im Stickstoffhaushalt vieler terrestrischer Ökosysteme. Für die
wissenschaftliche Untersuchung dieser Organismen und ihrer ökologischen Bedeutung bedarf
es geeigneter Methoden zur Analyse ihrer Diversität und Aktivität. Molekulare Methoden für
die

Untersuchung

von

mikrobieller

Diversität

sind

bereits

weitgehend

etabliert.

Molekularbiologische Techniken zur Analyse von mikrobiologischen Prozessen in
Bodenökosystemen befinden sich dagegen noch in der Entwicklung.
Im Rahmen dieser Dissertation wurden neue Methoden zur Analyse der Populationsstruktur
freilebender stickstofffixierender Mikroorganismen entwickelt oder verbessert. Dabei lag das
Hauptaugenmerk auf der Entwicklung von Methoden, die es erlauben, eine Verbindung
zwischen

Populationsstruktur

und

Aktivität

herzustellen,

d.h.

die

Gesamtaktivität

individuellen Populationen oder Organismen zuzuordnen. Der verwendete Ansatz beruhte auf
der Extraktion von Nukleinsäuren aus dem Boden und dem spezifischen Nachweis der
Gensequenz für das Enzym Nitrogenase Reduktase (nifH). Anhand dieses Gens lassen sich
potentielle Stickstofffixierer mit Hilfe von PCR (Polymerase Kettenreaktion) nachweisen.
Nur aktive Stickstofffixierer transkribieren nifH mRNA in grösseren Mengen. Diese eignet
sich daher als molekularer Marker für aktive Stickstofffixierung. Der Nachweis der mRNA
erfolgte durch reverse Transkription und anschliessende PCR. Die amplifizierten
Gensequenzen lassen sich anschliessend anhand von „genetischen Fingerabdrücken“ oder
Sequenzierung untersuchen.
Als Voraussetzung für weiterführende Analysen wurde zunächst eine hocheffiziente Methode
zur Nukleinsäureextraktion aus Boden entwickelt. Anschliessend wurde eine stringente
Methode zur Aufreinigung von RNA aus diesen Extrakten entwickelt. Durch die Kombination
einer Behandlung mit DNAse und der Extraktion mit saurem Phenol wurde ein RNA-Extrakt
mit sehr geringer DNA-Kontamination erhalten. Dies schaffte die Voraussetzung für den
Nachweis von nifH mRNA in diesen Extrakten mittels hochsensitiver PCR Amplifikation.
Zur Verbesserung und Erweiterung des auf PCR basierenden Nachweises von nifHSequenzen wurde ein neuartiger Ansatz gewählt. Es wurden mehrere Sets von PCR-Primern
entwickelt, welche alle dasselbe Genfragment amplifizieren, dabei aber selektiv sind für
unterschiedliche Gruppen von Stickstofffixierern. Diese Methoden wurden zunächst an
stickstofffixierenden Reinkulturen getestet und anschliessend zur Analyse von Boden-DNA
6
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eingesetzt. Es konnte gezeigt werden, dass die neuen Primer nifH von unterschiedlichen
Untergruppen von Stickstofffixierern aus Boden-DNA amplifizieren. Dies ermöglicht die
Detektion von Stickstofffixierern mit geringer Abundanz. Zudem erlauben genetische
Fingerabdrücke, die mit den neuen PCR-Protokollen gewonnen werden, eine verbesserte
Analyse von Populationsunterschieden im Boden im Vergleich zu bisherigen „universellen“
PCR Protokollen.
Die Kombination dieser Methoden war die Voraussetzung für die Entwicklung einer
Nachweismethode für nifH mRNA im Boden. Diese Methode erwies sich als sehr sensitiv,
und eignete sich für den Nachweis von nifH mRNA in natürlichen Böden und in BodenMikrokosmen im Labor. Anschliessend wurde diese Technik eingesetzt, um die Transkription
von nifH durch Azotobacter vinelandii in sterilisiertem Boden zu untersuchen. Im Versuch
zeigten

Versuchsansätze

mit

Stickstoffsättigung

keine

Stickstofffixierungs-Aktivität,

wohingegen bei Stickstoffmangel hohe Aktivität gemessen wurden. Entsprechend konnte ein
deutlicher Einfluss des Stickstoffangebotes auf die Transkription von nifH festgestellt werden.
Die gemessene relative nifH mRNA Konzentration korrelierte dabei signifikant mit der
gemessenen Stickstofffixierungs-Aktivität.
Die Resultate zeigen, dass die Analyse von nifH mRNA im Boden einen viel versprechenden
Ansatz zur Untersuchung spezifischer Stickstofffixierungs-Aktivitäten darstellt. Der
entwickelte Ansatz ermöglicht eine weitaus detailliertere Analyse der Dynamik von
Mikrobengemeinschaften im Boden als bisher. Der Ansatz eignet sich zum Beispiel für die
Identifikation von wichtigen freilebenden Stickstofffixierern, für die Untersuchung von
kurzfristigen Reaktionen auf Veränderungen der Umweltbedingungen, oder für die Analyse
der Auswirkungen von Regulationsmechanismen in situ. Die entwickelte Methode für
Extraktion und Aufreinigung von RNA aus Boden stellt darüber hinaus auch für den
Nachweis anderer funktioneller Gene eine solide Grundlage dar.
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Chapter 1: General introduction

1 General introduction
1.1 The ecological importance of nitrogen-fixation
1.1.1 Nitrogen-fixation and the nitrogen-cycle
Biological nitrogen (N) fixation is the process of the conversion of atmospheric di-nitrogen
(N2) to the non-gaseous N compound ammonium (NH4+). N-fixation is not exclusively a
biological process. Natural abiotic N-fixation, which can be mediated by lightning or fires,
oxidizes N2 to nitrate (NO3-). The NO3- produced in this way can be washed out from the
atmosphere with precipitation and is thus deposited in terrestrial ecosystems. Plants, animals
and many prokaryotes depend on the availability of fixed N for their N supply. Since N is an
essential nutrient for all living organisms, N-fixation is a key process of the N-cycle [19, 90,
122] (Fig. 1.1). Biological nitrogen-fixation (BNF) involves the enzymatic reduction of N2 to
ammonia (NH3), which in solution will be present mostly as ammonium (NH4+). These
compounds represent the starting molecules for the biosynthesis of amino-acids and other Ncontaining biomolecules. According to current knowledge, only prokaryotes (members of the
domains Archaea and Bacteria) are capable of performing BNF. All eukaryotes (including
higher plants and animals) naturally depend on the BNF activity of the N-fixing prokaryotes
(diazotrophs) for their N supply.
In terrestrial systems, a number of processes continuously remove N from the biosphere as a
whole and the soil in particular. Combustion and the biological process of denitrification, the
conversion of NO3- to gaseous forms of N like N2O, NO and, N2, return N to the atmosphere.
Leaching, erosion or sedimentation transport N in soluble or particulate form to the
hydrosphere or remove it to sites that are inaccessible to the biosphere of terrestrial
ecosystems (Fig. 1.1 and 1.2). BNF is the most important natural source of N for terrestrial
ecosystems (Fig. 1.2). The importance of BNF in a particular ecosystem depends on the
systems nutrient status, which is in turn linked to the stage of ecosystem development [15,
27]. In early successional stages of soil development phototrophic diazotrophs may be
important colonizers of oligotrophic soil surfaces. BNF by free-living heterotrophs might be
especially important in systems with high accumulations of carbon sources, e.g. in forest soils
with high inputs of litter and decaying plant debris [27]. In systems with high concentrations
of mineral N or other unfavorable conditions, BNF will contribute little to the N-budget [15].
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Fig. 1.1: The N-cycle in soil, showing natural as well as anthropogenic N-fluxes. Reproduced from
Stevenson (1986) [105].

The availability of fixed N within an ecosystem depends not only oN-inputs and outputs, but
also on the mineralization (ammonification) of the N bound in biomass and organic material.
In fact, the internal fluxes are an order of magnitude greater than the inputs and outputs [85]
(Fig. 1.2). In most terrestrial systems plant uptake is a major sink for mineral N [56, 85] (Fig.
1.2). Both NH4+ and NO3- are taken up by plants, although many plants prefer the uptake of
one over the other [68]. In most soils the cation NH4+ is relatively immobile and can be bound
to cation exchange sites or irreversibly fixed in interlayer sites of three-layer clay minerals
[105]. Under aerobic conditions, NH4+ will be rapidly transformed to NO3- by nitrifying
microorganisms (ammonium-oxidizers and nitrite-oxidizers). NO3- is much more mobile in
soil in comparison to NH4+ and can percolate into the groundwater (NO3- leaching) if it is not
taken up by plants or microorganisms. Nitrate accumulation in groundwater used as drinking
water represents a health risk [115]. Denitrification, a process of anaerobic respiration that
transforms NO3- to N2, completes the N-cycle by returning N to the atmosphere (Fig. 1.1)
[105].
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Fig. 1.2: Estimated global terrestrial N-fluxes in Tg year-1 (1 Tg = 1012 g) adapted from Paul and Clark
(1996) [85]. Values in italics were estimated based on the assumption of an equilibrium budget. Shaded
arrows indicate system-internal fluxes and are not to scale with other fluxes.

However, these abiotic N-fixation processes contribute little to the global N-input to
terrestrial ecosystems (20 Tg N year-1) compared to BNF (175 Tg N year-1) (Fig. 1.2). This
makes BNF the primary source of N in soils [27], and an eminently important process for the
maintenance of life on earth [85].
It is assumed that under natural conditions the N-cycle approaches a steady state in stable
ecosystems, where losses from the system are at equilibrium with inputs from N-fixation [90].
However, modern agricultural practices and industrialization have added major new sources
of fixed N, e.g. through the production of synthetic N fertilizer (Fig. 1.1 and 1.2) and
increased NOx emissions from fossil fuel combustion. Combined, these inputs add up to 125
Tg N year-1 for terrestrial systems worldwide [85] (Fig. 1.2) and are therefore in the same
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order of magnitude as the natural inputs (195 Tg N year-1) (Fig. 1.2). In addition to these new
inputs, anthropogenic activities introduced massive changes to the spatial and temporal
pattern of N-fluxes, e.g. by transferring N that is contained in the biomass of agricultural
crops into urban areas where they are consumed [19]. It is therefore not surprising that there is
evidence of increasing N-levels in many ecosystems [19, 51, 85, 115]. It is known that a shift
towards N saturation has serious ecological effects, such as NO3- leaching into aquifers used
for drinking water, or the involvement of increased deposition of fixed N in forest decline [47,
51, 115]. However, the short- and long-term effects of these inputs on microbial communities
and particularly on diazotrophs are not well established.
1.1.2 Terminology for diazotroph life strategies
Diazotrophs are very diverse and it is useful to categorize them according to their lifestrategies. In this thesis the term diazotroph is used for all organisms that have the genetic
capacity to perform BNF. However, this does not mean that the organism actually performs
this function in the studied environment. Symbiotic and free-living diazotrophs comprise the
two most commonly defined groups of diazotroph life strategies. In this thesis, the term freeliving diazotrophs is used to describe diazotrophs that grow in soil or on the soil surface or in
associations with plant roots, excluding endophytic and symbiotic microorganisms. There are
many organisms that show various degrees of plant association, from truly endophytic lifeforms to strains that are merely enriched in the rhizosphere or on root surfaces [43]. The latter
are usually labeled “associative” diazotrophs. “Asymbiotic” diazotrophs have been defined
more broadly as all diazotrophs that lack specific symbioses. This definition includes
diazotrophs that live independently in terrestrial or aquatic environments, form either loose or
close associations with plant roots, or grow as non-specific endophytes [43]. Accordingly, the
term asymbiotic nitrogen-fixation (ANF) is used to indicate the N-fixation by asymbiotic
diazotrophs.
1.1.3 Biological nitrogen-fixation and the human nitrogen-demand
The prospect of utilizing BNF for agricultural purposes has long been the driving force behind
N-fixation research. The annual N-demand of the world’s human population (1994: 5.3
billion) has been estimated at 23 Tg N year-1 [114], a figure that will increase considerably
with the growing human population. The contemporary emphasis on sustainable development
and the known negative side effects of mineral N-fertilizer (such as NO3- leaching into
groundwater) have stimulated research in the field of BNF throughout the past decades. This
16
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research has focused mainly on legumes and other symbiotic systems, which represent a wellstudied and widely used method of biological N-fertilization [85, 86, 90]. In symbiotic
systems, the ammonia produced by BNF is transferred directly to the plant where it is bound
into organic molecules for transport (amino acid amides like asparagine and glutamine or
ureides e.g. allantoin) [85]. The symbiosis provides the diazotroph with a steady influx of
carbons sources and regulated oxygen supply which provides the basis for highly efficient Nfixation. Free-living diazotrophs will mostly incorporate the N they fix into their own biomass
and its availability to plant will be indirect through subsequent mineralization of the biomass
[107]. The application of free-living diazotrophs to soil as a method to promote plant growth
has proven to be less successful in comparison to symbiotic systems, although many questions
concerning their utility remain open [43, 107]. On a global scale ANF is estimated to
contribute about 30% to the total biologically fixed N [86], and can be a significant source in
many terrestrial ecosystems [15]. However, in an agricultural context symbiotic BNF by
legumes is considered to be by far the most dominant source of biologically fixed N [43, 85,
86]. Other symbiotic systems with agricultural applications include the Azolla-Nostoc [113],
and the Frankia-Alder symbioses [85]. All of these symbioses are genetically defined systems
that include specific interactions between diazotroph and host-plant [43, 61].
1.1.4 Asymbiotic nitrogen-fixation: Experiences with agricultural applications
The prospect of using ANF for agricultural purposes has been a matter of debate [27] and
despite many experiments it has never been fully and reproducibly realized as an agricultural
practice [27, 43]. Early experiments by Caron (1895, 1900) reported yield increases following
inoculation with saprophytic diazotrophs [12, 13]. However, other studies by Gerlach and
Vogel (1902) [26] and Lipman and Brown (1907) [57] could not reproduce the positive
effects. Following a report by Kostychev (1926) [50] which indicated that inoculation with
Azotobacter provided enough N for tobacco culture, this treatment was frequently applied to
agricultural fields in Russia, and several other reports on positive effects of asymbiotic Nfixation were published. However, Mishustin (1970) [70] later claimed that only a third of
these experiments reported statistically significant effects on yield. Other authors agree that
results of inoculation experiments with diazotrophs have been inconsistent [43, 107]. More
positive results were reported by Okon (1995) [82] who observed 5-30% increase in crop
yield in 60-70% of field-inoculations with Azospirillum. Since data on N-accumulation is not
available for these experiments, it remains unclear whether ANF substantially contributed to
the observed positive yield response. Other effects, such as the bacterial production of plant
17
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growth promoting substances or competition with potential pathogens could also be
responsible [27, 82].
1.1.5 Asymbiotic nitrogen-fixation: The future potential
The reasons for the inconsistency in results of field experiments with ANF may be numerous.
The efficiency of diazotrophs in carbon utilization for BNF can vary greatly between 4 and
174 g C g N fixed-1 depending on the organism and the carbon source [27]. The use of poorly
characterized or contaminated inoculants, the species and maybe even the cultivar of the crop
plant, differences in physical and chemical soil conditions and the nature of the indigenous
microbial community that was present may all influence results obtained in field trials. It was
observed that N-fixation is often not proportional to the number of diazotrophs that are
present, despite N-limiting conditions [33]. Tchan (1988) [107] summarized that “in its
present form, the hope of using asymbiotic nitrogen-fixation as a compensating factor for the
nitrogen requirement in intensive agriculture is difficult to realize. […]. If substantial
asymbiotic nitrogen-fixation is to be realized, either those conditions favoring it in natural
ecosystems must be recreated and maintained or agricultural practices must be modified so
that these favor nitrogen-fixation” [107].
The idea of adding carbon substrates (e.g. plant residue) to soil in an effort to stimulate ANF
has also been studied and applied to some extent. Like inoculation, this approach has yielded
inconsistent results [43]. However it has been shown that high rates and efficiency in the use
of supplied carbon sources can be achieved. For example, up to 72 kg N fixed per ton of straw
were reported by Halsall et al. (1985) [32], which approaches the theoretical limit. Later
studies showed that the ANF activity of indigenous diazotroph populations can vary greatly,
depending on factors such as pH, clay content and moisture content. [33]. A number of
studies could show that plant growth promoting effects can be obtained, but depend on many
factors such as soil pH and temperature, redox state and type of carbon source [41, 42].
In their review, Kennedy and Islam (2001) [43] estimated that the potential contribution of
ANF could be up to 50% of the N-demand for some cereal crops while other authors
estimated that the potential of ANF based on carbon leached to the rhizosphere alone is very
low [27, 62]. Many authors argue that the problems associated with approaches to utilize ANF
for agricultural purposes in the past were, and partly still are, due to a poor understanding of
the complex processes and interactions that involve the diazotrophs in soils and in the root
zone [33, 43, 107]. Specifically, Halsall et al. (1991) [33] concluded that both straw
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incorporation (as a carbon substrate) and inoculation with diazotrophs can increase ANF.
However, they also argued that further research is necessary to be able to select suitable
diazotrophs for a particular soil and to better understand the mechanisms that hinder freeliving diazotrophs from reaching their potential fixation capacity in many cases [33]. The
application of new methods, especially molecular tools now allows for a much more thorough
study of these processes [43, 107]. Thus, there is a clear incentive to develop new molecular
techniques for the study of these organisms, their functions and activities.

1.2 Diversity and evolution of diazotrophs
1.2.1 Early studies on nitrogen-fixation and diazotrophs
As discussed above, symbiotic systems represent the most significant biological N-source for
many terrestrial ecosystems [43, 85, 86]. Accordingly, BNF has become best known, and
most intensively studied in the legume-Rhizobia symbioses, first described by Hellriegal and
Wilfarth (1888) and Beijerinck (1888) (cited in [22]), although the fertility-improving effect
of legumes was known long before that [85]. ANF by free-living soil microorganisms was
first described at around the same time as the symbiotic systems, in the late 19th century.
Kennedy and Islam (2001) [43] listed a number of these early studies: The potential of soil to
fix atmospheric N2 was first described by Berthelot in 1888, who noted a net N-gain in nonsterile as compared to sterile soil [7]. While his study was later disputed, he clearly
recognized the logical need for a process of BNF for the maintenance of soil fertility.
Winogradsky (1893) reported the isolation of the first heterotrophic diazotroph, Clostridum
pasteurianum [118]. The isolation of the aerobic heterotroph Azotobacter which was also
growing in Winogradsky’s original enrichments [43] was later (1901) performed by
Beijerinck [6].
Since these early days, there have been continual discoveries of new diazotrophs, revealing
that this function is performed by a very diverse group of prokaryotes. In the last decades, the
use of molecular technologies for the direct detection of the genes of BNF has shown that the
capacity for BNF is even more wide-spread than previously expected [120].
1.2.2 Physiological and phylogenetic diversity of diazotrophs
Diazotrophs are phylogenetically diverse

and include organisms with vastly different

physiological properties (Table 1.1, [85, 120]). The capacity to perform BNF has been
detected in various phototrophic microorganisms (e.g. aerobic phototrophic Cyanobacteria
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[113, 120], anaerobic purple-sulfur phototrophs like Chromatium, and green-sulfur
phototrophs, e.g. Chlorobium [120]). BNF has been detected in organisms growing
chemolithotrophically (e.g. Alcaligenes, Thiobacillus, Methanosarcina, [64, 120] or
Azospirillum lipoferum [65]) and in a great number of heterotrophic bacterial strains (e.g.
anaerobes such as Clostridium, microaerophiles such as Herbaspirillum, and aerobes like
Azotobacter [37, 85]). Despite the large number of known diazotrophic genera, many isolates
have never been assessed for BNF capacity. Accordingly, BNF may be even more widespread than currently known [120].
Only a minority of diazotroph species is involved in symbioses, yet free-living diazotrophs
have

received

comparatively

little

attention

from

researchers.

While

free-living

Cyanobacteria and their contribution to the N-budget of oceans and lakes have been studied
in some detail (for an overview see [63, 113, 126]), free living soil diazotrophs are still poorly
characterized.
Free-living aerobic N-fixing bacterial genera found in soil include Azotobacter, Beijerinckia
and Derxia, but the majority are microaerophilic (e.g. Azospirillum, Herbaspirillum) or
facultative and obligate anaerobes ( e.g. Klebsiella, Clostridium, Erwinia) [27, 85]. Table 1.1
lists known diazotroph taxa that are found in terrestrial habitats.
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Aerobic, heterotroph
Aerobic, heterotroph
Aerobic-microaerophilic, hetero/autotroph
Aerobic, heterotroph
Aerobic, heterotroph
Aerobic, heterotroph
Aerobic, heterotroph
Anaerobic, phototroph
Aerobic, heterotroph
Aerobic,chemo-lithotroph, heterotroph
Anaerobic-microaerophilic., denitrifying
Aerobic, heterotroph
Aerobic, heterotroph
Aerobic-microaerophilic, heterotroph
Anaerobic chemolithotroph,
Aerobic, heterotroph
Aerobe, heterotroph
Anaerobic, purple sulfur phototr.
Facultative anaerobic, heterotroph
Facultative anaerobic, heterotroph
Facultative anaerobic, heterotroph
Microaerophilic, heterotroph
Aerobic, methanotroph
Aerobic, methanotroph
Aerobic, methanotroph
Aerobic, heterotroph
Facultative anaerobic, heterotroph
Anaerobic, sulfate reduction
Anaerobic, sulfate reduction
Anaerobic, sulfate reduction
Anaerobic-microaerophilic, heterotroph
Aerobic, heterotroph
Aerobic, heterotroph
Facultative anaerobe, heterotroph
Anaerobic, heterotroph
Aerobic, phototroph
Aerobic, phototroph
Anaerobic, methanogen
Anaerobic, methanogen
Anaerobes, acetogens

α-proteobacteria
α-proteobacteria
α-proteobacteria
α-proteobacteria
α-proteobacteria
α-proteobacteria
α-proteobacteria
α-proteobacteria
α-proteobacteria
β-proteobacteria
β-proteobacteria
β-proteobacteria
β-proteobacteria
β-proteobacteria
γ-proteobacteria
γ-proteobacteria
γ-proteobacteria
γ-proteobacteria
γ-proteobacteria
γ-proteobacteria
γ-proteobacteria
γ-proteobacteria
γ-proteobacteria
γ-proteobacteria
γ-proteobacteria
γ-proteobacteria
γ-proteobacteria
δ-proteobacteria
δ-proteobacteria
δ-proteobacteria
ε-proteobacteria
Actinobacteria
Actinobacteria
Bacilli (Firmicutes)
Clostridia (Firmicutes)
Cyanobacteria
Cyanobacteria
Methanococci (Euryarchaeota)
Methanococci (Euryarchaeota)
Spirochaetes

Acetobacter diazotrophicus
*
Azorhizobium
Azospirillum sp.
*
Beijerinckia sp.
Bradyrhizobium sp.
Bradyrhizobium sp.
Rhizobium sp.
Rhodospirillum, Rhodobacter
*
Xanthobacter sp.
Alcaligenes sp.
Azoarcus sp.
Burkholderia brasilense
*
Derxia sp.
Herbaspirillum seropedicae
Acidithiobacillus ferroxidans
Azotobacter sp.
*
Beggiatoa sp.
Chromatium sp.
*
Citrobacter sp.
*
Enterobacter sp.
*
Erwinia sp.
Klebsiella pneumoniae
Methylobacter, Methylocystsi sp.
Methylococcus Methylomonas sp.
Methylosinus sp.
Pseudomonas sp.
Vibrio sp.
Desulfobacter sp.
Desulfotomaculum
Desulfovibrio sp.
*
Campylobacter nitrofigilis
*
Arthrobacter
Frankia sp.
Bacillus sp.
Clostridium pasteurianum
Nostoc sp.
Other Cyanobacteria
Methanococcus sp.
Methanosarcina sp.
Spirochetes sp.

Assembled from [3, 37, 43, 55, 85, 120] and own data
* Genus not represented by a nifH sequence in our database

Physiological characteristics

Class (Phylum)

Species or Genus

Table 1.1: Diazotrophs in terrestrial habitats

Microaerophilic niches
Microaerophilic niches
Microaerophilic niches
Membranes, slime, clump formation
Nodule formation
Nodule formation, slime?
Nodule formation
Anerobic lifestyle
Microaerophilic niches
Microaerophilic niches
Anerobic-microaerophilic lifestyle
Microaerophilic niches
Membranes, slime, clump formation
Microaerophilic niches
Anerobic lifestyle
Alginate capsules, biochemical
Microaerophilic niches
Anerobic lifestyle
Anerobic lifestyle
Anerobic lifestyle
Anerobic lifestyle
Microaerophilic niches
Microaerophilic niches
Microaerophilic niches
Microaerophilic niches
Microaerophilic niches
Anerobic lifestyle
Anerobic lifestyle
Anerobic lifestyle
Anerobic lifestyle
Anerobic lifestyle
Microaerophilic niches
Nodule formation, vesicles
Anaerobic lifestyle
Anerobic lifestyle
Heterocysts
Heterocysts, day-night cycle
Anerobic lifestyle
Anerobic lifestyle
Anerobic lifestyle

Oxygen protection
Sugarcane
Symbiont of Sesbania, soil
C3 plants, sugarcane
Soil (tropical)
Soil, legumes
Tropical legumes, soil
Legumes, rice
Moist soils, paddy fields
Soil, mud
Rice
Kallar grass, aquifer sed.
Sugarcane
Soil / surfaces, rhizospere
Rhizosphere /roots of cereals
Soil, sediment
Soil / rhizosphere
Rice rhizosphere
Microbial mats
Soil, decaying wood
Rice
Soil, decaying wood
Rice / decaying wood / soil
Rice paddy soil, soil, mud
Rice paddy soil, soil, mud
Rice paddy soil, soil, mud
Rice, soil
Soil, mud, root zone
Anaerobic soil, mud, aquifers
Anaerobic soil, mud, aquifers
Anaerobic soil, mud, aquifers
Rhizosphere, salt-marsh
Soil
Alder root, soil
Soil / rhizosphere
Soil, decaying plant material
Azolla, Lichens, soil surface
Lichens / surfaces
Anaerobic soil, aquifers
Anaerobic soil, aquifers
Termite gut, rhizosphere

Hosts / Environments

Endophytic
Symbiotic / free-living
Free-living / associative
Associative
Symbiotic / free-living
Symbiotic / free-living
Symbiotic / associative
Free-living
Free-living
Endophytic
Endophytic / free-living
Endophytic / epiphytic
Free-living / associative
Endophytic / associative
Free-living
Free-living / associative
Free-living / associative
Free-living / biofilms
Free-living
Epiphytic
Free-living
Free-living / associative
Free-living / associative
Free-living / associative
Free-living / associative
Endophytic / free-living / ass.
Free-living / associative
Free-living
Free-living
Free-living
Free-living / associative
Free-living
Symbiotic / free-living
Free-living
Free-living
Symbiotic / free living
Symbiotic / free-living
Free-living
Free-living
Free-living

Lifestyle / Plant interaction
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1.2.3 Evolution of biological nitrogen-fixation
The broad phylogenetic distribution of BNF raises the question of the evolutionary origin of
this function. It has been assumed that the nitrogenase system is an ancient feature already
present in an early ‘common ancestor’ of microbial life, which has subsequently evolved by
vertical descent [36, 120, 124]. This would place the origin of BNF in the Hadean era, as
early as 4 - 3.5 Gyr ago (Fig. 1.3). Other theories assume that BNF originated much more
recently, as late as the early Phanerozoic approximately 0.5 Gyr ago, in response to the
increased N-demand by plants [66] (Fig. 1.2). This theory assumes that the genes for BNF
were subsequently distributed mostly by horizontal gene transfer [66, 76, 78, 89, 96]. The
time of origin and the mode of distribution are of considerable importance to the question of
whether, and to what extent, the genes involved in BNF can be expected to contain
phylogenetic information that allows identification of diazotrophic groups by use of probes or
sequence analyses.

Key events

Chemical processes

Plants evolve

Atmosphere becomes oxic

Stromatolites, microbial mats
Photosynthesis
Beginning of life
Earth coalesced

Biological processes
Nitrogen fixation:
N2 + 6H+ + 6e- -> 2 NH3
High nitrogen uptake by plants

Free O2 concentration in atmosphere rises:
Lightning produces NO:
N + O2 -> NO + O
O + N2 -> NO + N
Low CO2:
Lightning produces little NO. Nitrogen crisis?
Oxygen chemically buffered. Redbed formation .
High CO2 : N fixation by lightning:
2 CO2 + N2 -> 2 NO + 2 CO
-> HNO -> NO 2Photodissociation of ammonia:
NH3 -> N2

Nitrogen fixation ?:
N2 + 6H+ + 6e- -> 2 NH3
Photosynthesis:
CO2 + H2O -> CH2O + O2
Nitrogenase as detoxification mechanism?:
CN- + 7H+ + 6e- -> NH3 + CH4

Fig. 1.3: Key events in the development of early earth in relation to the evolution of N-fixation. The end of
the Hadean marks the beginning of life on earth, approximately 3.8 Gyr before present (1 Gyr = 109
years). The Proterozoic begins with the rise of oxygen partial pressure in the atmosphere. The
Phanerozoic begins with the evolution of plants and macroscopic lifeforms. Whether BNF evolved during
the Archean or as late as the early Phanerozoic is still a matter of debate. Time scale adapted from Nisbet
and Sleep (2001) [73].

The discussion on the origin of BNF is closely tied to the question at which time in the earths
past conditions of N-limitation triggered the evolution of this process. Initial theories
concerning the composition of the atmosphere of the early earth assumed that free ammonia
was a major constituent, which would have eliminated any evolutionary pressure for the
development of BNF [89]. In the case of a reducing atmosphere, which would have contained
free ammonia, an ancient origin of the nitrogenase genes is still a possibility. It has been
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proposed that the nitrogenase genes actually originated as a detoxification mechanism for
these cyanides and other chemicals [23, 100]. This theory is based on the observation that
nitrogenase reduces a number of alternative substrates in addition to N2, several of which are
toxins (e.g. cyanides). Toxins of this kind would most likely have been present in a reducing
atmosphere [72, 100]. This line of thought would allow for an ancient origin of the
nitrogenase genes even in an environment rich in fixed N.
The theory of the reducing atmosphere has been challenged in favor of a ‘neutral‘ atmosphere,
consisting mostly of CO2 and N2 [73]. Supporters of the ‘neutral’ early atmosphere argue that
ammonia is not present in volcanic products in significant amounts and that ammonia would
furthermore have been subject to rapid photo-dissociation due to insufficient atmospherical
UV protection [73, 100]. The primary mechanism of abiotic N-fixation before the beginning
of life and throughout early evolutionary history would then have been formation of nitric
oxide through lightning discharge [66, 72] (Fig. 1.3). It has been suggested that the rate of
abiotic N-fixation through this mechanism was high on early earth, while net primary
production was low. Therefore fixed N would have been abundant until the development of
an oxygenic atmosphere and the increased N-demand of higher plants reduced its availability
much later [66] (Fig. 1.3). This would suggest a late development of BNF and a distribution
of the genes for BNF through horizontal gene transfer [66]. However, a neutral atmosphere
does again not exclude an early origin of BNF. In a neutral atmosphere CO2 represented the
prime source of oxygen radicals for the oxidation of N2 to NO by lightning [72]. It has been
proposed that the continuous decrease of the concentration of atmospheric CO2 throughout the
Archaean period would eventually have led to a N-crisis caused by the strongly reduced Nfixation by lightning [72] (Fig. 1.3). This trend may have been intensified on a physiological
level by the evolution of chemoautotrophy (RUBISCO system), which would have shifted the
early biosphere even further towards N-limitation [102]. Such an event could again have
created the evolutionary pressure that triggered the development of N-fixation at a relatively
early stage, about 2.2 Gyr ago, before the rise of oxygen concentration in the atmosphere (ca.
2.2 - 1.7 Gyr ago) [72]. A separate line of evidence for early development of diazotrophs
comes from fossil evidence in rocks aged 1.5 - 1.3 Gyr, which show structures that resemble
modern cyanobacterial heterocysts, a specialized cell form which is the site of N-fixation in
some modern Cyanobacteria [73]. However, whether these fossils really represent early
heterocystous Cyanobacteria has been debated, as non-heterocystous Cyanobacteria appear
to be the more ancient form [66, 102].
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Little thought has been given in the literature to the question of whether in a world of high
mineral N concentrations N limiting conditions may have occurred in special niches (e.g.
within biofilms or microbial mats), that would have represented an evolutionary niche for
early diazotrophs. Certainly BNF plays a major role for N-acquisition in present-day
microbial mats [84, 103], and can occur at high ammonium concentrations [5].
The evidence presented so far does not allow a definitive conclusion on the evolutionary
origin of BNF. Additional evidence based on the genes involved in the process of BNF will
be discussed in the chapter on nifH phylogeny below.

1.3 Biochemistry and genetics of biological nitrogen-fixation
1.3.1 General biochemistry of biological nitrogen-fixation
BNF is a complex process that involves a number of functional and regulatory gene products
[111]. The actual reduction of N2 is performed by the nitrogenase protein complex, which
consists of two metalloproteins: the nitrogenase, or nitrogenase molybdenum-iron protein
(MoFe protein, NifDK), and the nitrogenase reductase or nitrogenase iron protein (Fe protein,
NifH). The structure of the Fe- and MoFe proteins have been resolved [25, 101] (Fig. 1.4).

Fig. 1.4: Band-ribbon representations of the 3-D structure of the Fe protein (NifH, on the left) and the
MoFe protein (NifDK, on the right) of Azotobacter vinelandii. The iron-sulfur cluster is visible in the
central upper part of the Fe protein. Based on data by [106] and [21], renditions were obtained from PDB
Protein Data Bank [91].
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The molybdenum-iron-sulfur-homocitrate clusters of the MoFe protein are the actual sites of
binding and reduction of the substrate N2 and other alternative substrates, such as acetylene,
protons and many others [90]. The Fe protein is responsible for shuttling electrons to the
MoFe protein using at least two MgATP per electron [31] (Fig. 1.5).

+CoA

Pyruvate

Acetyl-CoA + CO2

Pyruvate flavodoxin
oxidoreductase

nifJ

eFlavodoxin

Nitrogenase complex

(Oxidized)

Flavodoxin
e-

Dinitrogenase
reductase
(Reduced)

(Reduced)
Dinitrogenase
reductase

e-

ATP

nifF

nifH

(Oxidized)
ADP + Pi

Dinitrogenase

Dinitrogenase

(Oxidized)

nifDK

(Reduced)
e-

2 NH3

N2

C2H4

C2H2

H2

2 H+

Products

Nitrogenase
substrates

Fig. 1.5: Electron transport chain for nitrogenase in Klebsiella pneumoniae. Nitrogenase reductase (Fe
protein, NifH) shuttles electrons to dinitrogenase (MoFe protein, NifD and NifK) under consumption of
ATP. Dinitrogenase is the site of reduction of the substrates, most importantly N2. H2 production is an
obligate part of the process, while acetylene (C2H2) is an example for an alternative substrate. Genes
involved in the transport chain are indicated on the right. Adapted from Madigan et al. (2000) [64].
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The complete process can be written as follows:

N2 + 10H+ + 8e- + nMgATP → 2 NH4+ + H2 + nMgADP + nPi

(n ≥ 16)

[18]

N2-fixation is a very costly process in terms of its energy requirements, consuming at least 8
mol ATP per mol NH4+ produced. Under natural conditions, the ratio is probably significantly
higher, as indicated by in situ studies [37]. Proton reduction is an obligate part of the process,
with a minimum production of 1 mol H2 per mol N2 reduced. This is again an optimum ratio
that will often be higher in situ, thus further increasing the ATP and reducing equivalent
demand for the reaction [37].

1.3.2 The genes of biological nitrogen-fixation
The number and arrangement of genes involved in BNF varies between species. The MoFe
protein is a tetrameric protein (α2β2) encoded by the nifDK genes, and the Fe protein is a
homo-dimer (α2) of the nifH gene product [30]. These genes, along with regulatory genes and
accessory genes coding for enzymes involved in electron transfer and metal cluster synthesis
comprise the nif regulon [18]. The genes nifD and nifK are usually part of the same operon
and appear in the same organization (as nifDK). Frequently, nifH is also included in the same
operon (nifHDK) [23] (Fig. 1.6). The genes nifE and nifN, which play a role in the
biosynthesis of the nitrogenase metal clusters (FeMo-co), usually appear together and may
have arisen from paralogous duplication of a common ancestor to both the nifEN and nifDK
operon [23] (Fig. 1.6). These core operons are supplemented by a number of other genes,
which code for proteins involved in electron transport (e.g. nifF and nifJ in Klebsiella
pneumoniae, see Fig. 1.5 and 1.6) or regulation (e.g. nifA) [18] or in FeMo-cofactor synthesis
(e.g. nifB, nifV in K. pneumoniae (Fig. 1.6) and A. chroococcum [111]).
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Fig. 1.6: The nif regulon in Klebsiella pneumoniae, showing the arrangement of nif genes, their functions
and transcriptional units. Reproduced from Madigan et al. (2000) [64].

The “fix” and “nod” type genes are associated with BNF and nodule formation in rhizobial
species, and many do not have homologues in the asymbiotic model organism K. pneumoniae
or other known free-living diazotrophs [18]. The “fix” gene products are involved in electron
transport to the nitrogenase holoenzyme and in regulation [18, 111]. Homologues of fixABC
genes have been found in other free-living species, e.g. Azotobacter chroococcum [18]. For an
overview of genes involved in N-fixation see Triplett et al. (1989) [111].
In addition to the standard nitrogenase system (nifDK, nifH) two important alternative
systems have been identified and characterized [111]. The main difference to the standard
system is that these enzymes do not contain molybdenum (Mo). Instead, one of these
alternative systems contains vanadium (vnfDK, vnfH) while the other contains only iron and
no unusual metals (anfDK, anfH). All three systems are highly homologous but do contain
significant sequence differences (see discussion of nifH phylogeny below). The alternative
systems are transcriptionally regulated and in most studied organisms, vnf and anf are only
expressed under conditions of Mo limitation [8]. However, it was observed that the
diazotroph community in termite gut transcribed anfH-like genes even at high Mo
concentrations [74]. Little is known about the importance of these alternative nitrogenase
systems in the soil environment and anfH-type sequences have rarely been detected in soil
[34, 88, 94, 99, 117]. However, it was shown that the alternative systems may be important
for N-fixation in certain environments, such as termite gut [74].Only recently a completely
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novel nitrogenase system was found in Streptomyces thermoautotrophicus [92]. The
nitrogenase reductase in this system is a manganese superoxide dismutase that shows no
homology to nifH. Interestingly this Mo nitrogenase is not O2-sensitive and its energy
requirements are significantly lower than the classical nitrogenases [92].

1.4 Regulation of biological nitrogen-fixation
1.4.1 Transcriptional regulation of biological nitrogen-fixation
For a better understanding of diazotroph communities, it is important to be aware of the
mechanisms that regulate BNF on the cellular level. Due to the high energy demand for BNF
it is not surprising that the process is stringently regulated on different levels. In all organisms
that have been studied, control is exerted at the transcriptional level [69, 111]. In several
organisms regulation also takes place on the post-translational level [69]. The most prominent
controlling factors are the availability of N, metal ions needed for nitrogenase (Fe and Mo),
oxygeN-levels, and for phototrophic organisms, light. A detailed review of the extensive
literature on regulation of BNF is not within the scope of this introduction. However, an
overview on some of the main mechanisms is given below.
The presence of ammonia strongly down-regulates the expression of the nif gene cluster in all
studied diazotrophs [69, 111]. However, this regulation is more stringent in free-living as
compared to symbiotic diazotrophs [30, 69, 111]. Regulation of BNF has been studied in
great detail for K. pneumoniae. In K. pneumoniae, and many other diazotrophs, rpoN encodes
an alternative RNA polymerase sigma factor (σ54) that changes the core RNA polymerase
properties to allow binding to unusual (RpoN-dependent) nif promoter sites [30, 53, 69, 111].
However transcription of the nifHDK operon occurs only in the presence of the NifA protein,
a transcriptional activator protein for the transcription of nifHDK [20, 30, 69, 111]. In K.
pneumoniae, the expression of nifA is in turn regulated by the ntrBC gene products, which are
part of the ntr system, a global N-regulation system that senses the N-status of the cell [69,
111]. In addition to nifA, K. pneumoniae co-transcribes nifL which encodes an oxygen- and
N-sensitive flavoprotein that acts as a negative regulator for the NifA protein [30]. The
mechanism of regulation is summarized in figure 1.7.
The regulatory mechanisms in other organisms can differ considerably from that of K.
pneumoniae [30, 69], as for instance in Rhizobium (Fig. 1.7) or Azotobacter [20]. For a recent
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review on the models of transcriptional regulation of BNF in different organisms, see
Halbleib and Ludden (2000) [30].

Fig. 1.7: Comparative models of transcriptional regulation of nif genes in (A) Klebsiella pneumoniae and
(B) Rhizobium meliloti. PII (the glnB gene product) and GlnK are global nitrogen regulation proteins of
similar structure. RpoN is the σ54 subunit of the RNA polymerase complex. Functionally similar
regulatory proteins are symbolized identically in each panel. Solid and dashed lines indicate positive and
negative regulation, respectively. Solid circles indicate promoter sites. Reproduced from Halbleib and
Ludden (2000) [30].

1.4.2 Post-translational regulation of biological nitrogen-fixation
Post-translational regulation mechanisms are a second important component of the regulation
mechanism for BNF. In contrast to the transcriptional regulation described above, which
targets the synthesis of the nitrogenase holoenzyme, post-translational regulation allows the
organism to rapidly and reversibly switch the activity of nitrogenase off. This mechanism may
protect the enzyme from elevated O2 partial pressures, or help to conserve energy under
energy-limiting or N-sufficient conditions. The best described mechanism for the reversible
inactivation of the nitrogenase complex is ADP ribosylation of the Fe protein (NifH) [30, 60].
The basic principle, first described for Rhodospirillum rubrum [60], is shown in Figure 1.8.
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The enzyme DRAT (dinitrogenase reductase ADP-ribosyltransferase) performs the
ribosylation of the Fe protein which loses its capability to associate with the nitrogenase
MoFe protein, thus blocking the electron transfer between nitrogenase and nitrogenase
reductase. The reverse reaction is performed by DRAG (dinitrogenase-reductase activating
glycohydrolase), which removes the ADP-ribose group from the nitrogenase reductase.

Fig. 1.8: Model of in vivo nitrogenase Fe protein regulation in Rhodospirillum rubrum by reversible ADPribosylation. Small molecules required for nitrogenase reductase ADP-ribosyltransferase (DRAT) and
nitrogenase reductase-activating glycohydrolase (DRAG) activities in vitro are shown beside the enzyme
symbols. Reproduced from Halbleib and Ludden (2000) [30].

DRAT and DRAG are in turn regulated in vivo by mechanisms not yet fully understood, but
were shown to react to the redox state and cellular energy status by sensing the state of the Fe
protein itself [30, 31]. Specific ADP ribosylation activity has been described in a number of
free-living diazotrophs. In addition to Rhodospirillum rubrum e.g. in Rhodobacter capsulatus,
Azospirillum brasilense, Azospirillum lipoferum and Chromatium vinosum [30, 60].
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1.4.3 Adaptations to protect nitrogenase from oxygen
The nitrogenase complex is very sensitive to oxygen [90] and prokaryotes have evolved
various strategies to deal with this problem [67]. Firstly, N-fixation is regulated by cellular
oxygeN-levels, reducing or eliminating nitrogenase production and activity at high oxygen
partial pressures [48, 53, 67]. In addition, microorganisms have developed a great variety of
physiological adaptations to avoid oxygen-poisoning of the nitrogenase complex (Table 1.1).
The problem is most pronounced in aerobic chemotrophs and phototrophs that need access to
oxygen, or produce it as part of their metabolism. Among the strategies developed are
heterocyst formation (Cyanobacteria), slime formation (e.g. Derxia), or high respiration rates
and alginate capsules (e.g. Azotobacter) [67, 79, 97]. However, many diazotrophs are adapted
to microaerobic or anaerobic niches, thus avoiding or reducing the need for oxygen protection
[37, 85]. Symbiotic systems involving root nodules have evolved special means to protect
their nitrogenase from elevated O2 partial pressures through the production of leghemoglobin.
Leghemoglobin binds O2 to facilitate oxygen Transport to the diazotroph symbiont and
further helps to control the O2 environment by keeping O2 bound to the protein and releasing
it at low concentrations [85]. All O2 can be used by respiration, keeping the inner parts of the
cell anaerobic.
In summary, it has become evident that BNF is an energy intensive process, tightly regulated
on several levels and by different factors. There is profound (and still rapidly increasing)
understanding of the mechanisms involved. However, there is only limited information
available on the performance of these mechanisms under environmental conditions, for
example in soil, or their impact on the development of complex free-living diazotroph
communities.

1.5 Molecular methods for the study of diversity and ecology of
diazotrophs
1.5.1 The use of molecular methods in soil microbiology
Until two decades ago, soil microbial ecology was mostly limited to describing microbial
activities in bulk soil, e.g. using enzyme assays or biochemical measurements or to the
enrichment and isolation of microbes by culturing them on suitable media. Using these
methods, attempts to describe the composition of the natural soil microbial community were
limited by the bias introduced by cultivation-dependence. It is understood that the number of
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viable bacteria determined by plate- or MPN-counts are much lower than the numbers
detected by direct microscopic counts [95, 104]. Additionally, the pioneer study of Torsvik
(1990) demonstrated that the microbial diversity in soil is many times greater than previously
anticipated [109], and it is believed that the percentage of organisms cultivable with current
techniques may be lower than 1% [2].
These findings highlighted the severe restrictions of the classic cultivation based approach
and simultaneously raised several important questions:
•

Did the properties of laboratory pure cultures accurately reflect the behavior of
organisms in the natural environment?

•

Were the cultured organisms even relevant to observed soil activities?

•

Do organisms that have never been cultured perform key functions in the
environment?

•

How do soil microbial communities work together to perform certain functions?

•

Which organisms participate in these functions?

•

Do individual physiological characteristics represent the behavior of the community as
a whole?

Because of the limitations of the cultivation-dependent methods, the answers to these
questions were elusive, and therefore the dynamics of the soil microbial biomass were treated
as a black box [40, 108].
Within the last two decades, the availability of molecular methods and their use in microbial
ecology has allowed scientists to address many of these questions, but at the same time new
challenges have become apparent. The rRNA approach opened the window to the enormous
diversity of natural microbial communities [2, 83, 119]. The introduction of the polymerase
chain reaction (PCR) [71, 98] into molecular biology represented another milestone, allowing
for the specific detection and investigation of even minor traces of genetic material. Torsvik
(1980) [110] reported the first extraction of DNA from soil that was suitable for downstream
applications. This method created the opportunity to adapt or specifically develop an arsenal
of molecular methods for soil microbial purposes. Since these pioneer works, a continuously
increasing number of studies have sought to explore the diversity of soil microbial
communities with the help of molecular methods, most prominently using the rRNA genes as
genetic markers [2, 83]. This line of work has considerably extended our knowledge of
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microbial diversity, community structure and community response to environmental
conditions.
1.5.2 Molecular detection of diazotrophs: Marker genes
For a description of the diversity of asymbiotic diazotrophs, the limitations of cultivation
based strategies discussed above fully apply, especially when considering the physiological
diversity of the diazotrophs [39, 83]. Since diazotrophs are phylogenetically diverse, they can
not be targeted as a single group by rRNA gene-targeting probes or primers. Therefore,
specialized molecular approaches were developed that target the functional genes of BNF
instead [46, 76]. The basis for this approach is the conserved nature of the genes involved, as
well as their phylogenetic information content [36, 76]. Of the core genes involved in BNF
(see above), nifH, nifD and nifK have been shown to be homologous in all diazotrophs [36],
e.g. by cross-hybridization studies between a great range of species [96]. The genes for
nitrogenase (nifDK) and nitrogenase reductase (nifH) all contain highly conserved regions,
reflecting the strict structural requirements of the nitrogenase enzyme complex for proper
catalytic functioning [36]. Less conserved regions allow, to some extent, phylogenetic
classification of the sequences, which allows them to be used as molecular markers for
nitrogen-fixation in environmental studies [36, 78, 122].
1.5.3 Environmental studies using nifH as a marker gene
While nifH, nifD and nifK genes have all been analyzed phylogenetically (e.g. [38]), it is nifH
that provides the best phylogenetic resolution [36, 38, 76]. Consequently this gene has been
used more frequently in ecological studies compared to other nif genes. The phylogenetic
information content of the gene has been used repeatedly to analyze and describe populations
of uncultivated diazotrophs in different environments including forest soils [88, 99, 117],
pasture and agricultural soils [88], wetland soils [14, 87], and rhizospheres [59, 112]. Aquatic
environments including estuaries [1], marine- [122, 123, 125] and freshwater systems [121]
have been studied in detail. Even the diazotroph communities in termite guts have been
described using molecular analysis of nifH [52, 74, 80, 81]. These studies have greatly
increased our awareness of the diversity and the potential role of free-living diazotrophs,
including some of considerable importance for the global N-cycle [126]. Specific aspects of
previous studies are discussed in chapters 3 and 4 of this thesis.
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1.5.4 The phylogeny of nifH
As discussed in the chapter on the evolution of BNF, the time of origin for this function is a
matter of debate. In the case of an early origin and subsequent vertical descent of the nif
genes, a comparison of SSU ribosomal phylogeny and the phylogeny of nif genes should
reveal roughly the same features, assuming the mutation rates in both genes were similar. In
the case of a late development and a mainly horizontal distribution of the genes, the
phylogeny suggested by the nif genes should deviate significantly from the rRNA based
standard tree. In light of this controversy over horizontal gene transfer versus vertical descent
as the dominant force in the evolution and distribution of N-fixation, it is necessary to have a
more detailed look at the phylogeny of the nifH gene based on the currently available data, as
it is a basic premise of this thesis to identify or at least phylogenetically group unknown
diazotrophs based on their nifH sequence.

Fig. 1.9: Comparison of the phylogeny of nifH and SSU rRNA genes. A: Phylogenetic inference cluster
analyses of a 85 amino acid residue fragment of NifH reconstructed from published nifH sequences of
known organisms and environmental clones (see chapter 3). The tree was constructed using Kimura
distance matrix calculation [45] and the UPGMA clustering algorithm from the Phylip program package
[24]. The clusters “Alternative nifH 1” and “Alternative nifH 2” contain sequences from Clostridia,
Spirochaetes, δ-proteobacteria and alternative nitrogenase systems (anfH). B: Phylogenetic inference
cluster analyses of selected organisms based on 821 basepairs of the SSU rRNA alignment of the RDP
database [16]. The tree was constructed using Kimura distance matrix calculation [45] and the UPGMA
clustering algorithm from the Phylip program package [24]. Trees were drawn using the program Tree
Explorer [54].
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Figure 1.9A shows a phylogenetic tree based on the nifH sequences in the database that was
assembled for this thesis (see chapter 3). The database contained most of the currently
published sequences from identified diazotrophs. Prior to analyses the sequences were
transformed to the corresponding amino-acid sequences. The phylogenetic analysis of nifH
(Fig. 1.9A) shows a deep branch separating archaeal sequences from bacterial sequences.
Archaeal nifH sequences contain large inserts and deletions as compared to the bacterial
sequences, as could be expected from their domain status. Within the Bacteria, the phylum
Cyanobacteria and the genus Frankia (Actinobacteria) form distinct clusters. The phylum
Proteobacteria (with exception of the sulfate reducing δ-proteobacteria) forms a separate
cluster with some more or less defined subclusters. A comparison of the phylogenetic cluster
analyses of nifH and SSU rRNA reveals largely the same clusters (Fig. 1.9).
The nifH sequences of α-proteobacteria and γ-proteobacteria are clearly separated (Fig. 1.9A,
branches I and II in Fig. 1.10), while the β-proteobacterial sequences are scattered among
both clusters (Fig. 1.10). Branch Ia (Fig. 1.10) is almost exclusively made up of αproteobacteria. However, one sequence originating from a β-proteobacterium (Burkholderia)
falls within this cluster as well. The Rhodobacter / Rhodospirillum sequences form a separate
branch within this cluster. Branch Ib contains many β-proteobacterial sequences, but also
contains some rhizobial sequences (α-proteobacteria), and a sequence originally designated to
belong to Thiobacillus ferrooxidans. T. ferrooxidans has been renamed Acidithiobacillus
ferrooxidans and is now placed within the γ-proteobacteria, although in the SSU rRNA
analysis presented above (Fig. 1.9B) it clustered closer to the β-proteobacteria (Fig. 1.9B).
The genus Thiobacillus however remained in the β-subgroup. Members of this genus have
been subject to extensive reclassification [120], and this sequence by itself should not be
regarded as evidence for the presence of γ-proteobacteria in this branch Ib. Branch II contains
only γ- and β-proteobacteria. Cluster IIa is formed by β-proteobacteria, mostly by Azoarcus
species. The γ-proteobacteria form a relatively tight cluster (IIb) containing nifH sequences
from e.g. Azotobacter, Klebsiella, and Pseudomonas species. However, one β-proteobacterial
sequence (Alcaligenes) is present as well.
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Fig. 1.10: Detailed view of the proteobacterial branch of the nifH phylogeny, based on analyses of an 85
amino acid residue fragment of NifH reconstructed from published nifH sequences of known organisms.
The tree was constructed with the Phylip program package using Kimura distance matrix calculation [45]
and the UPGMA clustering algorithm [24]. Percentages of 300 bootstrap samplings supporting the shown
tree are indicated for values greater than 50%. GenBank accession numbers are indicated in parenthesis.
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1.5.5 Evidence for vertical descent and horizontal transfer in the nifH
phylogeny
A number of researchers have presented strong evidence that SSU rRNA phylogeny and
phylogeny based on the nif genes are in general agreement, suggesting that they have evolved
in a similar fashion [36, 120, 124]. However, there are also inconsistencies in the nifH
phylogeny that might suggest that horizontal gene transfer may have influenced the
distribution of the gene in evolutionary history [23, 55, 76, 78, 122]. Other studies have found
support for both vertical descent and horizontal transfer [38]. Haukka et al. proposed that
lateral gene transfer may have played an increasing role at genus and lower taxonomic levels
[35]. This may be especially important in organisms that have nif genes located on plasmids
[76]. Unfortunately information on the localization of nif genes is scarce. However, it is
known that in Rhizobium species the nif genes are located on a plasmid (Sym) and form a
tight cluster, while in the closely related Bradyrhizobium the genes are more dispersed and
located on the chromosome [4]. In K. pneumoniae, the genes form a tight cluster on the
chromosome [64] (Fig. 1.6).
In the analysis presented here (Fig. 1.9A), the main clusters of nifH sequences were well
supported by bootstrap analysis (data not shown, see chapter 3), while the branching order of
these clusters was not supported (bootstrap values < 50%). Likewise, the use of different
clustering algorithms or methods of distance estimation in the analyses will often lead to
changes in the tree topology, and in a few cases to species “jumping” to other clusters.
However, the main branches themselves are mostly stable (unpublished data). The same
phylogenetic features have been found similarly in many independently published analyses [9,
10, 34, 38, 44, 55, 58, 77, 88, 93, 112, 117, 126]. These groups are in general agreement with
the SSU rRNA phylogeny (Fig. 1.9B). Variations in the branching order and minor
inconsistencies should not be overrated since the sequence considered for this analyses is only
255 basepairs long and the analysis was performed after sequence conversion to an 85 amino
acid-residue protein sequence, to account for the redundancies in the genetic code that have
no influence on the protein sequence. While this treatment of the data helped to reduce the
noise in the data set, it also further reduced the information content on which the analysis is
based.
A number of sequences, mostly from sulfate reducing bacteria (δ-proteobacteria), Clostridium
(Firmicutes, low G+C gram positives) and Spirochaeta sequences, form a deeply branched
cluster. In Fig. 1.9A this cluster is separated into two branches: alternative nifH 1 and 2, but
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the separation is not supported by bootstrap analysis, and the sequences often cluster together
using other algorithms or distance measures. This feature definitely deviates from the 16S
rRNA phylogeny, where Clostridia, Spirochaetes and δ-proteobacteria form clearly separate
clusters (Fig. 1.9B). It should be noted that in the simple analysis presented in Fig. 1.9B, the
ε- and δ-proteobacteria, which are the two lower-branching clusters of the Proteobacteria [16,
119] clustered separately from the other proteobacterial groups, indicating that the branching
order of the standard SSU rRNA tree is also rather difficult to interpret, and like the nifH
phylogeny, appears as a radial arrangement of divisions [39].
An additional complication of the nifH phylogeny arises from the existence of alternative, e.g.
vanadium containing nitrogenase systems, which depend on alternative nitrogenase reductase
genes (anfH). For example, Azotobacter (γ-proteobacteria) bears an anfH gene that clusters
with the alternative nifH clusters (Fig. 1.9A) and there is evidence supporting the presence of
alternative nitrogenase in other genera (e.g. Nostoc, Rhodobacter and Desulfobacter) [8]. It is
mostly this group and the position of the Frankia cluster that have been cited as evidence for
lateral gene transfer [76, 120].
It is noteworthy that all of these sequences, with exception of Azotobacter anfH originate
from anaerobic organisms. Interestingly, the distantly related methanogenic Euryarchaeota
are likewise strict anaerobes. This suggests that this cluster represents either an old
evolutionary lineage of nitrogenase that has not been subject to the evolutionary pressures of
an oxygenic environment, or is the result of a relatively recent horizontal gene transfer event,
facilitated by the common anaerobic habitats of the species [49] and subsequent rapid
evolution. The presence of the similar anfH sequence in the obligate aerobe Azotobacter and
the rather distant phylogenetic relationships of the organisms in this cluster (Clostridium is
gram-positive, δ-proteobacteria and Spirochaeta are both gram-negative but belong to
different phyla) seem to make recent lateral transfer a less likely explanation. Gene transfer
via transformation or transduction between distantly related groups is less likely, although it
cannot be ruled out and has in fact played an important role in the evolution of many gene
families [17, 49].
It has been hypothesized that the sequences of the “alternative” cluster represent a different
gene family that arose by gene duplication in a common ancestor of Bacteria and Archaea
[120]. Support for this theory comes from analysis of the nifDK and nifEN operons, for which
a common ancestry and a two-step evolution involving paralogous gene duplication followed
by paralogous operon duplication was proposed [23]. This theory could also account for the
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anfH sequences in Azotobacter and other organisms - it could represent a remainder of the
duplicated version of the gene that has been lost in most, but not all proteobacterial
diazotrophs. However it remains unexplained why the phylogenetically different taxa within
the alternative cluster, i.e. Clostridia, Spirochaeta, and δ-proteobacteria, do not form distinct
clades, while the “standard” nifH shows clear evidence of vertical evolution.
Several organisms are known to have multiple copies of nifH that can be very similar [75] but
can also display considerable sequence differences [8, 55, 116]. Therefore it is assumed that
gene duplication must have played a role in the evolution of the nifH gene. This can serve
both as an alternative or addition to the lateral gene transfer theory to explain deviations from
the SSU rRNA phylogeny for the nifH gene. Assuming that gene duplication occurred early in
evolutionary history, and that the loss of one or all of the genes was a common occurrence, it
might not be necessary to consider any lateral transfer to explain the observed nifH
phylogeny. Considering the fact that nifH exists both on plasmids as well as on the
chromosome in different organisms [4, 102], a certain degree of lateral gene transfer
especially between related organisms would not be surprising, and may account for some of
the ‘stray’ sequences in the proteobacterial nifH phylogeny. It should also be pointed out that
the database of nifH sequences is still far from complete at this point. There are currently no
nifH sequences available in public databases from many genera known to contain terrestrial
diazotroph species [120] (Table 1.1).
In summary, the currently available sequence data supports, according to the presented and
most previously published analyses, a vertical evolutionary distribution of the nifH gene for
most of the groups represented in the database. However, at least the alternative nifH cluster,
containing sequences of Clostridia, Spirochaetes, and δ-proteobacteria, represents an evident
case of deviation from the SSU rRNA phylogeny, indicating either lateral gene transfer or
gene duplication with successive loss of one of the duplicates in most species. Furthermore,
lateral gene transfer between more closely related species may have influenced the
evolutionary development of the nifH gene pool as well, e.g. within the proteobacteria. This is
in itself not contradictory with a mostly vertical decent, assuming lateral transfer becomes
increasingly more unlikely as evolutionary lines diverge. Multiple copies of the nifH gene or
the presence of alternative nitrogenase systems can in some cases confuse the placement of an
organism within the nifH phylogeny. The phylogeny of nifH thus provides a reasonable,
although imperfect framework for sequence interpretation. Researchers should be aware of
the limited phylogenetic resolution and higher ambiguity as compared to rRNA phylogeny.
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1.5.6 Biological nitrogen-fixation and nifH: A model system
From the discussion of BNF presented in this chapter it is evident that BNF represents an
excellent model system in which to develop new tools for linking community structure, gene
expression and activity. The main advantages of this model system include:
•

A relatively large database for nifH gene sequences.

•

Enough phylogenetic information content in nifH and great physiological differences
between diazotrophs to expect a meaningful interpretation of sequence data (see
above).

•

A defined and easily measurable microbial function and a marker gene (nifH) that is
directly related to it.

•

Ubiquity of diazotrophs throughout terrestrial ecosystems.

•

Stringent transcriptional regulation of BNF, the mechanisms of which are partially
known.

•

Readily available strains for laboratory culture.

BNF represents, for the reasons discussed above, an almost ideal model function to establish
mRNA methodology in microbial ecology, which will greatly enhance our knowledge of the
link between phylogeny and activity.

1.6 Current challenges
1.6.1 Improving detection methods for nifH
Most previous studies on the diversity of diazotrophs in environmental samples were
conducted using PCR protocols based on universal primers that amplified nifH from a broad
range of organisms [117, 125]. Some results suggested that these protocols were relatively
robust, amplified a wide variety of sequences [122] and were resistant to preferential
amplification. While the use of universal primers with high degeneracy is advantageous for
screening purposes, the combination of low stringency conditions and nested PCR is prone to
produce biased results [117]. Therefore quantitative data on nifH abundances obtained with
such methods should be interpreted with caution. The development of group- or speciesspecific primer sets may allow a more sensitive detection of individual groups that might
otherwise be masked by more abundant genotypes. Additionally, a more detailed description
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of the diazotroph community would complement the universal approach. Furthermore, the
development of direct PCR protocols with less degenerate primers would reduce the risk of
PCR biases, making the results more reliable and more amenable to quantitative interpretation
of the data.
1.6.2 Development of methods to identify active microorganisms in complex
environments
One of the current challenges faced by microbial ecologists is the difficulty to relate
information on microbial community structure obtained with molecular methods to the
activities of these communities [28]. In most cases the identity of an uncultured organism, as
determined from SSU rRNA sequence analyses, tells us little or nothing about the
physiological properties of this organism. The same problem becomes evident when looking
at whole communities by use of genetic fingerprinting approaches. If one wants to move away
from merely exploratory or descriptive studies and toward a mechanistic understanding of
microbial communities as dynamic ecological entities, new experimental approaches must be
established that allow the linkage of structural and functional data. Several possible
approaches have been suggested:
•

Inferring an organism’s role from its response to the environment, e.g. following its
growth response with molecular methods in relation to environmental stresses or
stimuli [28].

•

Measuring metabolic potential in situ. A number of methods fall into this category,
e.g. microautoradiography, bromodeoxyuridine incorporation, stable- or radio-isotope
probing of nucleic acids and other molecular markers, e.g. phospho-lipid fatty acids
[28].

•

Measuring the expression of functional genes as an indicator of activity, since mRNA
provides a direct physiological link between gene and protein synthesis [29].

Each of these approaches has advantages and disadvantages, but the analyses of mRNA
appears particularly attractive since it can be applied directly to environmental samples,
without the need for experimental manipulation of the system or addition of labeled
substrates. Gene transcription does not equal activity due to post-transcriptional regulation
mechanisms. However, it is in many cases a strong indicator of activity, due to the stringent
regulation of gene transcription under unfavorable conditions (see discussion on regulation of
BNF above). Furthermore, the study of gene regulation under environmental conditions is in
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itself an interesting research objective, as the conditions in natural environments (e.g. soils)
are vastly different from the optimum growth conditions used in laboratory cultures.

1.7 Objectives and outline of the thesis
1.7.1 Objectives: Towards a better understanding of soil diazotroph
communities
The need for a better understanding of the processes that regulate BNF in natural systems is a
recurrent theme in the literature discussing the potential applications of BNF, as performed by
symbiotic [86, 114] and by free-living diazotrophs [43, 107]. An outline on how to use
molecular methods to study BNF by free-living diazotrophs in aquatic habitats was presented
by Zehr and Capone in their review [122] and is applicable to the soil environment as well.
The mRNA approach has been successfully used to detect microorganisms expressing nifH
mRNA in lake water [121], and termite gut [74]. Only one study has successfully amplified
nifH mRNA from soil [11]. However, this study only used RFLP patterns to describe the
amplified mRNA and did not link the results to N-fixation activity.
Methods of molecular ecology are capable of significantly extending our understanding of
this process in soil. The establishment of the mRNA approach for the detection of nifH
transcripts in soil will add a powerful tool to study the factors that influence BNF in much
more detail. It will become possible to determine how individual members of the diazotroph
community react to environmental factors, and to study some elements of gene regulation in
situ in the soil environment. The knowledge gained will allow a focused search for methods
of enhancing BNF in the field, either through amendments, optimized soil management, or by
inoculation with specifically selected or engineered microorganisms. Furthermore, this
technology will also allow detailed monitoring and control of the effectiveness of such future
applications.
The objective of this thesis is to improve, develop and to apply a number of key methods that
are necessary for a successful application of the mRNA approach to free-living soil
diazotrophs. These methods should provide a sound basis for quantitative studies in the soil
environment to obtain new information on the functions and dynamics of diazotrophs.
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1.7.2 Outline of the thesis
The methods are described and discussed in chapters 2 through 4, which are based on peerreviewed articles.
Chapter two of this thesis focuses on establishing sound nucleic acid extraction protocols for
soil and a better quantitative understanding of the factors that affect quality and quantity of
the extracted nucleic acids. Nucleic acid extraction is a well established technique, but there is
a lack of reliable methods that are suitable for mRNA extraction. Furthermore, an appraisal of
nucleic acid extraction efficiency relative to the total nucleic acid content of a soil (a
necessary basis for quantitative interpretation of any subsequent analyses) is lacking. A
simultaneous extraction of RNA and DNA provides the basis for comparative studies between
gene pool and expressed mRNA allowing identification of active members of the community.
With suitable extraction techniques established, detection of the gene and mRNA are the
logical subsequent steps.
Chapter three details the development of several sets of group-specific nifH primers that
provide the basis for a better description of diazotroph community structure and more
sensitive and more quantitative detection of nifH templates. One goal was to establish
protocols that avoid the use of nested PCR protocols, which are shown to result in a partially
biased amplification.
Chapter four describes the newly developed method for RNA purification from the nucleic
acid extracts (as described in chapter 2) and the detection of nifH mRNA extracted from soil
by reverse transcription PCR with one of the developed specific primer-sets (chapter 3) in.
The laboratory experiment in this study provided data on the expression of nifH in
Azotobacter vinelandii growing in soil under different conditions.
Chapter 5 presents some preliminary results on the application of the developed
methodology to the study of complex soil microbial communities and furthermore contains a
comprehensive discussion of the achieved results, open questions, and future research
opportunities.
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2 A strategy for optimizing quality and quantity of DNA
extracted from soil
2.1 Abstract
The efficiency of a bead beating method was studied in detail with regard to a variety of
factors including beating time and speed, volume and temperature of the buffer, as well as
amount and type of beads employed. The results presented here reveal that all of these
parameters have a significant effect on yield and quality of DNA extracted from soils. Precise
adjustment of extraction conditions allows for significantly higher yields of high quality DNA
from soils than previously reported. We further evaluated the effect of the extraction
conditions on the apparent soil microbial community structures, as observed by PCR and
RFLP. Differences in the fingerprints of DNA extracted under different conditions suggest
that results could be biased when using gentle extraction procedures. Based on multiple
subsequent extractions using very harsh extraction conditions, we propose a protocol for the
quantification of the total DNA content in soils. Extractions from six soils of different texture
and chemical characteristics with selected bead beating protocols revealed that the quality
(fragment size and purity) of the extracted DNA was generally very good, but also depended
on the soil characteristics. While a single, general protocol for optimal DNA recovery from all
soils can not be given, this study provides detailed guidelines on how to optimize the general
method to obtain optimal DNA from individual soils.
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2.2 Introduction
Molecular ecology relies heavily on methods for the direct extraction of DNA from
environmental samples. Molecular methods for the analysis of gene pools using polymerase
chain reaction (PCR) or cloning techniques rely on high quality nucleic acids as template as
these techniques require pure, unfragmented DNA templates. Extraction of pure nucleic acids
from soil samples has been a challenge because of the complex and heterogeneous nature of
the soil matrix and the inhibition of biochemical reactions by coextracted substances such as
humic acids [21, 33, 42]. The efficiency of the extraction is of equal importance. High DNA
yields are important to obtain a low detection limit and to ensure the DNA sample is
representative of the soil gene pool. This is increasingly important as molecular ecology
focuses more on quantitative and activity-related analyses. Extraction methods failing to lyse
certain cell types or cells in protected soil habitats would introduce bias into the subsequent
analyses
Within the last decade a number of direct extraction methods and purification protocols have
been developed that yield sufficient amounts of pure DNA compatible with molecular
analyses. Some of these techniques rely on chemical and/or enzymatic lysis [15, 22, 23, 38,
43]. However, the majority employ additional physical methods for cell disruption such as
freeze-thaw cycles [7, 13, 19, 35, 39], freezing in liquid nitrogen followed by grinding [36] or
bead beating [3, 4, 8-10, 13, 18, 19, 32, 40, 41].
The bead beating method is based on the physical disruption of cells by glass or ceramic
beads under rapid agitation and the protection of the DNA by a stabilizing lysis buffer. The
efficiency of cell disruption, but also the damage of DNA strands depends on the energy input
during beating, as well as on the type and speed of the beads. Even under optimized
conditions, bead beating results in more severe fragmentation of the DNA than chemical or
freeze-thaw lysis. With respect to yield and total cell lysis, superior performance of bead
beating methods compared to other protocols was shown [10, 18], especially where resistant
cells like conidia or spores were targeted [8, 9, 13, 19, 20].
Routine applications that yield comparable results from different laboratories require stable,
standardized protocols. The objectives of this study were to assess how various parameters of
our bead beating procedure affect the quantity and quality of soil-derived DNA. In addition
we focused on developing methods for quality control for the extraction procedure. We
propose a method for the determination of the total extractable DNA contents of soils, allows
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for calculating the recovery of DNA from soil with a method optimized for quality of the
extracted DNA, and we investigate the impact of the extraction method on the apparent
microbial community.

2.3 Materials and methods
2.3.1 Soil sampling and storage
One agricultural and five forest soil samples were collected in August 1999 from sites in
northern Switzerland and the upper Rhône valley in southern Switzerland. They represent a
range of typical European soils with respect to parameters like pH, texture, and organic matter
content (Table 2.1) [11, 25]. At each site, a block of soil was removed with a spade and the A
horizons were separated and transported to the laboratory in plastic bags. All soils were
passed through a 2.5 mm sieve and stored at 10°C. DNA extractions were performed after an
equilibration time of at least 3 weeks. While this method of storage allows for some change in
the microbial communities over time it was undesirable to freeze soil samples because of the
additional physical stress introduced by freezing and thawing.
Table 2.1: Chemical and physical characteristics of soils used for DNA extraction a.
Soil b
Gartenacker

loam

Clay
(%)
9

Abist

loam

19

32

49

42

5.9

Österliwald

clay loam

63

28

9

214

6.5

Rafz

silt loam

15

55

30

36

3.4

Steig

loam

18

31

51

70

4.5

loamy sand

9

10

81

33

4.6

Winzlerboden
a
b

Texture

Silt
(%)
48

Sand
(%)
43

Organic carbon
(mg g-1 [dry wt])
20

pH
7.2

Data from [11, 25]
Gartenacker from the upper Rhône valley in southern Switzerland, all other soils from northern Switzerland

2.3.2 DNA extraction procedures
Extractions were performed with a modification of a buffer previously described for RNA
extraction [6]. The buffer contains 0.2% hexadecyltrimethylammonium bromide (CTAB), 1
mM dithiotreitol (DTT), 0.2 M sodium phosphate buffer (pH 8), 0.1 M NaCl and 50 mM
EDTA. Silica or ceramic beads (Table 2.2, type A, C, and D) or bead mixtures (Table 2.2,
Type B and E) were weighed into sterile 2 ml microtubes, an amount of soil was added and
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the buffer was pipetted directly into the tube. The tubes were processed in the bead-beater
(Fastprep FP120 bead-beater, Bio101 / Savant, Farmingdale, NY) which allowed
simultaneous processing of up to twelve samples. The machine supports beating speeds
(maximum speed of the tube during vertical movement) between 4.0 and 6.5 ms-1 (in 0.5 ms-1
increments), corresponding to approximately 4200 to 6800 rpm according to the manufacturer
(FastPrep manual, Bio101/Savant).
After processing, the tubes were centrifuged at 16,000 × g for 5 min and an aliquot (0.8–1 ml,
depending on the amount of beads, soil and buffer volume) of the supernatant fluid was
transferred into a fresh sterile 2 ml microtube. The supernatant was subjected to a final
extraction with phenol-chloroform [30] using 350 µl phenol (pH 8) and 350 µl CIA
(chloroform/isoamyl alcohol; 24:1) and a second extraction with 700 µl CIA. 700 µl of the
aqueous phase was incubated for 1 hour with 750 µl precipitation solution (20%
polyethylenglycol 6000 and 2.5 M NaCl) at 37°C [28, 41]. DNA was pelleted by
centrifugation at 16,000 × g for 30 min at room temperature. Pellets were washed once with
70% ethanol and resuspended in 300 µl TE (10 mM TRIS-HCl, 1 mM EDTA, pH 8).
DNA of extracts was visualized by subjecting 6 µl of the extract to agarose gel
electrophoresis (2.5 V cm–1 for 1 h) in a 1% agarose gel (Gibco/BRL, Life Technologies, Inc.,
Gaithersburg, MD) containing 0.5 µg ml-1 ethidium bromide.
2.3.3 Experimental design
In a series of experiments with one soil ("Gartenacker") we determined the influence of bead
beating time and speed, buffer volume and temperature, amount and type of beads on DNA
yield and shearing (Table 2.2, exp. 1 to 4).
We also tested multiple extractions of the same "Gartenacker" soil sample to assess maximum
DNA yield (Table 2.2, exp. 5 and 6). Experiments with repeated extractions of the same
sample were conducted in the same manner as normal extractions, except that after extraction
and centrifugation the removed volume of extract was replaced with an equal amount of fresh
buffer. Tubes were vortexed briefly to resuspend soil pellets, then the extraction procedure
was repeated. Based on the obtained results, we chose a method that was optimized to extract
DNA of approximately 10kb size from "Gartenacker" with a high yield. This method was also
applied to five additional soils (Table 2.2 exp. 7). Extractions using a lower and a higher bead
beating speed were also performed for experiment 7.
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2.3.4 Quantification of DNA
Table 2.2: Parameter settings used for bead beating extraction experiments.

No.

Beads
(type a)

Experiment

1

FastPrep parameters A

2

Beadtypes

3

Beads
weight (g)
0.5

Speed
(ms-1)

Time
(s)

Buffer vol
(ml)

Temp
(°C)

4, 5, 6

15, 30, 45

1.25, 1.35, 1.50, 1.75

25

A, B, C, D, E 0.5, 1.2, 0.7,1.0, 1.7

6

15, 30, 45

1.35, 1.13, 1.19, 1.14, 1.38b

25

Amount of beads

A

0.25, 0.50, 0.75, 1.0

5, 6

45

1.45, 1.35, 1.26, 1.18b

25

4

Temperature

A

0.5

6

45

1.35

0, 25, 50, 75

5

Reextraction c

A

0.5

5, 6

45

1.25, 1.35, 1.50

25

6

Max. extraction d

A

1

4, 5, 6, 6.5

45

1.18e

25

7

Soil comparison

A

0.75

4, 5, 6

45

1.25

25

a

A: standard 0.1 mm silica beads; B: Mixture of 0.1 and 1.4 mm silica beads and a single 4 mm silica sphere; C:
1.0 mm diameter silica beads; D: 1.4 mm ceramic beads; E: Single 6 mm ceramic sphere and garnet sand. (A by
B. Braun Biotech; B-E by Bio101)
b
Volumes adjusted to same level as in tubes with 0.5 g soil, 0.5 g beads and 1.35 ml buffer
c
Four consecutive extractions, either bead beating each reextraction, or bead beating once, followed by
resuspension only
d
Three consecutive extractions with repeated bead beating. 0.25 g soil were used in this experiment
e
Volume adjusted to have same fill height as in tubes with 0.5 g soil, 0.5 g beads and 1.25 ml buffer

DNA in the soil extracts was quantified with PicoGreen [31]. Briefly, 1 µl of DNA extract, 2
µl of PicoGreen (Molecular Probes, Eugene, OR) and 397 µl of TE were mixed in a
polypropylene tube, vortexed, and quantified for fluorescence in a luminescence spectrometer
(Perkin Elmer LS 50 B, Rotkreuz, Switzerland.). DNA standards were prepared from
bacteriophage λ DNA stocks (Appligene, Basel, Switzerland). DNA yield was calculated as
µg total DNA in solution per g dry weight of extracted soil.
2.3.5 Determination of DNA fragmentation
DNA extracts were diluted with sterile distilled water to a concentration of 15 µg DNA ml-1. 6
µl of the diluted extract were subjected to electrophoresis (2.5 V cm-1 for 1 h) in a 1% agarose
gel. Gels were photographed, scanned, and analyzed with the public domain program NIHimage [24]. The fragment size distribution was determined using λ HindIII and a 1 kb ladder
(Promega, Madison, WI) as molecular weight markers. DNA shearing was expressed as the
size (kb) of the maximum of the fragment size distribution curve (MFSD).
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2.3.6 PCR amplification
DNA extracts from three experimental settings representing intense (1.25 ml buffer, 45 s
beating time, 6 ms-1 beating speed), intermediate (1.35 ml, 45 s, 6 ms-1) and gentle (1.35 ml,
45 s, 5 ms-1) bead beating were diluted with TE to a DNA concentration of 20 µg ml-1. The
diluted extracts were used as templates for PCR amplification. The following phylogenetic
groups were analyzed:
•

Bacteria with primers EUB338-for [1] / uni-b-rev [2]

•

Archaea with primers Arch915-for [1] / uni-b-rev [2]

•

high-GC Gram-positive bacteria with HGC1901-for [26, 27] / 23S-unirev [2]

•

Eukarya with uni-for (TACCGCGGCKGCTGGCA, modified from [12]) / EUK-rev
(ATGATCCWKCYGCAGGTTCA, modified from [17]).

The PCR cocktails contained 2 mM MgCl2, 0.2 µM of each primer, each deoxynucleoside
(Boehringer Mannheim, Rotkreuz, Switzerland) at a concentration of 0.2 mM, 3 mg ml-1
bovine serum albumin (SIGMA, Buchs, Switzerland), 1U of Taq polymerase (Amersham
Switzerland, Zürich, Switzerland) and 1 × PCR reaction buffer (Amersham Switzerland) in a
final reaction volume of 100 µl. One µl of DNA extract was added to each reaction. Heatlysed pure culture suspensions or known positive soil extracts were used for positive controls,
sterile distilled water replaced DNA in negative controls.
PCR amplification was carried out with a PTC–200 Peltier Thermal Cycler (MJ Research,
Waltham, MA). After initial denaturation at 95°C for 5 min, samples were kept at hotstart
conditions (80°C) while adding the Taq polymerase in a volume of 5 µl 1 × PCR reaction
buffer.
Cycling conditions for EUB338-for / uni-b-rev and Arch915-for/uni-b-rev primers were the
following: Denaturation at 95°C for 11 s and 92°C for 20 s, annealing at 63°C for 8 s and
65°C for 45 s, extension at 74°C for 8 s and 72°C for 45 s. For the other primer pairs
conditions were changed as follows: The temperatures for the annealing were 58°C and 60°C
for uni-for / EUK-rev and HGC1901 / 23s-unirev respectively and for HGC1901 / 23s-unirev
annealing and extension time were 30 s instead of 45 s. A final 10 min extension step was
performed and samples were kept at 4°C until being removed from the cycler.

62

Chapter 2: Optimizing nucleic acid extraction from soil
2.3.7 RFLP fingerprinting
The PCR products were extracted once with equal volumes of chloroform. The supernatant
was mixed with an equal volume of isopropanol, incubated for 1 h at -20°C and precipitated
for 20 min at 16000 × g. Pellets were washed once with 70% ethanol and air dried. Twenty µl
of restriction enzyme reaction mix, containing 1 × restriction enzyme buffer C (Promega) and
1 u HaeIII (Promega), were added to each pellet. Fragmentation was performed overnight at
37°C. Restriction fragments were visualized by gel electrophoresis with 3% MetaPhor
agarose (FMC BioProducts, Rockland, ME) at 2.5 V cm-1 for 2.5 h and ethidium bromide
staining. As a molecular weight marker, a 1 kb ladder (Promega) was used. Band intensities
were analyzed using the GelDoc 2000 system and the QuantityOne software (Bio-Rad
Laboratories, Hercules, CA). Ratios of band intensities were subjected to pairwise t-tests.
Significant differences of band intensity ratios indicate probable changes in the composition
of the analyzed microbial community.
2.3.8 PCR inhibition
DNA extracts from six different soils were tested for their suitability for PCR by performing
an inhibition experiment based on the addition of soil extract to a PCR reaction targeting a
sequence not present in soil [38]. Briefly, we used a standard 50 µl PCR reaction designed to
amplify an insert of a cloned Pseudomonas sp. 16S rRNA gene (Accession Nr. AF006503)
from approximately 3 × 107 copies of a pCR 2.1 vector (Invitrogen Co., San Diego, CA) with
modified M13 primers [37]. These reactions were performed in the presence of different
amounts of soil DNA extracts. PCR reaction conditions were as described above, except that
0.4 µM of each primer were used and the temperature program consisted of 25 cycles of
denaturation for 30 s at 95°C, annealing for 30 s at 62°C and extension for 40 s at 72°C.
Control reactions containing only soil DNA but no plasmid were run to confirm the absence
of target sequences in the soil DNA extracts.
The intensity of the resulting PCR product was quantified using gel electrophoresis and image
analysis with the QuantityOne software (Bio-Rad Laboratories, Hercules, CA).
2.3.9 Data analyses
Errors are indicated as standard deviation (SD) of the mean of triplicate measurements. All
statistical analyses and tests were performed with the SPSS software package (SPSS inc.,
Chicago, IL). Analysis of variance (ANOVA) was performed using the simple factorial
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ANOVA

routine.

Multiple

regression was performed using
stepwise variable inclusion. Onesided

t-tests

for

pairwise

comparison of band intensity ratios
were calculated using Excel 98
(Microsoft Corporation, USA).

2.4 Results
2.4.1 DNA yield and fragment
size
The effects of bead beating time,
speed and buffer volume on the
quantity and fragment size of DNA
extracted from "Gartenacker" soil
were evaluated (Table 2.2, exp. 1).
DNA yields increased with longer
beating times, higher speeds and
reduced extraction buffer volume
(Fig. 2.1). The maximum DNA
yield of 136±17 µg g-1 [soil dry wt]
was obtained with 45 s beating
Fig. 2.1: DNA-yields from "Gartenacker" soil versus bead
beating time. DNA yield was determined for beating speeds
of 4 ms-1, 5 ms-1, and 6 ms-1. Each line represents a defined
buffer volume: ◆ 1.25 ml; ■ 1.35 ml; ▲ 1.50 ml; ● 1.75 ml.
Each data point is mean ± SD (n=3).

time, a speed of 6 ms-1 and a buffer
volume of 1.25 ml. Using 15 s of
beating at 4 ms–1 beating speed and
1.5 ml buffer volume resulted in the
lowest observed yield of 13±1 µg g-

1

[soil dry wt]. All other settings resulted in intermediate yields.

The increasing slopes in Fig. 2.1 indicate that the effects of individual parameters on yield
were cumulative. Multiple regression analyses indicated that all three parameters had a highly
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significant (p<0.001) effect on the DNA yield. ANOVA revealed that all treatments (speed,
time, and volume) had a significant (p<0.01) effect on DNA yield. Time by volume and speed
by volume two-way effects were also highly significant (p<0.001), while time by speed did
not contribute a significant effect.
To test if coextracted organic acids quenched the light emission from the PicoGreen-DNA
complex, we analyzed one extract from "Gartenacker" soil (extracted at the following
settings: 6 ms–1, 45 s, 1.35 ml). One µl of bacteriophage λ standard DNA solutions containing
0 to 320 µg ml-1 DNA, were added to tubes containing 9 µl DNA extract. Apparent DNA
concentrations of these mixtures were quantified as described before. The difference of
measured and calculated concentration values (data not shown) indicated only a low
quenching effect of 2.2 µg ml-1, 4% relative to the concentration in the extract of 53 µg ml-1
DNA.
Table 2.3: Maximum fragment size distribution (MFSD) of DNA extracted from "Gartenacker" soil
samples during bead beating at different conditions.
Experimental setting

Buffer vol (ml)

(Time and speed)

1.25

1.35

1.50

––––––––––––MFSD (kb) a––––––––––––
45 s, 6 ms-1

7.8±0.5

9.5±0.9

12.8±3.9

-1

8.6±0.8

12.1±1.0

20.3±0.6

30 s, 6 ms-1

6.6±0.1

9.4±0.2

10.6±1.1

30 s 5 ms-1

7.6±0.3

13.6±0.2

13.3±0.4

45 s, 5 ms

a

Mean ± SD (n=3)

We determined the fragmentation of the DNA for selected samples of the first series of
experiments. Table 2.3 lists the MFSD (maximum of fragment size distribution) for a number
of parameter combinations that, by visual inspection of the gel, had appeared as possible
compromises between yield and shearing. The MFSD ranged between 7 and 20 kb. The
triplicates showed little variation.
2.4.2 Influence of bead type and weight
Extractions with different beads were performed using 6 ms-1 beating speed and a buffer
volume individually adjusted to leave the same amount of headspace as in the previous
experiment with 1.35 ml (Table 2.2, exp. 2). Only the bead mix B showed superior yield
compared to standard 0.1 mm beads (A) for all beating times (Fig. 2.2a). However, the DNA
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was also considerably sheared. For 15, 30 and 45 s MFSD were 8.0±0.4, 7.6±0.3, and 6.7±0.2
kb, respectively. The other beads (C, D, and E) did not perform better than 0.1 mm beads,
showing lower yield and higher shearing (Fig. 2.2a and unpublished data). The bead-mix E (6
mm ceramic sphere with garnet sand) yielded the lowest amount of DNA (33±1.5 µg g-1 [soil
dry wt] after 45 s of beating).

Fig. 2.2: a) DNA-yield from "Gartenacker" soil with different bead beating times and bead mixtures. {
A: 0.5 g of 0.1 mm diameter silica beads.◆ B: mixture of 0.1, 1.4 mm silica beads and a single 4 mm silica
sphere (1.2 g / tube); ▲ C: 1.0 mm diameter silica spheres (0.7 g / tube); ● D: 1.4 mm ceramic beads (1.0 g
/ tube); ■ E: Single 6 mm ceramic sphere and garnet sand (0.7 g / tube); b) DNA yield and DNA
fragmentation as influenced by the amount of 0.1 mm diameter silica beads added to the same amount of
soil. The fill height of the buffer was kept constant. The experiment was performed at two different
beating speeds. Yield ({) and fragment size (●) at 5 m s-1 beating speed. Yield () and fragment size (■)
at 6 m s-1 beating speed. Each data point is mean ± SD (n=3).

In two separate experiments (Table 2.2, exp 3) we analyzed the effect of amounts of beads on
DNA extraction efficiency. Increasing amount of beads at two different speed settings
increased yield, but also increased DNA shearing (Fig. 2.2b). Since soil can contain very
different amounts of sand grains, which could act as an additional 'lysing matrix' during
beating, we tested extraction of two soils with different sand content ("Gartenacker": loam
with 43% sand and "Österliwald": clay loam with 8% sand). The increase of yield relative to
0.5 g silica beads was comparable in both soils, although "Österliwald" yielded about 5 times
more DNA than "Gartenacker". With 0.75 g of beads the relative yields were 148% in the
"Gartenacker" soil and 138% in "Österliwald". With 1.00 g of soil relative yields were 235%
in "Gartenacker" and 183% in "Österliwald", respectively. The soil with the higher sand
content thus showed a more pronounced effect to added silica beads.
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2.4.3 Influence of buffer temperature
Buffer and samples were adjusted to 0°C, 25°C, 50°C and 75°C (Table 2.2, exp. 4).
Extraction at 0°C enhanced yield, but DNA was also more sheared. The extractions at 25°C
and 50°C yielded DNA in similar quality and quantity. A buffer temperature of 75°C reduced
DNA yield and shearing (Table 2.4).
Table 2.4: DNA yield and maximum fragment size distribution (MFSD) of DNA extracted from
"Gartenacker" soil samples at different extraction temperatures
DNA a
(µg g [soil dry wt])

MFSD a
(kb)

0°C

62.0±5.4

7.4±0.7

25°C

50.2±2.0

7.7±0.3

50°C

53.4±6.3

8.8±0.3

75°C

37.2±3.8

12.7±2.8

Buffer temp

a

-1

Mean ± SD (n=3)

2.4.4 Repeated extraction
The previous experiments indicated that increasing yields by varying bead beating parameters
increased shearing of DNA. One possible way to avoid this problem might be to repeatedly
extract the same soil sample under mild conditions followed by pooling of extracted DNA. In
order to test this approach "Gartenacker" soil was repeatedly extracted with bead beating. In a
parallel experiment, samples were extracted once with bead beating and then repeatedly
extracted with buffer but without bead beating (Table 2.2, exp. 5).
Very little DNA was extracted with the third and fourth extractions (Fig. 2.3a). The total
amount of extractable DNA differed greatly for the applied bead beating parameters. With the
gentlest extraction intensity (1.5 ml, 45 s, 5 ms-1) 9±1 µg g-1 [soil dry wt] were extracted after
four consecutive extractions. The intermediate intensity (1.35 ml, 45 s, 6 ms–1) yielded a total
of 53±4 µg g-1 [soil dry wt] while the harshest method (1.25 ml, 45s, 6 ms–1) delivered 99±1
µg g-1 [soil dry wt]. Consecutive extractions without bead beating yielded less total DNA
(Fig. 2.3a).
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Fig. 2.3: a) Cumulative DNA yield of successive extractions (I to IV) of the same "Gartenacker" soil
sample using different bead beating methods. * indicates that bead beating was used.
Above: Repeated extraction with repeated application of the full bead beating procedure. Below:
Repeated extraction by extraction without bead beating by resuspending the soil pellet following a single
application of the full bead beating process (extraction I). Extraction settings in both cases were 1.25 ml
buffer, 45 s beating time, 6 ms-1 beating speed (S); 1.35 ml, 45 s, 6 ms-1 (■); 1.5 ml, 45 s, 5 ms-1 (●). b)
DNA extracted from "Gartenacker" after 4 consecutive extractions using very harsh extraction conditions
(0.25 g soil, 1 g beads, 1.18 ml buffer, beating for 45 s) in relation to bead beating speed. Each data point is
mean ± SD (n=3).
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For determination of maximum extractable DNA in "Gartenacker" soil 0.25 g of soil were
extracted with 1 g of beads and a low fill volume (Table 2.2, exp. 6). Four consecutive
extractions were performed with four different speed settings from 4 ms-1 to 6.5 ms–1.
DNA yield could be increased over that found in the previous reextraction experiment, but
increasing the speed from 6 to 6.5 ms-1 did not further increase the total DNA extracted (Fig.
2.3b). In fact, the extraction at 6.5 ms-1 yielded slightly less DNA (126±6 µg g-1 [soil dry wt])
compared to the 6 ms-1 treatment (128±6 µg g-1 [soil dry wt]). The high extraction intensity
caused severe shearing of the DNA obtained (data not shown).
2.4.5 Influence of extraction intensity on community fingerprints
DNA from soil extracts is used in many studies as template for PCR on bacterial genes and
subsequent fingerprinting and/or cloning and sequencing. We diluted selected "Gartenacker"
extracts obtained with different bead beating settings to the same DNA concentration and
subjected them to PCR targeting 16S rRNA genes. The selected primers were specific for the
domains Bacteria, Archaea, Eukarya and the bacterial group of high-GC Gram-positives.
The RFLP patterns obtained with different bead beating protocols were similar. However, the
bacterial pattern showed that the ratio of intensity of several prominent bands (e.g. 315 / 285
bp, 480 / 285 bp, and 480 / 150 bp, among others) from the gentle extraction were
significantly (p < 0.01) different from those from the intermediate and harsh extraction
intensity (Fig. 2.4a).

Fig. 2.4: Agarose gels of HaeIII restriction fragment length polymorphisms (RFLP) of triplicate PCR
reactions specific for 16S rRNA genes of a) bacteria and b) archaea. The same concentration of DNA
extracted from "Gartenacker" was used in all PCR reactions for these patterns. Lanes are marked as
follows: M: Marker; Gentle: extraction at 1.35 ml, 45 s, 5 m s-1; medium: extraction at 1.35 ml, 45 s, 6 m s1
; harsh: extraction at 1.25 ml, 45 s, 6 m s–1. The bands that were used to detect differences in the patterns
and their approximate fragment size (bp) are indicated.

While the intermediate and harsh treatments were not significantly different for the 315 bp /
285 bp ratio, this was the case for the other combinations. Other band ratios did not change
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significantly, e.g. 285 / 185 bp. The archaeal patterns showed significant changes in band
intensity ratios (360 / 220 bp and 360 / 175 bp) between the gentle and the intermediate
extraction conditions (Fig. 2.4b). The ratio 360 / 140 bp did not change significantly. In no
case were there significant differences of band ratios between the intermediate and the harsh
extraction. The results of this analyses indicate that the composition of the DNA extracts
derived with the various extraction protocols were significantly different with regard to the
bacterial and archaeal 16S rRNA genes represented in them. Especially the low intensity
protocol differed strongly from the other two. The RFLP patterns for the Eukarya and the
high-GC Gram-positives (not shown) did not show any significant differences of band ratios
between treatments.
2.4.6 Comparison of yield and shearing in 6 different soils
Our results indicated that extraction of 0.5 g soil with 0.75 g of beads, 1.25 ml buffer for 45 s
at 5 ms-1 beating speed was the protocol with the best yield that resulted in DNA with a
fragment size greater than 10 kb [MFSD]. We applied this protocol together with a higher and
a lower speed setting (Table 2.2, exp. 7) to "Gartenacker" and 5 other soils (Table 2.1), to test
if fragmentation and PCR suitability of the extracted DNA would be comparable for a variety
of different soils.
DNA of high quality was obtained from all of the soils. The highest yield was obtained from
"Österliwald" (546±19 µg g-1 [soil dry wt]), a 7 times higher DNA yield than from both
"Rafz" and "Gartenacker". The fragment sizes ranged between 10.7±0.5 kb ("Rafz") and
6.5±0.1 kb ("Österliwald") at the 5 ms-1 speed setting (Table 2.5).
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Table 2.5: DNA yield and maximum fragment size distribution (MFSD) of DNA from 6 soils at three
different bead beating speeds.
Soil a

Gartenacker

Abist

Österliwald

Rafz

Steig

Winzlerboden
a
b

Speed
(ms-1)

DNA yield b
(µg g-1 [soil dry wt])

MFSD b
(kb)

4

30.7±1.5

12.2±0.2

5

45.7±0.8

10.2±0.5

6

106.3±3.0

6.0±0.1

4

78.1±2.8

9.4±0.2

5

128.7±1.1

7.7±0.6

6

197.1±10.3

5.6±0.3

4

207.1±3.6

8.2±0.4

5

317.2±8.3

6.5±0.1

6

546.0±18.7

4.9±0.2

4

30.8±1.8

13.9±0.5

5

44.8±4.7

10.7±0.5

6

138.2±9.8

7.4±0.6

4

44.4±3.7

9.7±0.6

5

70.7±1.3

8.1±0.6

6

131.3±7.7

6.0±0.6

4

44.3±2.0

11.8±0.3

5

57.2±2.3

9.5±1.2

6

89.1±6.8

6.4±0.1

Details in Table 2.1
Mean ± SD (n=3)
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2.4.7 PCR inhibition
Compared to a reference reaction, which did not contain soil extract, all soil extracts except
"Rafz" maintained or even increased the sensitivity of the PCR when small volumes of
extracts (1 or 2 µl) were added (Fig. 2.5). Five and 10 µl of soil extract increasingly inhibited
PCR amplification. The addition of 5 µl "Abist" and "Österliwald" extracts reduced the PCR
yield to 78 and 70%, respectively and 10 µl completely inhibited the reaction. 10 µl "Steig",
"Gartenacker" and "Winzlerboden" extracts reduced the yield to between 74% and 79%. The
soil extracts from "Rafz" strongly inhibited the PCR. 1 µl of "Rafz" extract reduced yield to
7% and no product was detected with higher extract additions.

Fig. 2.5: PCR amplification efficiencies and inhibition as influenced by the presence of soil DNA extracts.
Band intensities were quantified from ethidium bromide stained agarose gels with a gel documentation
system. Each data point represents one band. Values were plotted in relation to the amount of added soil
DNA extracts from six different soils. The standard PCR reaction targeted a recombinant insert in a
plasmid that was not detectable in soil extracts. The optical density (OD) of the standard reaction without
added soil extract represented 100%. Additions of TE buffer were used as a control.
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2.5 Discussion
2.5.1 Influence of bead beating parameters on DNA yield and fragment size
The published protocols for bead beating based DNA extractions from soil samples use
different conditions. Beating times range from 30 s to 10 min [18, 19, 40] and bead to soil
ratio also varies between about 10:1 (w/w) [19] to 1:1 [10]. The volume and the composition
of the applied buffer vary greatly [4, 13, 18, 19, 40].
Recently, Miller et al. [18] provided data on the effect of homogenization time and speed on
yield and fragmentation of DNA extracted from soil. Their study showed that yield and
quality of the obtained DNA depended strongly on these parameters.
Our study confirmed these results and further showed that reducing the fill volume and
increasing the beads to soil ratio affect yield as well.
An increased bead to soil ratio was found to increase yield with a small increase in DNA
fragmentation. Since a surplus of beads also appears desirable from a theoretical point of
view, in making the extractions of soils with different texture more comparable, a ratio of
0.75 g beads to 0.5 g soil appeared ideal. Higher amounts of beads are not desirable because
the additional beads begin to limit the buffer volume that can be used.
Changing temperature and type of beads did not enhance the overall performance of the
method since increased yield resulted in a large increase in shearing. Bead beating at ambient
temperature [3, 5, 10, 18] thus seems a reasonable choice, but it is important to note that
temperature is a factor that needs to be controlled. The unexpected decrease of yield and
shearing at 75°C indicated that the lysing properties of the buffer had severely degraded under
these conditions.
The slope of the curves (Fig. 2.1) suggests that it is possible to increase DNA yield further by
applying even longer treatments or lower fill volumes. However, DNA in the high yield
extracts was already sheared to an extent that was undesirable for PCR. In our experiments
with "Gartenacker" soil, fragment size maxima varied between 6 and 20 kb [MFSD], which is
in the range previously reported by others [14, 16, 18, 40, 41]. Our aim was to develop a
method for "Gartenacker" with optimum yield DNA and a MFSD of at least 10 kb, which is
about 10 times the size of a typical PCR product.

73

Chapter 2: Optimizing nucleic acid extraction from soil
2.5.2 Stability of the protocol
For "Gartenacker" soil, a protocol using 0.75 g of regular 0.1 mm silica beads and 0.5 g of
soil was the method with the best yield/fragmentation ratio for a MFSD greater 10 kb. This
method was used for our experiment with different soils.
In this experiment DNA fragment size was inversely correlated (p<0.01) with DNA yield.
ANOVA analyses revealed that if the effect of speed is eliminated as a linear covariate, soil
had a significant effect on yield (p<0.01) and also on fragment size (p<0.05). This indicated
that the developed method did not extract DNA of equal fragment size from the soils, and did
not extract all soils with the same efficiency. Reasons for this could be different particle size
distributions, apparent densities and water contents. In studies comparing very different soils,
an individual optimization of the method, using the degree of fragmentation as a guideline,
might therefore be necessary. This could be achieved e.g. by adjusting the amount of silica
beads, which can be done with high accuracy.
The combination of

buffer, phenol/chloroform extraction and precipitation with

polyethylenglycol 6000 and NaCl was successful in producing PCR-suitable DNA from all
non-acidic soils (pH>4.5) with a quick, simple and inexpensive protocol. As has been
previously reported, the precipitation with polyethylenglycol was efficient and greatly
reduced the co-precipitation of humic substances [28, 34, 41]. Only the strongly acidic forest
soil "Rafz", which also yielded the most intensively colored extract, inhibited PCR in amounts
normally used for PCR. For soils of this type, additional purification can be achieved using
purification protocols based on polyvinylpolypyrrolidone (PVPP) and microconcentrators
[38], PVPP and Sephadex spin-columns [10] or agarose gel purification [23], which have
been demonstrated to be efficient in removing PCR-inhibiting components from soil DNA
extracts.
2.5.3 Representative extraction
Results of our repeated extraction experiments showed that there was an amount of nonextractable DNA in soil, which depended on the applied extraction parameters. We speculate
that a certain number of cells or sites (e.g. microaggregates) exist in soil, which cannot be
lysed or disrupted at a giveN-input of physical energy. This is in agreement with
microscopical observations [19], and has been exploited e.g. in protocols to distinguish
between soil extracted DNA from fungal mycelia and spores [3, 9]. It is likely that lysis
resistant cells or protected microbial populations found in microaggregates are different from
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the bulk soil population [19]. The results obtained with RFLP fingerprinting at the domaiNlevel (Fig. 2.4a and b), strongly suggest that the beating intensity is a source of bias in
molecular studies of microbial communities. Since even the very general and low-resolution
RFLP fingerprinting revealed significant differences between DNA extracted from one soil
with different beating intensities, one might assume that more pronounced effects could be
observed when studying bacterial subgroups that constitute the lysis resistant cells or spores.
The high-GC Gram-positives however, which were tested because of their more resistant cellwalls, did not display differences in their patterns (data not shown).
We conclude that, especially if quantitative aspects are to be considered in a study, low
intensity extraction methods should not be used in order to avoid this source of bias.
2.5.4 Total DNA content of soil
Microscopy and cell staining have been used to estimate the amount of lysed cells in the
sample before and after DNA extraction procedures [10, 18, 19]. While this allows an
estimation of the lysis efficiency, there is currently no method available for the quantification
of total DNA content in soil. When using repeated extractions under very harsh extraction
conditions we were able to reach a maximum of extractable DNA (Fig. 2.3b). However, the
DNA extracted under these conditions is highly fragmented and therefore not suitable for
many molecular analyses.
The total extractable DNA content of the "Gartenacker" soil used in this experiment was
approximately 130 µg g-1 [soil dry wt]. The DNA recovery from "Gartenacker" in experiment
7 was calculated to be 24%, 36% and 83% for 4, 5, and 6 ms-1 beating speed, respectively.
Among the tested soils "Gartenacker" had a comparatively low DNA content. Still, this
maximum yield is much higher than many previously recorded yields from agricultural and
forest soil. Yields reported from a number of studies with direct lysis protocols ranged from 5
to 50 µg g-1 [soil dry wt] [29]. Miller et al. (1999) extracted a maximum of 35±7 µg g-1 [soil
dry wt] from forest- and 7.9 µg g-1 [soil dry wt] from agricultural soil. Cullen and Hirsch [10]
reported a maximum yield of 27.1 µg g-1 [soil dry wt] from a silty clay loam under
agricultural use. This and other published data on DNA extraction yields [19, 23] indicated
that common methods may extract a rather small portion of the total soil DNA, which might
be problematic in view of the possible bias introduced by low intensity methods as discussed
above.
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During the last decade the development of molecular methods for the detection of specific
marker genes, and the development of methods to isolate DNA from environmental sources
have opened a window to a previously unknown diversity of microorganisms. In order to
obtain comparable and quantitative data on these populations and their environmental
functions, the methods need to be validated and standardized. With the approaches presented
in this study a more precise characterization of soil DNA and hence a more reliable
description of the microbial community can be obtained. We hope that the presented
approaches to optimize extraction, estimate total soil DNA content and to evaluate quality of
extracted DNA can contribute to establishing standardized protocols for soil molecular
analyses.
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3 New molecular screening tools for the analysis of freeliving diazotrophs in soil

3.1 Abstract
Free-living

nitrogen-fixing

prokaryotes

(diazotrophs)

are

ubiquitous

in

soil

and

phylogenetically and physiologically highly diverse. Molecular methods based on universal
PCR detection of the nifH marker gene have been successfully applied to describe diazotroph
populations in the environment. However, the use of highly degenerate primers and lowstringency amplification conditions render these methods prone to amplification bias, while
less degenerate primer-sets will not amplify all nifH genes. We have developed a “fixed
primer site” approach with six PCR protocols using less- to non-degenerate primer-sets that
all amplify the same nifH fragment as a previously published PCR protocol for universal
amplification. These protocols target different groups of diazotrophs and allowed for direct
comparison of the PCR products by use of RFLP fingerprinting. The new protocols were
optimized on DNA from 14 reference strains and were subsequently tested with bulk DNA
extracts from 6 soils. These analyses revealed that new PCR primer-sets amplified nifH
sequences that were not detected by the nifH-univ primer-set. Furthermore, they were better
suited to distinguish between diazotroph populations in the different soils. Since the novel
primer-sets were not specific for monophyletic groups of diazotrophs they do not serve as an
identification tool, however they proved powerful as fingerprinting tools for subsets of the
soil diazotroph community.
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3.2 Introduction
Free-living prokaryotes with the ability to fix atmospheric dinitrogen (diazotrophs) are
ubiquitous in soil, but our knowledge of their ecological importance and their diversity
remains incomplete. The capacity for nitrogen (N) fixation is widespread among Bacteria and
Archaea (Fig. 3.1) [44]. The great diversity of diazotrophs also extends to their physiological
characteristics, as nitrogen-fixation is performed by chemotrophs and phototrophs, by
autotrophs as well as heterotrophs [18, 24, 30, 44]. This phylogenetic and physiological
diversity is an indication of the importance of this process for ecosystem function, especially
when considering the high cost of ATP (8 moles or more MgATP per mole ammonium fixed)
and redox equivalents (4 electron equivalents or more per mole ammonium fixed) for
performing this function [25, 34].
In natural ecosystems, biological N-fixation (by free-living, associated and symbiotic
diazotrophs) is the most important N-input to the nitrogen-cycle [11, 30]. The estimated
contribution of free-living N-fixing prokaryotes to the N-input of soils ranges from 1 to 39 kg
ha-1 yr-1 [12, 20, 30]. The ability of free living diazotrophs to take advantage of their capacity
to perform N-fixation depends on a number of conditions that vary for each organism, e.g. the
availability of C and N and oxygen partial pressures [18]. Because of the direct link of
diazotroph populations to the C/N balance of a soil and their high diversity associated with
different physiologies, they are of interest as potential bioindicators for the N-status of soils.
Reliable tools for the description of diazotroph communities would contribute greatly to our
understanding of the role diazotrophs play in the soil nitrogen-cycle.
Due to the physiological diversity of diazotrophs and the documented unculturability of many
prokaryotes [19, 29], cultivation based strategies have severe limitations for the description of
the diversity of free-living soil diazotrophs. Therefore, molecular approaches have been
developed and successfully applied to describe diazotroph communities in different soil
systems, including forest soils [33, 37, 39, 43], pasture, and agricultural soils [33], wetland
soils [10, 31] and rhizospheres [16, 23]. The molecular approach to study the diversity of
diazotroph organisms is primarily based on PCR amplification of a marker gene (nifH) for
nitrogen-fixation. This gene encodes for the enzyme nitrogenase reductase (Azotobacter
vinelandii: E.C.1.18.6.1.1g1m [4]) and has been shown to contain phylogenetic information
[17, 28].
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Fig. 3.1: Overview of the phylogeny of an 85 amino-acid-residue fragment of NifH protein sequences
derived from 128 published nifH sequences of known organisms, selected environmental clones, and 103
nifH sequences cloned from bulk soil DNA in this study. The percentage of 300 bootstrap samplings which
supported a cluster are indicated for values > 50%. All major clusters have been collapsed to allow an
easy overview. For each cluster the number of published reference sequences (ref) and sequences cloned
with each primer-set in this study are given in parentheses.

The phylogeny of nifH is in general agreement with the SSU rRNA-based phylogeny,
although the existence of alternative nitrogenase systems (e.g. vanadium-dependent
nitrogenase) and the existence of multiple versions of the gene within one genome [5] indicate
that the identification of sequences based on nifH must be treated with some caution [44].
Many previous studies have been based on PCR amplification using universal primers for
nifH [33, 37, 43, 47]. In order to achieve universal amplification, these primers were designed
to target nifH gene regions encoding for highly conserved amino acid sequences. However,
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the degeneracy of the genetic code introduces considerable variability to the DNA sequence
of these regions and therefore these primers were designed to be either highly degenerate [43,
46], or to target a smaller subset of the diazotroph community in order to avoid high
degeneracy [31, 32, 37]. Widmer et al. [43] developed a nested PCR scheme to achieve
specific amplification of nifH from bulk soil DNA with a highly degenerate universal primer
set (hereafter referred to as nifH-univ primer-set). Their protocol was successfully applied to
the amplification of nifH sequences from soil samples [9, 16, 39, 43]. These studies
demonstrated the capacity of the nifH-univ primer-set to amplify nifH genes from diverse
groups of organisms. However, the highly degenerate primers, when combined with low
stringency amplification conditions, can produce biased results, and make the protocol less
suited for studies with a more detailed and quantitative focus. The use of inosine residues to
replace fourfold-degenerate positions (N) in the primers may be an additional, although
probably minor, source of bias [41].
We studied the potential to use the phylogenetic information within the primer-sites used by
Widmer et al. [43] to construct complementary primers that allow a more focused and less
biased amplification of subgroups of the diazotroph population in soil. We developed and
evaluated 6 primer-sets and optimized PCR protocols that all amplify the same fragment of
the nifH gene by using homologous primer-sites for each set. This “fixed primer site”
approach allows for direct comparative analysis of PCR products obtained with all 6 primersets using molecular fingerprinting techniques. The protocols were tested and optimized on
pure culture DNA. Subsequently, the developed protocols were applied to soil DNA extracts
in order to evaluate the performance with complex environmental samples.

3.3 Materials and methods
3.3.1 Soils
Soils were collected from four sites near Zurich and two sites in the upper Rhône valley,
Switzerland (Table 3.1). At each site a block of soil (ca. 1-2 kg) was removed with a spade
and the A-horizons were separated and transported to the laboratory in sterile plastic bags. All
soils were passed through a 2.5 mm sieve, mixed, and stored for up to 2 weeks at 10°C. The
soils were selected to represent different ecological conditions: two seasonally wet forest soils
(HW, AB), two well-drained forest soils (HA, WI) and two agricultural soils (GA, PA).
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Total C and N contents of the soils were determined with a Leco CHNS-932 autoanalyzer
(Leco, Düsseldorf, Germany). Soil pH was determined in 0.01 mM MgCl2.
Table 3.1: Description of soils used in this study.
Soil a
(abbreviation)
Hallwil (HW )
Hau (HA)
Abist (AB)

Texture c

Land use

silty loam b
b

silty clay
Loam

b

Total N
(mg g [dry wt] -1)
31

pH

Deciduous forest

Total C
(mg g [dry wt] -1)
410

Deciduous forest

49

5.5

6.8

Mixed forest

29

3.2

5.9

5.5

Winzlerboden
(WI)
Pappelacker (PA)

loamy sand b

Deciduous forest

26

2.7

4.6

sandy loam b

Agriculture (fallow)

16 b

1.3 b

7.5

Gartenacker (GA)

Loam b

Agriculture (fallow)

36

3.4

7.2

a

Soils GA and PA are from the Rhône valley in southern Switzerland, all other soils from northern Switzerland
Published data [13, 35, 42]
c
According to United States Department of Agriculture Soil Taxonomy
b

3.3.2 Development of group specific nifH primers and PCR protocols
A database of 137 nifH DNA sequences of cultivated diazotrophs published in GenBank was
assembled and manually aligned using BioEdit version 5.0.9 [15]. The DNA sequences of the
primer-sites (Fig. 3.2) defined by the nifH-univ primer-set [43] were phylogenetically
analyzed using Kimura distance calculation [21] and ‘unweighted pair group method with
arithmetic mean’ (UPGMA) clustering [27].
Table 3.2: GenBank accession numbers of nifH sequences used for primer design and the organisms they
originate from.
Name of
primer-set
nifH-g1

Organisms

Accession numbers

nifH-c1

Azotobacter vinelandii
Azotobacter chroococcum
Clostridium pasteurianum

nifH-b1
nifH-a2
nifH-f1

Clostridium cellobioparum
Herbaspirillum seropedicae
Azospirillum brasilense
Frankia sp.

M11579
M73020
X07472
C07476
U59414
U97121
AF216882
U78306
U53362
X76398
J01781
M15942
Z95226
K01620
M55232
Z95229

nifH-a1

Rhizobium sp., Sinorhizobium sp.
Bradyrhizobium sp.

M20568 X13519
X03916
X07473 X07474
X07477

X07475

Z54207
M64344 X51500
M21132 X57006
U53363 X73983

X51609
L41344
X17522

L16503
M26961
Z95227
Z95230
Z95218

M15941
Z95225
M55227
M55231
Z95220

M10587
V01215
M55226
M55229
Z95219
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New primer-sets were designed by constructing consensus sequences from nifH of
phylogenetically related organisms (Table 3.2) based on these cluster analyses.
Universal nested PCR amplification of nifH was modified from Widmer et al. [43]. The final
PCR cocktails contained 1x reaction buffer (Amersham Switzerland, Zürich, Switzerland),
each deoxynucleoside triphosphate at a concentration of 200 µM, and each oligonucleotide
primer at a concentration of 1 µM. For the first PCR we used 1µl DNA sample, bovine serum
albumin (BSA) was added to a final concentration of 5 mg ml-1of (SIGMA, Buchs,
Switzerland), and the reaction volume was adjusted to 20 µl. For the nested PCR, 1µl of the
reaction product from the first PCR was used, the final BSA concentration was 0.3 mg ml-1
and the volume was adjusted to 45 µl. After initial denaturation (5 min at 95°C), 5 µl Taq
polymerase (Life Technologies AG, Basel, Switzerland) in 1x reaction buffer were added to
each reaction under hotstart conditions (80°C), resulting in a final Taq concentration of 0.02
U µl-1. The cycling conditions used for the reactions were as described by Widmer et al. [43],
except that annealing was performed for 8 s at 54°C and 30 s at 56°C for the first reaction and
8 s at 51 and 30 s at 53°C for the nested reaction to reduce amplification of non-specific byproducts,.
The specificity of the PCR protocols for the new primer-sets was optimized on cell lysates
and DNA isolated by standard methods [38] from diazotroph reference strains representing
different phylogenetic groups (Table 3.3). Template concentrations were adjusted to yield a
uniform amplification with bacterial SSU rRNA-gene specific PCR, using primers EUB338 /
uni-b-rev using a previously described protocol [3, 6, 42]. We adjusted MgCl2 concentration,
annealing temperature, cycle number, and primer concentration to achieve maximum
specificity and sensitivity for each protocol. Descriptions of the optimized protocols are
provided in the results section. Subsequently, optimized PCR protocols were applied to DNA
extracted in duplicate from soil samples according to Bürgmann et al. [7] by processing soil
with 0.5 g soil, 0.75 g glass beads and 1.25 ml CTAB-extraction buffer for 45 s at 5 m s-1 in a
Fastprep bead-beater (Bio101/Savant).
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Table 3.3: Diazotroph reference strains used in this study
Reference strain

Phylogenetic group

Rhizobium phaseoli a

α-proteobacteria

Sinorhizobium meliloti a

α-proteobacteria

Rhizobium tropici

a

Frankia alni strain Ag45/Mut15

α-proteobacteria
c

Actinobacteria

Azospirillum brasilense (DSM 1690))

α-proteobacteria

Herbaspirillum seropedicae (DSM 6445)

β-proteobacteria

Clostridium pasteurianum (DSM 525)

Firmicutes

Azotobacter vinelandii (DSM 85)

γ-proteobacteria

Pseudomonas stutzeri (DSM 4166)

γ-proteobacteria

Rhizobium leguminosarum (DSM 30132)

α-proteobacteria

Paenibacillus azotofixans (DSM 5976)

Firmicutes

Nostoc muscorum (PCC 7120)

Cyanobacteria

Azoarcus communis b

β-proteobacteria

Frankia alni strain I.3 c

Actinobacteria

a

Provided by B. Reiter and A. Sessitsch (ARC Seibersdorf Research GmbH)
provided by A. Zarda (ETH Zurich)
c
provided by A. Nickel (ETH Zurich)
b

3.3.3 RFLP of nifH amplicons from soil
PCR products (45 µl) were extracted with one volume of chloroform and then precipitated
with one volume of isopropanol at –20°C over night, followed by centrifugation at 16.000 × g
for 20 min. In the case of weak initial amplification, several reactions were pooled and
concentrated by isopropanol precipitation. PCR products were digested using HaeIII
restriction endonuclease as described previously [43] in a total volume of 20 µl. Digested
PCR products were re-precipitated as described above and resuspended in 10 µl TRIS-EDTA
buffer. Samples (5 µl) were electrophoresed in 12% acrylamide gels for 15 min at 30 V and 3
h at 200 V at 35°C in a Dcode electrophoresis unit (Bio-Rad, Hercules, CA). Gels were
stained with SybrGreen (Molecular Probes, Eugene, OR) for 20 min and analyzed with the
GelDoc 2000 system (Bio-Rad). Intensity profiles were determined for each lane using the
“compare lanes” tool of the QuantityOne software (Bio-Rad). Relative front (rF) values were
corrected for gel deformation by band matching. Fragment size for each position on the gel
was calculated from rF values by applying a second order polynomial fit to the bands in
duplicate 1kb DNA ladder size standards (Life Technologies). Bands were detected and
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quantified with the QuantityOne software and band intensity values were standardized to the
sum of band intensities in each lane. Cluster analysis of band intensity data was performed
using SysStat (Systat Software inc., Richmond, CA) using Euclidian distance calculation and
Average Linkage clustering.
3.3.4 Cloning and sequencing
PCR products were cloned using the pGEM®-T easy kit (Promega, Madison, WI) according
to manufacturers instructions. Clone libraries were screened by transferring cells from white
colonies to PCR reaction tubes containing the appropriate nifH primers and PCR reaction mix.
PCR was performed as described above. PCR products from nifH-positive clones were
subjected to HaeIII RFLP profiling. At least one clone representing each restriction fragment
pattern observed during screening was sequenced. Plasmids were prepared with the QIAprep
Spin Miniprep Kit (Qiagen, Basel, Switzerland). Sequencing was performed on both strands
using the BigDye Terminator Cycle Sequencing Kit (Applied Biosystems, Rotkreuz,
Switzerland). Sequences were determined on an ABI PRISM 310 Genetic Analyzer, (Applied
Biosystems). The 103 nifH sequences isolated from soils were submitted to GenBank, and are
available under accession numbers AY196363 to AY196465.
3.3.5 Phylogenetic analyses
The cloned sequences were aligned with 128 nifH sequences of cultured organisms and
environmental clones obtained from GenBank. Phylogenetic analyses were performed on an
85 amino-acid-residue fragment of NifH, translated from a gene-fragment corresponding to
bases 132-386 of the A. vinelandii nifH sequence (M20568). This fragment excluded both
primer sites and additional bases at the 3’-end of the PCR product (Fig. 3.2) to allow
phylogenetic analysis with a greater number of published reference sequences. The programs
Protdist and Neighbor from the PHYLIP package (Version 3.5c) [14] were used to perform
Kimura-based distance matrix calculation [21] and UPGMA clustering [27]. Additionally,
Seqboot and Consense from the same package were used to construct consensus cladograms
based on 300 bootstrap samplings. The derived phylogenetic inference trees were edited in the
program Tree-Explorer [22]. Phylogenetically unusual nifH sequences were checked for
chimeric characteristics by performing BLAST searches [2] with full length and partial
sequences.
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Fig. 3.2: Schematic representation of the nifH gene, indicating primer-sites used in this study and
resulting PCR products. The positions refer to the sequence of Azotobacter vinelandii (M20568). The
region that was used for phylogenetic analyses is marked in grey (132-386).

Selected nifH sequences including cloned and reference sequences were subjected to in-silico
RFLP typing, using the Webcutter tool to obtain HaeIII restriction fragment sizes of the
amplified

fragment

(Webcutter

2.0;

M.

Heimann,

[http://www.firstmarket.com

/cutter/cut2.htm]).

3.4 Results
3.4.1 Primer design
New primer-sets were designed using the primer-sites defined by the nifH-univ primer-set
[43] (Fig. 3.2). Phylogenetic analyses of the primer regions of 137 reference sequences
indicated that new primer-sets that target defined subgroups of nifH sequences can be
designed for these sites (data not shown). Based on this analysis, we identified six groups of
sequences from phylogenetically related diazotrophs (Table 3.2) and designed a new primerset for each group (Table 3.4). Although the individual primers of a set were allowed to match
non-target sequences, the combination of primers in each primer-set was specific for the
selected target sequences. The only exception was for primer-set nifH-a1 that also matched
the nifH sequence of Rhodospirillum rubrum in addition to the Rhizobium related sequences it
was designed to match (Table 3.4). For the selected Frankia and Rhizobium nifH sequences
direct PCR was not specific. Therefore, additional forA primers and nested PCR protocols
were designed for the nifH-f1 and nifH-a1 primer-sets (Tables 3.4 and 3.5).
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Table 3.4: Sequences of primers used in this study
Name of
primer-set
nifH-univ c

Mismatched
sequences a.
(A/B/rev/set)
n.a.

Sequence b forA-site
(degeneracy)

Sequence b forB-site (degeneracy)

Sequence b rev-site
(degeneracy)

GCIWTITAYGGNAARGGNGGc
(128)

GGITGYGAYCCNAAVGCNGAc
(96)

GCRTAIABNGCCATCATYTCc
(48)

nifH-g1

-/ 0/ 2/ 0

-

GGTTGTGACCCGAAAGCTGA
(0)

GCGTACATGGCCATCATCTC
(0)

nifH-c1

-/ 0/ 4/ 0

-

GGWTGTGATCCWAARGCVGA
(24)

GCATAYASKSCCATCATYTC
(32)

nifH-b1

-/ 0/ 7/ 0

-

GGCTGCGATCCCAAGGCTGA
(0)

GCGTACATGGCCATCATCTC
(0)

nifH-a2

-/ 0/ 0/ 0

-

GGCTGCGATCCGAAGGCCGA
(0)

GCGTAGAGCGCCATCATCTC
(0)

nifH-f1

0/ 20/ 6/ 0

GCSTTCTACGGMAAGGGTGG
(4)

GGBTGYGACCCSAASGCYGA
(48)

GCGTACATSGCCATCATCTC
(2)

nifH-a1

5/ 20/ 2/ 1d

GCRTTYTACGGYAARGGSGG
(32)

GGMTGCGAYCCSAARGCSGA
(32)

GCATAGAGCGCCATCATCTC
(0)

a

Number of non-target sequences (according to Table 3.2) among the 137 investigated sequences that matched
each primer (forA, forB, rev), or the primer-set as a whole (set).
b
Degeneracy is indicated by standard conventions: K: G/T; M: A/C; R: A/G; S: C/G; W: A/T; Y: C/T; V:
A/C/G; N: A/C/G/T, B: C/G/T.
c
Widmer et al. [43]; I (inosine) is used to replace N at the 5’ portion of the degenerate primers.
d
Rhodospirillum rubrum (M33774).
n.a.: not applicable.
Table 3.5: Optimized PCR reaction conditions for the different nifH primer-sets.
Name of
primer-set
nifH-univ

Primer conc.
[µM / each]
2.0 a / 1.0 b

Annealing Temp.
[°C]
56 a / 53 b

MgCl2
[mM]
2.0 a / 2.0 b

30 a / 35 b

nifH-g1

0.2 b

60 b

1.0 b

50 b

nifH-c1

0.8 b

60 b

1.4 b

50 b

nifH-b1

0.2 b

60 b

0.85 b

50 b

nifH-a2

0.2 b

62 b

0.8 b

50 b

nifH-f1

0.2 a / 0.2 b

63 a / 64 b

0.9 a / 0.9 b

30 a / 35 b

nifH-a1

0.2 a / 0.2 b

60 a / 60 b

1.2 a / 1.0 b

30 a / 35 b

a
b

Cycles

Values for first reaction of nested PCR protocols (using primersites forA as forward and rev as reverse primer)
values for direct or nested reaction (primersites forB and rev).

3.4.2 Development and optimization of PCR protocols
For each of the new nifH primer-sets (Table 3.4) optimized amplification conditions (Table
3.5) were determined by use of DNA from selected diazotroph reference strains (Table 3.3).
All optimized PCR protocols revealed strong selectivity for nifH sequences from target
reference strains of the respective primer-set, although some weak non-specific amplification
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could not be entirely eliminated (Fig. 3.3A). More stringent protocols were tested, but these
severely reduced amplification efficiency (data not shown).
Validation of group specific nifH PCR on soil DNA extracts. DNA extracts from six
different soils (Table 3.1) were amplified with the nifH-univ PCR protocol and bacteriaspecific SSU rDNA PCR. Both protocols resulted in strong PCR products of the expected size
(nifH: approx. 370 bp; SSU rDNA: approx. 1070 bp) for all soils (Fig. 3.3B). The amount of
PCR product obtained with the new nifH primer-sets varied for the different soils (Fig. 3.3B).
Primer-sets nifH-g1, nifH-c1, nifH-b1 and nifH-f1 amplified fragments of the correct size
from several different soils (Fig. 3.3B). However, primer-sets nifH-a1 and nifH-a2 yielded
only weak or no amplicons when applied to the soil DNA extracts (Fig. 3.2B). Due to the
weak amplification products that were obtained from soils AB and WI and with primer sets
nifH-a1 and nifH-a2, these samples were excluded from RFLP analysis.

Fig. 3.3: Amplification of nifH genes using the primer-sets developed in this study in comparison to
universal nifH amplification and amplification of bacterial SSU rDNA. A: PCR amplification of reference
strain DNA. Agarose gel (2%) electrophoresis of PCR products (6 µl) amplified with different primer sets
(rows) from DNA of 14 reference strains (columns). Only the regions of the gels that contained the approx.
370 bp nifH fragment amplified by the nifH PCR reaction with the indicated primer-set, or the 1070 bp
fragment amplified by the bacterial SSU rDNA amplification are shown. Boxed positions indicate
expected targets according to DNA sequence analysis. B: Amplification of soil DNA extracts. Agarose gel
(2%) electrophoresis of PCR products (6 µl) amplified with the same protocols as in A from DNA
extracted in duplicate from 6 soils (columns, replicate 1 and 2 are indicated).
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3.4.3 RFLP analysis of nifH amplicons from soil
PCR products amplified from soils HW, HA, PA and GA with primers nifH-g1, nifH-c1,
nifH-b1 and nifH-f1 were subjected to digestion with HaeIII. The resulting HaeIII RFLP
patterns were highly reproducible. Each primer-set resulted in a different RFLP pattern for the
same bulk soil DNA extract, e.g. from soil PA (Fig. 3.4).
The intensity profiles of RFLP patterns obtained from the nifH-univ primer-set consisted of
several bands in the range of 100 - 200 bp (Fig. 3.5). The profile is dominated by a large peak
consisting of poorly resolved bands between 170 and 185 bp and a second peak at around 135
bp. Compared to the patterns from the new primer-sets, the nifH-univ pattern contained a
more intense “smear” of weaker, unresolved bands resulting in a higher baseline. Cluster
analyses of the RFLP pattern derived from the nifH-univ amplification did not perfectly
distinguish between all soils: the replicates of the agricultural soils GA and PA did not group
together and in general the calculated distances were small (Fig. 3.6A).

Fig. 3.4: HaeIII RFLP of nifH PCR products obtained from duplicate DNA extracts of PA soil (replicate 1
and 2 are indicated) using nifH-univ primer-set and newly developed primer-sets nifH-g1, nifH-c1, nifH–
b1 and nifH-f1.
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In the nifH-g1 patterns, the 100-200 bp regions were in many cases dominated by a strong
band at about 170 bp (Fig. 3.5). Among the most prominent differences between soils was a
strong band of approximately 113 bp that was only present in the RFLP pattern from soil HA
and the bands between 50 and 90 bp which were only visible in patterns from agricultural
soils PA and GA (Fig. 3.5). Cluster analysis of the RFLP patterns clearly indicated an
improved differentiation between soils as compared to the nifH-univ primer-set (Fig. 3.6B),
separating even the patterns from the very similar soils GA and PA. The nifH-c1 primers
yielded a complex RFLP-pattern with a number of large fragments up to 360 bp in all soils, 24 bands in the 100-200 bp region and a large number of faint bands at fragment-sizes smaller
than 150 bp. Patterns from soils HA and HW exhibited a unique band at 304 bp. The RFLP
patterns of both the nifH-b1 and nifH-f1 PCR products were less complex in the 100-200 bp
region compared to RFLP pattern from the nifH-univ PCR, and featured characteristic bands
of smaller (90-50 bp) fragment sizes (Fig. 3.5).

Fig. 3.5: Intensity profiles of HaeIII RFLP patterns of nifH PCR products amplified with different
primer-sets. Only one of two replicates is shown. Vertical dotted lines indicate important bands of the
RFLP patterns. A: Profiles of soils HA and PA. B: Profiles from soils HW and GA.
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Fig. 3.6: Cluster analysis of HaeIII RFLP patterns
based on average linkage clustering of total-areastandardized band data. A: Cluster analyses of the
RFLP pattern derived from nifH genes in soil DNA
extracts PCR-amplified with the nifH-univ primer-set.
B: Cluster analysis of the RFLP patterns obtained from
the same samples amplified using the nifH-g1 primerset.

3.4.4 Sequence analysis
To characterize the subpopulations that were amplified with the new PCR protocols (nifH-g1,
nifH-c1, nifH-b1, nifH-f1) from soil DNA, representative nifH amplicons were selected for
cloning and sequencing. A total of 103 clones were sequenced and analyzed: 22 clones for
nifH-g1 PCR from soils HA, HW, and PA, 22 clones for nifH-c1 PCR from soils HA, GA,
and HW, 38 clones for nifH-b1 PCR from soils HA, GA, AB, and WI, and 21 clones for nifHf1 PCR from soils HA, HW, PA, and GA. All sequences retrieved with the new primer-sets
were homologous to nifH. With the exception of two duplicate sequences retrieved with nifHb1 (b1-AB5 / b1-AB6 and b1-WI2 / b1-WI6 ) all sequences were unique at the DNA level.
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Fig. 3.7: Details of the phylogenetic inference tree based on Kimura distance matrix and UPGMA
clustering of a 85 amino-acid-residues fragment of NifH (see Fig. 3.1), derived from published nifH
sequences of known organisms (italics), environmental clones (normal) and sequences cloned in this study
(underlined). GenBank accession numbers of the nifH sequences are given in parentheses. A: Sub-tree of
NifH sequences belonging to the γ-proteobacteria cluster (see Fig. 3.1). B: Sub-tree of NifH sequences
belonging to the α- and β-proteobacteria cluster (see Fig. 3.1). Two sub-clusters of environmental clones
were collapsed for clarity.

97

Chapter 3: New molecular screening tools for soil diazotrophs
In-silico RFLP analysis of sequenced soil clones indicated that the major phylotypes of the
RFLP patterns derived from soil were represented by these clones. For nifH-g1 the dominant
170 bp band (band sizes determined from gel) was represented in 15 clones yielding 170 and
173 bp fragments and the 113 bp band was represented by 6 clones yielding 112/115 bp
fragments. The fragment of approximately 304 bp in the nifH-c1 RFLP pattern of soils HA
and HW corresponded to 5 clones yielding a 309 bp fragment. Four other clones yielded other
high molecular weight (> 300 bp) fragments. All bands in the < 200 bp range of the nifH-b1
pattern were represented by one or more clones, with fragments of approximately 170 bp
appearing frequently (in 35% of the analyzed clones). For the nifH-f1 RFLP the intense band
at approximately 165 bp was represented by 16 clones yielding a 170 bp fragment, and all of
the smaller fragments in the patterns (Fig. 3.5) were represented by one or more clones.
Phylogenetic analysis of 128 representative published nifH sequences and the 103 new nifH
clones isolated in this study identified several clusters that could be phylogenetically
classified (several proteobacterial clusters, Cyanobacteria, and Frankia) and two groups of
deeply branching sequences consisting of Clostridia, Spirochaeta, δ–proteobacterial and
alternative nifH (anfH) gene sequences (Fig. 3.1).
All of the 10 nifH-g1 derived sequences from soil PA were closely related to their target nifH
sequences from Azotobacter vinelandii and A. chroococcum strains (Fig. 3.7A). Using the
same protocol, the 12 clones obtained from soils HW and HA did not yield any sequences
related to Azotobacter or other γ-proteobacteria, in spite off the similar RFLP patterns derived
from nifH-g1 amplification (Fig. 3.5). Instead, 9 clones clustered with the α- and βproteobacterial cluster (Fig. 3.7B) and three sequences associated with the environmental nifH
cluster 3 (Fig. 3.1).
Sequences retrieved from amplification with the nifH-c1 primer-set yielded two clones from
GA soil (c1-GA3 (AY196426) and c1-GA14 (AY196424)) that clustered close to known
clostridial sequences in the alternative nifH cluster (Fig. 3.1). The primer-set also amplified a
number of sequences that did not cluster with known sequences from cultured organisms: c1HW6 and c1-HW7 (AY196442, 443) clustered in environmental nifH cluster 1 (Fig. 3.1) and
c1-GA4 and 3 related clones (AY196427, 423, 425, 429) formed environmental nifH cluster 2
(Fig. 3.1). Both of these environmental nifH clusters also included previously published
environmental clones. Other sequences retrieved with nifH-c1 clustered with the γproteobacteria (c1-HW2 (AY196439), Fig. 3.7A), the β-proteobacteria (Azoarcus) cluster (c1-
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GA6 (AY196428), Fig. 3.1), but mostly with the α- and β-proteobacteria mixed cluster (12
clones, Fig. 3.7B).
Twenty-five sequences amplified with the nifH-b1 primer set clustered with the αand β-proteobacteria mixed cluster (Fig. 3.7B). Three clones were similar to the βproteobacteria (Azoarcus) cluster (Fig. 3.1). Eight sequences were associated with the
phylogenetically unclassified environmental nifH cluster 3 (Fig. 3.1).
Amplification with nifH-f1 primers yielded no sequences related to known Frankia nifH
sequences. However, all 21 clones obtained from soils PA, HA, and HW were highly similar
(> 88 % identity) and formed a tight cluster with two nifH sequences from the βproteobacterial genus Burkholderia (Fig. 3.7B). The amino-acid sequences of 6 clones from
soils PA1 and HW (AY196454, 457-460, 462), were identical to a nifH homolog we
identified in the Burkholderia fugorum full genome sequence (NZ_AAAC01000309).
Comparison of the results of phylogenetic analysis and in-silico HaeIII RFLP analysis of the
sequenced soil clones and published sequences in our database indicated that RFLP fragments
were not indicative of phylogeny. We found for example, that nifH-g1 clones that contained
the 115 bp fragment clustered partly with the γ-proteobacteria and partly with the α- and βproteobacterial clusters. On the other hand, closely related clones frequently did not share the
same fragment; while e.g. clones g1-PA3 and g1-PA6 both yielded the 115 bp fragment, the
closely related g1-PA2 (Fig. 3.7A) did not.

3.5 Discussion
PCR primer-sets for nifH with a broad amplification range [26, 32, 37, 40, 43] or sets that
target specific diazotroph groups or species [1, 36, 46] have been developed previously.
However, many of the specific protocols were designed independently for specific purposes
and amplify nifH fragments of variable length, which makes study-to-study comparisons
difficult. Furthermore, because tests against pure cultures [40, 43] or environmental DNA [1,
26] are lacking, the true range of nifH sequences amplified by many of these primer-sets is
not thoroughly established. In some cases tests with pure cultures and environmental DNA
were performed, but environmental amplicons were not thoroughly characterized by
sequencing [32, 36].
Previously published studies of nifH sequences in soil indicated a great diversity and great
variation of diazotroph community compositions in different soils. Poly et al. developed the
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primer-set polF/polR for nifH of Proteobacteria, Cyanobacteria and Frankia [32]. After
cloning a specific RFLP phylotype from one soil, 8 sequences were found that were most
closely related to the α- and β-proteobacteria cluster and one clone that clustered closest to
our β-proteobacteria (Azoarcus) group (Fig. 3.1) [33]. Piceno et al. developed a primer-set
with broad amplification characteristics and low degeneracy that excluded cyanobacterial,
Frankia and methanogenic nifH sequences [31]. With this primer-set, nifH sequences mostly
related to γ-proteobacteria were retrieved from the rhizosphere of smooth cordgrass (Spartina
alterniflora) [23]. Rösch et al., using a similar approach, cloned 10 different nifH sequences
related to the α- and β-proteobacteria and the α-proteobacteria clusters from acid forest soils
[37]. The nifH-univ primer-set that was also used in the present study has been applied to
study soil diazotroph communities in several previous studies [16, 39, 43]. Specifically,
Widmer et al. [43] showed that nifH sequences derived from forest soil and litter clustered
with the α- and β-proteobacteria cluster, the α-proteobacteria cluster, and the environmental
nifH cluster 1 (Fig. 3.1). Using the same nifH-univ primer-set, Hamelin et al. [16] isolated a
large number of clones from the rhizosphere of the grass Molina coerulea that clustered with
environmental nifH cluster 3, environmental nifH cluster 2, and the alternative nifH clusters 1
and 2 in (Fig. 3.1). These results indicated that the nifH-univ primer-set amplified
phylogenetically diverse nifH sequences from a broad range of diazotrophs. However, tests
with pure cultures showed that this primer-set did not amplify all diazotroph reference strains
(Fig. 3.3A). Other authors have also found that the amplification range of many primer-sets is
lower than theoretically expected [32].
In this study we have used a “fixed primer-site” approach to develop a suite of 6 new primersets and optimized PCR protocols, designed to amplify a homologous fragment of the nifH
gene from different subgroups of diazotrophs (Fig. 3.2, Tables 3.3 and 3.4). The homologous
nature of the fragments allowed us to directly compare PCR products obtained with the
different primer-sets by means of various downstream methods including quantification of the
PCR product (Fig. 3.2B), molecular fingerprinting with RFLP (Fig. 3.4 and 3.5) or DGGE
(data not shown), and sequencing (Fig. 3.6). This suite of protocols offers the ability to focus
on different parts of the overall diazotroph diversity. Apart from their use as fingerprinting
tools, some of the new primer-sets also allow for a more quantitative approach for studies on
pure cultures: the direct (non-nested) PCR protocols using less-degenerate primer-sets and
more stringent PCR protocols reduced factors that contribute to PCR bias, which provided a
better basis for quantitative interpretation as compared to the previous nested protocol [43].
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This was recently demonstrated in a study on nifH mRNA expression in soil using the nifHg1 primer-set [8].
The amplification of nifH genes from diazotroph reference strains using our new primer-sets
proved to be strongly selective for the intended target sequences (Fig. 3.3A). In combination,
the new primer-sets allowed a greatly improved coverage of the diazotroph diversity, as
compared to the nifH-univ primer-set [43] which was unable to amplify nifH from certain
cultures that were amplified by the nifH-g1, nifH-b1, and nifH-f1 primer-sets (Azospirillum
brasilense, Herbaspirillum seropedicae, and Frankia sp.: Fig. 3.3A). This was a surprising
result, considering that the nifH-g1, nifH-b1, and nifH-f1 primer-sets are components of the
oligonucleotide mix of the degenerate nifH-univ primer-set, except for the use of inosine to
replace 4-fold degenerate positions in the nifH-univ primer-set.
The specificity of PCR amplification from environmental samples cannot be deduced from
tests on reference strains. A number of factors may contribute to non-specific amplification
from environmental samples. Firstly, considering the under-representation of the true nifH
diversity in public databases, the subset of nifH sequences available for primer design might
not have been sufficient to adequately assess the specificity of these primers. This problem is
compounded by the lack of full-length nifH sequences that encompass all primer-sites used in
this study. Secondly, in order to achieve suitable sensitivity, the optimized protocols (Tables
3.4 and 3.5) allowed some weak non-specific nifH amplification in the tests on diazotroph
reference strains (Fig. 3.3A), which could carry over in misamplification of environmental
templates. Thirdly, in contrast to the constant concentration of pure strain DNA used for PCR
optimization, the relative abundances of different nifH target sequences in bulk soil DNA
extracts may vary over several orders of magnitude. We applied the developed protocols to
DNA extracted from six soils (Table 3.1) to test their applicability in the natural environment.
Four of the specific amplification protocols resulted in a strong amplification of nifH genes
from the investigated soils (Fig. 3.3B). In all cases a single band of the expected size (approx.
370 bp) indicated nifH-specific amplification and all sequences retrieved from these samples
were homologues of nifH.
The results of RFLP pattern analyses indicated that each new primer-set amplified a different
subset of sequences from the total nifH population (Fig. 3.4). The new primer-sets also
amplified phylotypes that were not detectable in the RFLP pattern derived from amplification
with the nifH-univ primer-set (Fig. 3.4 and 3.5). Furthermore, some dominant bands in the
nifH-univ primer-set patterns were completely absent in some of the patterns from the new
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primer-sets (Fig. 3.4 and 3.5). This indicated that the new primer-sets were selective for
certain phylotypes and successfully discriminated against other, possibly more abundant
phylotypes. Cluster analyses of the RFLP data showed that the amplification of a subset of the
total population resulted in improved differentiation between soils (Fig. 3.6). The limited
capacity for sample differentiation of PCR protocols targeting broad phylogenetic groups
versus those focusing on narrower phylogenetic groups is frequently observed in comparisons
of 16S rDNA fingerprints of the bacterial domain versus class- or genus-level fingerprints
(e.g. [6]).
Sequence analyses confirmed the results of RFLP by showing that each of the new primersets amplified different subsets of nifH sequences (Fig. 3.1 and 3.7). Despite the selectivity of
the new primer-sets for nifH of target reference strains (Fig. 3.3A), phylogenetic analysis of
the nifH sequences isolated from soil revealed a relatively low specificity. For example,
amplification with the nifH-b1 primer-set that was designed to target nifH of the βproteobacterium Herbaspirillum seropedicae yielded sequences that grouped with three
separate clusters within the nifH phylogeny (Fig. 3.1). Most of the nifH-b1 sequences
clustered with known β-proteobacteria in the α and β-proteobacteria cluster (Fig. 3.1 and
3.7B) and the β-proteobacteria (Azoarcus) cluster (Fig. 3.1). Thus, primer-set nifH-b1 was
effective in selecting for a discrete group of target organisms, and with the exception of the
sequences in the phylogenetically undefined environmental nifH cluster 3, no sequences were
retrieved that clustered with non-β-proteobacteria.
Primer-set nifH-g1 was designed to target Azotobacter nifH sequences from within the γproteobacterial cluster. Using the nifH-g1 primer set, one of the soils (PA) yielded exclusively
sequences that were very closely related to the target nifH sequences of known Azotobacter
strains, while the nifH clones from the two other soils (HW and HA) were not related to the
target sequences (Fig. 3.1 and 3.7A). We assume that this reflects a low relative abundance of
Azotobacter target sequences in the latter soils, which may have promoted non-specific
amplification due to primer-mismatching.
Primer-set nifH-c1, designed to target clostridial nifH, retrieved nifH sequences from the welldrained GA soil that clustered with known clostridial sequences. Previously, nifH sequences
related to this cluster have only been found in soils rich in anoxic microenvironments [16,
40], but not in drained soils [33, 37, 43]. The nifH-c1 primer-set also yielded nifH sequences
from two phylogenetically unidentified clusters, i.e. environmental nifH cluster 1 and
102

Chapter 3: New molecular screening tools for soil diazotrophs
environmental nifH cluster 2 (Fig. 3.1). Environmental clones belonging to either of these
groups have been reported previously in grass rhizosphere and forest soil, respectively
(cluster 1: e.g. UBA313308 [16], cluster 2: e.g. AF099797 [43]). Since these groups of nifH
sequences are apparently present in different soils [16, 43], determination of their
phylogenetic identity might represent an interesting research question. The rather broad
amplification characteristics observed for primer-set nifH-c1 may be related to its relatively
high degree of degeneracy (Table 3.4).
Primer-set nifH-f1, designed to amplify nifH sequences of Frankia sp. d did not yield nifH
sequences from the target phylum (Fig. 3.1). However, its demonstrated capability to amplify
a narrow subgroup of the α- and β-proteobacterial cluster (Fig. 3.7B) warrants further
investigation into the usefulness of this primer-set. This result is most likely due to the
presence of matching primer sites in the amplified diazotrophs that were possibly more
abundant than the symbiotic Frankia in the soils studied.
A large number of non-target nifH sequences amplified with primer-sets nifH-g1, nifH-c1 and
nifH-f1 grouped within the α- and β-proteobacteria cluster (Fig. 3.7B). The environmental
nifH cluster 3 (Fig. 3.1) was another common phylogenetic placement for non-target clones
obtained with primer-sets nifH-g1, nifH-b1 and nifH-c1. A large number of environmental
clones are known to belong to this cluster, but it has so far not been phylogenetically
identified. Sequences belonging to this group were found to be dominant in grass rhizosphere
(“Cluster A” in Hamelin et al. [16]) and were found in other environmental clone libraries
[40, 45]. We have identified a nifH homolog in a published genomic sequence of Geobacter
metallireducens (AAAS01000020), which clusters with these sequences. To our knowledge
this is the first δ-proteobacterial nifH gene sequence that did not cluster with the alternative
nifH clusters. Whether the environmental nifH cluster 3 includes other δ-proteobacterial nifH
sequences cannot be decided without more sequence data from cultured diazotroph δproteobacteria. A high abundance of sequences from α- and β-proteobacteria and
environmental nifH cluster 3 in soil may explain their frequent detection by the new PCR
protocols.
Conclusions. The results presented in this study demonstrated the potential of the “fixed
primer-site” approach for profiling nifH genes of soil diazotrophs. The new primer-sets
amplified nifH strongly and selectively from pure cultures. They also allowed us to focus on
subsets of the nifH gene pool when applied to bulk soil DNA. The diversity of nifH sequences
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retrieved from soil with this approach indicated that soil diazotroph communities are even
more diverse than previous studies with universal primer-sets suggested. As is the case with
the nifH-univ universal primer-set, these new primer-sets and PCR protocols can clearly not
be used as direct diagnostic tools for the identification of specific diazotrophs in soil, or to
deduce a quantitative measure of diazotroph community composition. However, based on the
information provided in this paper, researchers can use these primer-sets to supplement the
nifH-univ primer-set to target groups of interest with higher resolution. Reduction of the
complexity and direct comparability of genetic fingerprints amplified with the new primer
sets makes them more powerful for detection of differences or changes in diazotroph
communities. For phylogenetic identification of nifH sequences retrieved from the
environmental samples with these tools, sequence analyses are still necessary.
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4 mRNA extraction and reverse transcription-PCR
protocol for detection of nifH gene expression of
Azotobacter vinelandii in soil
4.1 Abstract
The study of free-living nitrogen-fixing organisms in bulk soil is hampered by the great
diversity of soil microbial communities and the difficulty of relating nitrogen-fixation
activities to individual members of the diazotroph population. We developed a molecular
methodology that allows for the analysis of nifH mRNA expression in soil in parallel with
determination of nitrogen fixing activity and bacterial growth. In this study, Azotobacter
vinelandii growing in sterile soil and liquid culture served as a model system for nifH
expression, where sucrose served as carbon source and provided nitrogen-limited conditions,
while amendments of NH4NO3 were used to suppress nitrogen-fixation. Soil RNA extraction
was performed with a new optimized direct extraction protocol that yielded non-degraded
total RNA. The RNA extracts were of high purity, free of DNA contamination and allowed
highly sensitive and specific detection of nifH mRNA by use of RT-PCR. The level of nifH
gene expression was estimated by PCR amplification of reverse transcribed nifH-mRNA
fragments using A. vinelandii specific nifH primers. This new approach revealed that nifH
gene expression was positively correlated with bulk nitrogen-fixation activity in soil (r2=0.72)
and liquid culture (r2=0.84) and therefore represents a powerful tool to study specific
regulation of gene expression directly in the soil environment.
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4.2 Introduction
Fixation of atmospheric nitrogen (N) by free-living soil microorganisms is considered a minor
source of bioavailable nitrogen compared to systems such as the Rhizobium-legume or
Frankia-alder symbioses [22, 40]. However, the capacity for asymbiotic N-fixation is present
in most soils [25, 42, 47, 51, 55] and potential soil diazotrophs are found in diverse bacterial
groups such as Proteobacteria, Cyanobacteria, and Firmicutes [42, 55, 56]. Anthropogenic
activities have led to increased nitrogen-fertilization and atmospheric deposition of
bioavailable nitrogen (NH4+, NO3-), thus reducing the extent of N-limitation in many
ecosystems. On the other hand, N-fixation activities of free-living microorganisms can locally
be induced or stimulated by increased C/N ratios or availability of suitable easily degradable
C-sources [21, 24, 43], such as decaying plant material or root exudates [40]. Nitrogenlimited conditions may also be induced after application of organic amendments in
agricultural systems, e.g. after straw incorporation into soil [33, 46]. Temporal and spatial
niches and nutritional requirements for optimal activity of free-living diazotrophs remain
largely unknown, and their role in soil nutrient cycling is still poorly understood.
Most methods in classical microbiology require cultivation of the organism to be studied, and
provide only limited information on in situ activities. In contrast, DNA- and RNA-targeting
techniques allow an in situ analysis of microbial community structures and activities in the
soil environment [3, 17]. DNA sequences with high phylogenetic information content like
rRNA genes have been used for community description and have greatly increased our
knowledge of microbial diversity in the environment [37]. More recently, functional genes,
e.g. the nifH gene as a marker for N-fixation, have also been used for this purpose [41, 55,
58]. While DNA-based studies mainly provide information on community structures, the
study of RNA and specifically the analyses of mRNA expression provides additional
information on activities of specific populations [17]. Many studies have focused on
describing gene expression and regulatory mechanisms in laboratory cultures. However,
culture conditions differ greatly from the natural soil environment, therefore there is an
increasing need to investigate gene expression directly in soil.
A more detailed understanding of the dynamics of N-fixing populations, the activities of
specific groups, and the conditions required for induction of their N-fixing activities in soil
may aid in devising and optimizing nitrogen management strategies for sustainable low input
farming and forestry. Although strategies based on deliberate release [4, 22] or stimulation of
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the natural diazotroph population [20, 21] have yielded variable results in the past, such
strategies may hold considerable potential [21, 22]. In order to advance research in this area,
the development of tools that allow in situ studies of gene expression and activities in the soil
matrix is required.
In order to study gene expression in soil, a robust protocol for the extraction of total RNA,
and more specifically non-degraded mRNA, is required. However, only a small number of
studies have reported successful analyses of mRNA isolated from soil or sediment [9, 15, 19,
27, 29, 35, 53], and there are no reports that directly link expression of genes involved in Nfixation to an assay of nitrogenase activity in soil. Moreover, most investigations required
high-density inoculations or very active communities in order to reliably detect mRNA.
Reliable extraction of mRNA from soil is still considered a challenge in soil microbiological
research [17]. Recent progress in extraction technology, however, has shown that the
approach is feasible [19].
Here we present an effective total RNA extraction protocol based on our published direct
extraction procedure for total nucleic acids [8]. Azotobacter vinelandii, an aerobic free-living
soil diazotroph, was cultivated in a previously sterilized soil and liquid culture. This system
was used to establish and verify the methodology for nifH mRNA extraction and detection by
reverse transcription and PCR. N-fixation was either induced by providing excess organic
carbon (sucrose) or repressed by providing excess bioavailable N (NH4NO3). Population
growth, bulk N-fixing activities, and nifH mRNA expression were monitored and compared to
link nifH gene expression to N-fixing activity in a soil environment.

4.3 Materials and methods
4.3.1 Preparation of Azotobacter vinelandii inoculum
Inoculum for liquid medium- and sterile soil-microcosms was prepared by growing A.
vinelandii (strain DSM 85, German Collection of Microorganisms and Cell Cultures,
Braunschweig, Germany) to late log phase (approximately 5×107 cells ml-1) in ATCC 14
medium (American Type Culture Collection, Manassas, VA). Cells were centrifuged (10 min
at 550 × g, 10°C) and resuspended in sterile saline (0.1% NaCl). Cell concentration of the
inoculum was determined by direct cell counting using a Zeiss Axioplan microscope (Zeiss,
Oberkochen, Germany) and a bright line counting chamber (Hausser Scientific, Horsham,
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PA). The cell concentration of the inoculum was adjusted to 1×105 cells ml-1 with sterile
saline.
4.3.2 Preparation of liquid medium microcosms
Liquid medium treatments were prepared in 250 ml baffled Erlenmeyer flasks closed with
cotton stoppers. The culture medium (ATTC 14) contained 2% sucrose as a carbon source.
Inoculum (1 ml) was added to 99 ml liquid medium, resulting in a starting concentration of
1x103 cells ml-1. Treatments that received 1 ml filter sterilized 2 M NH4NO3 are referred to as
LC+N. The LC-N treatments received 1 ml sterile water instead of NH4NO3. A sterile control
(LC-control) was identical to the LC+N treatment, but received 1 ml sterile saline instead of
inoculum (Table 4.1).
Table 4.1: Starting conditions of the experimental treatments and controls.
Matrix a

A. vinelandii b
[cells ml-1 or g-1]

Sucrose
[%]d

NH4NO3 c
[µmol ml-1 or g-1]

Replicates

LC+N

Liquid medium

1x103

2

20

2

LC-N

Liquid medium

1x103

2

0

2

SC+N

Sterile soil

1x103

2

20

2

Sterile soil

1x10

3

2

0

2

LC-control

Liquid medium

0

2

20

1

SC-control

Sterile soil

0

2

20

1

Non-sterile soil

n.a.

0

0

1

Treatment

SC

-N

Reference soil
a

Liquid medium: ATTC 14; Soil: “Pappelacker” (see text)
Strain DSM 85
Concentration of NH4NO3 amendment, soil contains additional indigenous nitrogen
d
Liquid medium: wt/vol; soil: wt/wt
n.a.: not applicable
b
c

4.3.3 Preparation of soil microcosms
Soil (Pappelacker) was obtained from Les Barges, Valais, Switzerland. The physical and
chemical properties of this soil are as follows: soil unit, calcaric fluvisol (Food and
Agriculture Organization); texture, sandy loam (U.S. Department of Agriculture); clay
content, 4.2% (54); silt content, 20.3% (54); sand content, 75.5% (54); organic C content,
0.8% (54); organic N content, 0.09% (54); pH 7.5 (1 M KCl) (this study); water-holding
capacity, 44.4% (54); and cell content (4,6-diamidino-2-phenylindole [DAPI]- stained cells),
9±1 × 108

b

cells g (this study). Soil microcosms were prepared in 500-ml infusion bottles.
_1

One hundred grams of soil was placed in each bottle, and the bottles were closed with cotton
stoppers and sterilized by autoclaving three times for 30 min at 121°C, with two days of
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incubation in between autoclaving. A non-sterilized sample was stored at 10°C and used as a
reference soil for RNA extraction.
Sucrose crystals (molecular biology grade, Fluka, Buchs, Switzerland) were sterilized by
exposure to UV light on a transilluminator (TS-36, UVP Inc., San Gabriel, CA) for 20 min.
The treatments receiving 2 g sucrose crystals and 1 ml sterile NH4NO3 (2 M) are referred to as
SC+N (Table 4.1). One ml of inoculum was sprinkled over the soil, resulting in a final
concentration of 1x103 cells g-1 soil. The SC-N microcosms received 1 ml sterile water instead
of NH4NO3 solution. A sterile control (SC-control) was prepared as described for the SC+N
treatment, but it received 1 ml sterile saline instead of inoculum (Table 4.1). The contents of
all microcosms were thoroughly mixed. The final soil water content after inoculation was
approximately 40% WHC and remained constant throughout the experiment.
4.3.4 Microcosm incubation conditions and sampling
All microcosms (Table 4.1) were incubated in a climate chamber at 25°C for one week in the
dark. The liquid medium was agitated on a rotary shaker at 150 rpm.
Samples for direct cell counts, N-fixation activity, and ammonium concentrations were taken
immediately after inoculation and then every 24 h for three days. An endpoint measurement
was performed after 7 days. Nucleic acid extractions were performed two and three days after
inoculation and also for the endpoint samples. On day 3 and day 7 the liquid cultures were
very dense and had accumulated high concentrations of exopolymeric substances. This
rendered both centrifugation and filtration difficult or impossible. Therefore, determination of
ammonium concentrations and extraction of nucleic acid extracts could not be performed for
some of these samples.
4.3.5 Cell counts
For determination of cell counts, a sample of soil or liquid culture was harvested from each
microcosm. Direct cell counts in soil were determined by staining with the DNA specific dye
4’6-diamidino-2-phenylindole (DAPI) according to the method of Zarda et al. [57]. Cell
numbers and standard deviations were calculated as cells per gram of soil or cells per mililiter
medium.
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4.3.6 Nitrogen-fixation
Nitrogen-fixation was estimated by the acetylene (C2H2) reduction assay (ARA) [2]. Soil (10
g) or culture (10 ml) was transferred into 60 ml serum bottles sealed with butyl stoppers.
Approximately 10% of the remaining air volume (50 ml) was replaced with 5 ml acetylene.
Incubation was performed under the conditions described above. The ethylene (C2H4)
concentration in 0.5 ml headspace samples were determined on a 8000 GC gas chromatograph
equipped with a flame ionization detector (Carlo Erba Instruments, Milan, Italy) and a
Hayesep N column, 100/120 mesh, 2 m x 1.0 mm (BGB Analytik, Anwil, Switzerland)
running at 75°C. Three measurements were performed starting 5 minutes after addition of
C2H4 and repeated two times in 1 h intervals. The rate of C2H4 production was determined
from the slope of the linear regression of time and C2H4 concentration and was expressed as
nanomoles of C2H4 per hour per gram of soil or milliliter of medium. The significance of each
rate determined was tested by using Excel’s regression analysis tool.
4.3.7 Ammonium concentrations
For determination of soluble ammonium in soil, 1 g soil was extracted with 1 ml distilled H2O
[45]. In brief, the slurry was vortexed for 10 s, incubated for 30 min on ice and vortexed again
for 10 s. The supernatant was collected after centrifugation for 10 min at 9500 × g at 4°C. In
liquid medium microcosm samples, cells were removed by centrifugation, and supernatants
were filtered (0.2 µm filters). Ammonium ion concentrations in 15-µl extract samples were
detected according to Nickel et al. (1999) [32] by ion chromatography on a Dionex DX-100
ion chromatograph equipped with Ionpac SC12 column (Dionex, Sunnyvale, CA) and
quantified with Chrom-Card for Windows (Fision instruments, Rodano, Italy). The results
were expressed as nanomoles per gram (dry weight) of soil or nanomoles per milliliter of
medium.
4.3.8 RNA extraction
From each soil sample, three sub-samples were extracted using a bead beating based total
nucleic acid extraction method [8] with minor changes. Briefly, 0.5 g soil, 1.25 ml extraction
buffer (0.2% hexadecyltrimethylammonium bromide (CTAB), 1 mM 1,4-dithio-DL-threitol
(DTT), 0.2 M sodium phosphate buffer (pH 8), 0.1 M NaCl and 50 mM EDTA) and 0.75 g
silica beads (0.1 mm diameter, B. Braun Biotech International GmbH, Melsungen, Germany)
were processed in a bead beater (Bio101 / Savant, Farmingdale, NY) for 45 s at 6 m s-1. After
centrifugation, 850 µl supernatant was extracted with 1.5 ml of a 1:1 mixture of phenol (pH 8)
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and chloroform / isoamyl alcohol (24:1, CIA) and again with 750 µl CIA. Each extracted soil
pellet was extracted again with 850 µl fresh buffer and processed as described above. The
extracts from the sub-samples of each microcosm and both extractions were pooled in a 15 ml
sterile falcon tube. Aliquots (800 µl) were stored at –80°C until the end of the 7 day
incubation period. For total nucleic acid and RNA extraction, separate aliquots were
processed. Nucleic acid extracts were precipitated from thawed aliquots for 1 h at 37°C with
850 µl RNAse-free precipitating solution (20% polyethylenglycol, 2.5 M NaCl). After
centrifugation at 16,000 × g for 30 min, pellets were washed once with cold ethanol (70%).
For direct use in PCR, pellets containing total nucleic acid extracts were dissolved in 100 µl
TE buffer. For preparation of pure RNA extracts, pellets were dissolved in 30 µl of 1x
reaction buffer containing 3 U RNAse-free DNAse I (Promega, Madison, WI) and incubated
for 30 min at 25°C. DNA digestion was stopped by adding 125 µl RNA extraction reagent
(0.6% CTAB, 1 mM DTT, 50 mM sodium acetate [pH 4.5], treated with 0.1% diethyl
pyrocarbonate and autoclaved [10]). RNA extraction reagent should be at room temperature to
avoid CTAB precipitation. The solution was extracted once with 250 µl of a 1:1 mixture of
phenol (pH 4.5) and CIA and once with 200 µl CIA. The Supernatant (150 µl) was transferred
to a fresh tube, then 1 µl glycogen (10 mg ml–1, Amersham Biosciences Europe GmbH,
Dübendorf, Switzerland) was added before precipitating RNA with 200 µl isopropanol by
incubation for 3 min at room temperature and 3 min on ice. Tubes were centrifuged at 0°C for
10 min at 16000 × g. Pellets were washed once with 500 µl cold ethanol (70%), air dried,
dissolved in 30 µl cold RNAse-free water, and stored at –80°C.
Cells were harvested from liquid medium microcosms by pipetting 10 ml liquid culture into
sterile 15 ml tubes on ice. To stop cell growth and conserve RNA content, 1 ml ethanol /
phenol mixture (5% phenol in 96% ethanol) was added. Samples were centrifuged (550 × g,
15 min, 4°C), and pellets were stored at –80°C until the end of the experiment. For nucleic
acid extraction, samples were thawed on ice and cells were resuspended in a final volume of 1
ml (day 2) or 5 ml (days 3 and 7) sterile H2O. Aliquots of the suspension (200 µl) were lysed
with 100 µl proteinase K (6 mg ml-1) and 3 µl sodium dodecyl sulfate (10%) and incubated
for 5 min at 37°C. The lysate was extracted once with 300 µl of a 1:1 mixture of phenol (pH
8) and CIA and once with 300 µl CIA. Nucleic acids were precipitated with 750 µl ethanol
and 30 µl sodium acetate (3 M, pH 5.2) at –80°C over night. Centrifugation, RNA cleanup,
and storage were then performed as described above for soil.
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4.3.9 Quantification and quality of RNA
RNA was quantified using the RiboGreen kit (Molecular Probes, Eugene, OR) in analogy to
the method for DNA quantification in soil extracts using PicoGreen [8, 48], by combining
1 µl RNA extract or RNA standard and 400 µl RiboGreen (1:4000 in TE-Buffer).
Fluorescence was determined with a luminescence spectrophotometer (LS 50 B, Perkin
Elmer, Rotkreuz, Switzerland) with an excitation wavelength of 480 nm and emission
wavelength of 520 nm. Standards were prepared from the RNA standard solution supplied
with the RiboGreen kit.
RNA quality was checked by electrophoresis of 6 µl RNA extracts (equivalent to RNA
extracted from 0.1 g soil or 0.4 ml liquid culture) in 2% agarose gels together with a
molecular size marker (1-kb DNA Ladder, Life Technologies AG, Basel, Switzerland).
4.3.10 Primer design
A. vinelandii specific nifH primers were designed at the positions defined by Widmer et al.
(1999) [55] for nested universal nifH PCR. The primer sequences were designed according to
published nifH sequences for A. vinelandii (Gen Bank accession numbers: M11579, M20568).
The sequence of primer nifH-g1-forB (forward) was GGTTGTGACCCGAAAGCTGA;
Primer nifH-g1-rev (reverse) was GCGTACATGGCCATCATCTC. Comparison of these
primer sequences against sequences published in GenBank verified the specificity of the
primer set for published A. vinelandii nifH sequences.
4.3.11 Reverse transcription and PCR
All RNA samples were diluted to 3 µg ml-1 prior to reverse transcription (RT) except for
reference soil samples (Ref. Soil DNA: 66 ng DNA µl-1; Ref. Soil RNA: 32 ng RNA µl-1). To
remove secondary structure, a 5 µl aliquot of the RNA extracts was heated for 3 min at 65°C
and immediately placed on ice. For cDNA synthesis, 20 µl RT reaction mix [13] was added.
RT reaction mix contained 50 mM KCl, 10 mM Tris (pH 8), 1.5 mM MgCl2, each
deoxynucleoside triphosphate at 0.1 mM, 15 U AMV reverse transcriptase (Amersham
Biosciences) and 0.1 µM primer (for cDNA synthesis from nifH mRNA: nifH-γ1-rev; for
cDNA synthesis from SSU rRNA: uni-b-rev [3, 7]: GACGGGCGGTGTGTRCAA,
(Microsynth, Balgach, Switzerland). The reactions were incubated for 5 min at 25°C and then
at 42°C for 1 h. AMV was inactivated by heating the reactions to 95°C for 5 min before
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storing samples at –20°C. To test for DNA contamination of the RNA extracts, control
reactions were prepared as described above, but AMV reverse transcriptase was not added.
PCR conditions were adjusted to allow for sensitive detection of A. vinelandii nifH (data not
shown). To allow for a relative quantification of nifH mRNA, preliminary experiments were
carried out with stepwise reduction of the number of PCR cycles to determine the maximum
cycle number at which none of the samples reached the amplification plateau. For
amplification of nifH cDNA, 1 µl of the RT reaction product was used in a subsequent PCR.
In a final volume of 50 µl, the reaction mixture contained 0.8 mM MgCl2, 0.2 mM of each
deoxynucleoside triphosphate, 0.2 µM of each primer (nifH-g1-forB and nifH-g1-rev),
5 mg ml–1 bovine serum albumin and 1 × PCR buffer (Amersham Biosciences). Taq DNA
polymerase (1 U) was added to the PCR mix under hotstart conditions [55]. Reaction
conditions were 43 cycles of denaturation at 95°C for 11 s and 92°C for 15s, annealing at
58°C for 8 s and 60°C for 30 s and extension at 74°C for 8 s and 72°C for 10 s, followed by a
final extension at 72°C for 5 min.
cDNA of SSU rRNA was amplified with bacterial SSU rRNA gene specific primers
(EUB338-for [3] / uni-b-rev), according to a previously described protocol [8] but using 35
cycles. Reaction products (nifH 0.37 kb, bacterial SSU rRNA: 1.07 kb) were visualized with
ethidium bromide DNA stain following agarose gel electrophoresis. Fragment sizes were
confirmed by comparison with a 1-kb DNA Ladder molecular weight marker (Life
Technologies AG).
The intensities of RT-PCR products on agarose gels were quantified with the GelDoc 2000
system and the volume tool of the QuantityOne software (Bio-Rad, Hercules, CA).
Background subtraction was performed using an average background reading from an empty
lane at the position of the PCR product band. Data are presented in arbitrary units of
intensities per square millimiter.
RFLP analyses [55] of RT-PCR amplified bacterial SSU rRNA extracted after 7 (soil) and 3
days (liquid culture) indicated that all treatments still contained pure cultures of A. vinelandii
(data not shown)
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4.4 Results and discussion
4.4.1 RNA extraction
In a number of studies, mRNA extracted
from soil or sediment has been analyzed
using both specific detection of functional
genes [5, 15, 19, 27, 35, 53] and
differential display based on arbitrary
primers [15]. However, a recent review
by Sayler et al. [49] noted the small
number of studies that have been initiated
to relate mRNA levels to specific
microbial activities in soil [14, 15, 36]. It
is clear that the use of mRNA analyses as
a standard tool in soil microbial ecology
is

still

hindered

by

methodological

difficulties.
The objective of the present study was to
develop and validate a set of methods
which allow the combination of molecular
analyses

of

measurement

nifH
of

mRNA
cell

with

numbers

the
and

enzymatic activities.
The developed protocol for soil RNA
extraction yielded high quality total RNA
indicated by sharp bands of SSU and LSU
rRNA

and

lack

of

visible

DNA

contamination in the extracts (Fig. 4.1A).
The suitability of extracted RNA for
reverse transcription was demonstrated by
RT-PCR of bacterial SSU rRNA. All
samples yielded strong amplicons of the
expected 1070 bp size (Fig. 4.1B).
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Fig. 4.1: Gel images illustrating the quality of RNA
extracts and their suitability for RT-PCR. In each
panel the arrows on the left indicate the position of
the expected bands on each gel. Small arrows on the
right indicate the 1636 bp and the 517/506 bp
fragments of the molecular weight marker. Lane
designations: Lane 1: Total nucleic acid extract from
reference soil, lane 2: Total RNA extract from
reference soil. Lane 4-9: duplicate SC-N RNA
extracts: lanes 4,5: day 2, lanes 6,7: day 3, lanes 8,9:
day 7. Lanes 11,12: LC-N liquid culture RNA extracts
from day 2. Lanes 3,10: 1kb DNA marker. A: 6 µl
(equivalent to RNA from 0.1 g soil or 0.4 ml liquid
culture) of nucleic acid extract samples (2% agarose).
B: 6 µl of 50 µl bacterial SSU rRNA RT-PCR
products (1070 bp; 1% agarose). Reference soil
extracts were used undiluted, all other samples were
diluted to 3 ng µl-1 prior to RT. C: 6 µl of 50 µl
bacterial SSU rRNA PCR reactions to test for DNA
contamination (1% agarose). Reactions were
identical to those shown in B, but did not contain
AMV reverse transcriptase in the RT step. D: 6 µl of
50 µl A. vinelandii nifH RT-PCR products (370 bp;
2% agarose).
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Control reactions that did not contain AMV reverse transcriptase in the RT step were
performed to test for DNA contamination and were always negative (Fig. 4.1C). Only
reference soil total nucleic acid extract yielded the expected positive PCR amplification. The
presence of nifH mRNA was demonstrated by A. vinelandii-specific nifH RT-PCR which
yielded positive results of the expected size (approx. 371 bp) with all samples (Fig. 4.1D).
Complete removal of DNA is crucial for highly sensitive RT-PCR assays, especially
considering that high cycle numbers are necessary for the amplification of nifH transcripts
from soil. Therefore several alternative methods for DNA removal were tested. To obtain pure
RNA from the initial total nucleic acid extracts, DNA was selectively removed by the
combined use of DNAse digestion and acid phenol extraction [6, 13], which proved more
efficient than either method used individually: Skipping the DNAse digestion resulted in
RNA extracts that appeared to be DNA-free upon visual inspection after gel electrophoreses.
However, positive amplification was observed in control RT-PCR reactions not containing
AMV reverse transcriptase, indicating residual contamination with DNA (data not shown).
Replacing the acid phenol extraction step with heat inactivation of the added DNAse resulted
in extracts on which RT-PCR was frequently unsuccessful. Similarly, the use of commercially
available spin columns for DNA removal from the initial extracts also resulted in
unsatisfactory RNA cleanup (data not shown).
The RNA quantification using RiboGreen was very reliable and sensitive. RNA standard
addition to RNA extracts indicated a small quenching effect (< 15 %) that increased with cell
densities, and was similar for soil and liquid culture extracts (data not shown). The cleanup
procedure was repeated four months after initial storage of raw extracts to test the
reproducibility of the protocol and the potential for RNA degradation during storage.
Although the RNA concentrations in the second extraction were reduced to about 78% of the
initial extraction, the concentration changes between samples were highly consistent (Fig.
4.2A). RNA yield from soil increased with time in all treatments (Fig. 4.2B).
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Fig. 4.2: Quantification of RNA extracted from soil after two, three and seven days of incubation. A:
Correlation of RNA concentrations determined with RiboGreen® in extracts purified from raw total
nucleic acid extracts one week (extraction 1) and 4 months (extraction 2) after the end of the experiment,
indicating reproducibility of the RNA cleanup protocol. B: Total RNA yield from extraction of A.
vinelandii inoculated soil over time (extraction 1). Symbols: , SC+N replicate 1; z, SC+N replicate 2; ,
SC-N replicate 1, {, SC-N replicate 2.

The SC-N treatment with induced N-fixing populations yielded higher RNA concentrations at
day 2 and 3. However, the highest RNA yields of 1.5 and 2.5 µg g-1 were obtained on day 7
from the NH4NO3 amended SC+N treatment (Fig. 4.2B). RNA contents in soil were strongly
determined by cell density (r2 = 0.83, significant at p=0.01). However, the extractable RNA
content per cell was highest in both soil treatments on day two (SC–N: 41 and 36 ng RNA 10-6
cells; SC+N: 14 and 13 ng RNA 10-6 cells), and subsequently decreased to about
5 ng RNA 10-6 cells at day three and seven in all treatments. The presented protocol
emphasizes purity and quality over high yields of extracted RNA. Nevertheless, when our
RNA extraction method was tested on the non-sterile reference soil, RNA yield (4.0 µg g-1
soil) was comparable to previous methods, which reported yields between 1 and 3 µg g-1 soil
[6, 30, 53]. Higher yields were reported by Hurt et al. [19], ranging from 7.3 to 56.1 µg g-1 in
several soil samples. Sessitsch et al. [50] compared three different methods and various
pretreatments and reported yields were between 0.64 and 9.94 µg g-1. However, data on cell
numbers or biomass in these soils is missing and different methods of RNA quantification
were used, making a direct comparison difficult. A more detailed comparison of RNA yields
obtainable with different methods and different soils may help to define optimal extraction
protocols for specific systems and research questions.
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Our method for soil RNA extraction offers a number of advantages over previously published
protocols. It is based on an optimized nucleic acid extraction with a highly efficient and fast
bead beating method [8] and uses only small amounts (0.5 g) of soil. The extraction buffer
allowed for both soil DNA and total soil RNA isolation, due to the nuclease (protein)
denaturing capacities of CTAB and DTT and the rapid application of the phenol / chloroform
extraction [10, 13]. Since the RNA cleanup procedure is a separate step of the protocol, the
method is suited for simultaneous analyses of DNA and RNA from the same total nucleic acid
extract. In addition, successful nifH mRNA amplification after 4 months of storage of raw
extracts (data not shown) showed that mRNA is protected in phenol / chloroform treated raw
extracts at –80°C. Temporally separating the initial extraction procedure from the cleanup
protocol will facilitate future experiments with higher sample numbers or field studies.
4.4.2 Physiological response: Growth and ammonium uptake of A. vinelandii
Data from all sampling dates revealed that NH4NO3 addition induced different growth
responses in soil and liquid culture. Between day 2 and day 3 cell densities of A. vinelandii in
soil were still lower compared to liquid culture (Fig. 4.3A). In soil however, considerable
growth was observed between day 3 and day 7 and both soil treatments reached higher cell
densities compared to the LC–N treatment at day 7 (Fig. 4.3A). In soil, cell densities were
higher in the SC-N treatment compared to the SC+N treatment throughout the experiment, but
the reverse observation was made for the liquid medium microcosms (Fig. 4.3A). No cell
growth was observed in the sterile controls for soil and liquid culture.
Direct cell counts using DAPI staining provided a simple means of accurately and
comparably determining cell densities in both liquid and soil culture. A. vinelandii grew well
in both systems.
While there is considerable literature on growth and nitrogen-fixation of A. vinelandii in
liquid culture on defined and undefined media [1, 31, 34, 38], the physiology of this organism
in soil has not been described in detail. Experiments with A. chroococcum indicate similar
growth characteristics as observed for A. vinelandii in this study [44].
In treatments without NH4NO3 addition (LC-N, SC-N), no ammonium was detected during the
first two days of incubation. After 3 days, the ammonium concentration increased slightly in
the duplicate SC-N treatments to 1.3 and 1.4 µmol g-1, respectively. In one of the duplicates of
the SC+N treatments the concentration of ammonium decreased continuously from 15.3 to
12.3 µmol g-1 over the course of the experiment, while the other did not show a clear trend,
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overall decreasing from 17.6 to 15.6 µmol g-1. The ammonium concentration in the SCcontrol was 18.5 µmol g–1 by the end of the experiment. In the LC+N treatment the
concentration of ammonium decreased more rapidly from approximately 20.1 and 19.2 µmol
ml-1 to 9.1 and 8.1 µmol ml-1 on day two. The LC-control contained 17.4 µmol ml–1 on day
seven.
The ammonium data indicated that throughout the experiment nitrogen limiting conditions
were maintained in SC-N and LC-N treatments and nitrogen excess was maintained.
Ammonium concentrations decreased much more rapidly in liquid culture compared to soil,
and these differences in the availability of ammonium in soil vs. liquid culture may be partly
responsible for the different growth rates of A. vinelandii described above. Assuming a cell
dry weight of 0.2 ng × 106 cells and a nitrogen content of 10%, (see Paul, 1996 [39]) we
calculated the expected reduction of the ammonium concentration based on the measured cell
densities. Based on this calculation, the N content of the biomass after 7 days represents about
50% of the added ammonium both in LC+N and SC+N treatments, indicating that the added
ammonium was sufficient to account for the observed biomass production. The relatively high
ammonium concentration in soil even after 7 days, indicated a resuply of the extractable
ammonium pool from soil-bound ammonium.
This data suggested that a model system was established which allowed for suitable growth
conditions for A. vinelandii while maintaining either nitrogen-limited or nitrogen-excess
conditions in the respective treatments. The different growth responses to NH4NO3 addition
depending on the matrix (soil or liquid culture) demonstrated the importance of in situ studies
of physiology and gene regulation in soil habitats.
4.4.3 Nitrogen-fixation and detection of nifH gene expression
In all treatments with addition of NH4NO3 (LC+N and SC+N), N-fixation activity remained
very low (< 2 nmol C2H4 h-1 g-1) throughout the experiment (Fig. 4.3B). In the SC+N
treatment, low N-fixation activity was observed which increased slightly over time; in LC+N
treatment and in sterile controls rates of ethylene formation remained below 0.1 nmol
C2H4 h-1 g-1 (Fig. 4.3B) and were not significant (p=0.05). Highest activities were observed
during the early growth phase of the LC-N and SC-N treatments, on day 2 for LC-N treatment
(199 and 169 nmol h–1 ml–1) and on day 3 for SC-N (160 and 247 nmol h–1 g–1).
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Fig. 4.3: Cell densities, nitrogen-fixation activity and intensities of nifH mRNA expression plotted against
time. A: Cell counts of DAPI stained bacteria in liquid culture and soil. B: Nitrogen-fixation activity
determined by the acetylene reduction method in liquid culture and soil. Upper plot: SC-N and LC-N.
Lower plot (reduced scale): SC+N and LC+N. C: Intensities of nifH mRNA RT-PCR products determined
by image analyses of gel images. Left column: liquid culture (LC) treatments, right column: soil culture
(SC) treatments. Error bars in panel A and B indicate the standard error of the measurement. Symbols:
, LC+N or SC+N replicate 1; z, LC+N or SC+N replicate 2; , LC-N or SC-N replicate 1, {, LC-N or SC-N
replicate 2; ¯, LC-control or SC-control; n.d.: not determined.
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After these maxima, N-fixation rates decreased to 0.3 and 0.2 nmol h–1 g–1 in LC-N and 2.5
and 0.9 nmol h–1 g–1 in SC-N at day 7. Our observations are in agreement with previous studies
showing that additions of ammonium and nitrate exhibit strong regulatory effects on the Nfixation process [12, 23, 31].
Direct quantification of PCR products from band intensities on gels or blots is frequently used
as a simple method for quantification of DNA template concentrations in soil [5, 16, 54]. A
number of precautions were taken to ensure that RT-PCR could be used as a semi-quantitative
method to determine expression of nifH in soil. RT conditions were constant for all samples.
By adjusting the number of PCR cycles in preliminary experiments we assured that PCR
amplification did not reach a plateau in any of the samples. In addition, a separate dilution
experiment showed that the measured product intensity of A. vinelandii nifH PCR products
was linearly related to the logarithm of the template concentration (r2 = 0.97, data not shown).
In a pure-culture system such as the one used in this study, the intensity of the A. vinelandii
nifH-specific RT-PCR product can be used to directly obtain a semi-quantitative measure of
the amount of nifH mRNA, while amplification from community DNA may necessitate the
use of specific probes to ensure specific quantification [5]. Due to the great range of cell
densities and the presumably different RNA extraction efficiencies for soil and liquid culture
it is not feasible to use an absolute quantification of mRNA templates. Consequently, mRNA
samples from all sampling dates and treatments were adjusted to a total RNA concentration of
3 µg ml-1 prior to RT-PCR detection of A. vinelandii nifH. Quantification of RT-PCR
amplicons from the diluted extracts was therefore relative to the total RNA content and thus a
measure of the relative expression of the functional gene.
Transcripts of nifH were detected in analyzed diluted RNA samples from day 2 onwards
(Fig. 4.3C). Transcripts were detected in treatments with and without NH4NO3 amendment,
but for nitrogen fixing LC-N and SC-N treatments signal had approximately twice the intensity
as compared to the non-amended treatments on day two and three (Fig. 4.3C). According to
the regression analysis of the template dilution experiment, a doubling of the signal strength
corresponds to a template increase of approximately 2.5 orders of magnitude. The intensities
of the RT-PCR product correlated significantly (p=0.01) with the logarithm of the observed
specific N-fixation activity (Fig. 4.4A and 4.4B) and the correlation coefficients for the
exponential fitting functions were comparable in liquid culture (r2=0.84) and soil (r2=0.72).
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Fig. 4.4: The relation of A. vinelandii nifH RT-PCR product intensity quantified from ethidium bromide
stained agarose gels with specific N-fixation activity determined by acetylene reduction. A: Liquid culture
treatments. B: Soil culture treatments. The correlation coefficients of the exponential fitting functions
were highly significant (p = 0.01) for both treatment types.

It is well known that expression of all nitrogenase systems is repressed by high cellular
concentrations of fixed nitrogen [28]. We therefore expected strongly reduced N-fixation
activity and reduction of nifH mRNA levels in the LC+N and SC+N treatments. Although Nfixation activities remained below the detection limit in LC+N and never reached more than
1% of the maximum activity in SC+N treatments (Fig. 4.3B), considerable levels of nifH
mRNA were detected (Fig. 4.3C). This observation was in agreement with reports indicating
that expression of nifH can take place in the presence of relatively high levels of fixed
nitrogen, as previously demonstrated, e.g. for Rhodobacter capsulatus, where nifH expression
could be detected at ammonium concentrations of up to 12.5 mM [18]. A possible explanation
for this observation is the presence of post-translational regulation mechanisms that have been
described for many known diazotrophs [26]. Whether transcription of nifH is more stringently
regulated in natural soil systems, which are more oligotrophic in nature than our sucroseamended system remains to be studied.
Despite the relatively small number of samples and low resolution on the time scale we were
able to clearly show effects of the presence of ammonium in a soil system on the expression
of nifH mRNA in A. vinelandii. This represents an important step towards the study of gene
regulation and a more detailed understanding of microbial processes in soil. Combination of
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specific mRNA and bulk activity detection in natural soils provide a powerful tool to
approach activities and processes in complex soil microbial communities. The combination of
specific real-time PCR with the developed methods would provide an even more powerful
method of quantification for RT-PCR, but will require considerable optimization [11, 52].
4.4.4 Conclusions
Our results with the newly developed methods suggested that detection of active members of
natural soil microbial communities is feasible. However, detection of background levels of
nifH mRNA from A. vinelandii populations that did not exhibit detectable N-fixation also
suggests that results obtained from environmental samples must be interpreted with caution.
A combined approach using both molecular tools and measurements of enzymatic activity
will be necessary when studying complex microbial communities. The A. vinelandii pure
culture in combination with the developed methods for RNA extraction and nifH mRNA
detection, provided a suitable model system for relating cell numbers, nifH mRNA expression
and enzymatic activity in soil, using N-fixation as a model function.
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5 Discussion and outlook
5.1 Linking structure and function of microbial populations
5.1.1 Current limitations of methods for the study of structure-function
relationships of microorganisms in the environment
This thesis focused on developing and improving molecular tools targeting the nifH gene for
the description of free-living diazotroph communities in soil. In a more general sense, a goal
of this thesis was to contribute to the ongoing efforts to develop tools for the identification of
organisms performing a microbially catalyzed process in complex environmental systems
[28]. Or, in other words, to contribute tools that allow to bridge the gap between the relatively
advanced tools for determining microbial community structure, e.g. based on the rRNA
approach [3] and the activities of these microbial communities, which are mostly determined
on a macroscopic scale [28, 29].
Prior to the development of molecular methods, a number of classical tools have been applied
to study both the activity and population structure of diazotrophs. With respect to N-fixation,
studies on pure cultures of many different diazotroph species have elucidated the biochemical
and physiological foundations of BNF (see e.g. [30, 34, 55, 74]). The acetylene reduction
assay [2, 32] and methods based on stable isotope measurements [36, 60] have been used to
quantify N-fixation rates. Isotopic techniques are capable of tracing the fate of biologically
fixed N in an ecosystem [35]. Diazotroph populations have been characterized using plate
counts [67] or the most probable number (MPN) technique [54, 79]. However, classical
cultivation-dependent methods have well known limitations concerning the quantification of
prokaryotes in the environment and the description of diversity and population structure [3,
65, 82, 94]. The physiological diversity of diazotrophs does not allow for a simultaneous
cultivation of this group [46, 105, 106]. Considering these limitations it has been very
difficult to establish links between N-fixation activity determined in the field and the in situ
population structure based on these methods.
Molecular methods, specifically the rRNA approach have greatly improved the ability to
describe the structure of microbial communities [3, 65]. However, it has remained a difficult
task to relate this data to the activity and function of microbial communities in their habitat
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[29, 65]. Knowledge of the genetic identity of an organism as determined by analysis of its
rRNA genes often holds only limited information on the physiological potential of the
organism, much less its actual function and activity in the environment [62, 65].
Diazotroph organisms belong to many different phylogenetic and physiological groups (see
chapter 1, [108]). However, all of the phylogenetic divisions known to contain diazotrophs
also contain strains that are incapable of performing BNF [108]. Consequently, diazotrophs
lack specific biomarkers such as unique phospho-lipid fatty acids and they can not be easily
targeted by rRNA-targeting gene probes. As a result, approaches based on tracing the
incorporation of isotopic tracers into nucleic acids or phospho-lipid fatty acids, which have
been used e.g. to study relationships between community structure and carbon flow [8, 52,
75], would be very difficult to apply to the BNF process. However, diazotrophs have been
studied using specific molecular methods targeting functional marker genes, especially nifH
[44, 103, 106]. Therefore, the study of mRNA of this gene as a molecular link between the
diazotroph community structure as defined by the gene pool and N-fixation activity would be
a powerful tool [29, 61, 113].
5.1.2 mRNA detection as a tool to study microbial activity in the environment
The study of mRNA in the environment is still a very recent development. Progress in this
field has been hampered by the misconception that the half-lives of prokaryotic mRNA are
too short to allow to allow their study in environmental samples and the difficulty of
extracting pure and intact mRNA, particularly from soils [86]. The feasibility of the approach
has since been proven by a number of studies carried out during the last decade that have
successfully analyzed mRNA from environmental samples, including soils and sediments
(e.g. [26, 38, 53, 61, 86, 102, 111]). Nevertheless, the difficulty of obtaining pure intact
mRNA from soils has been a considerable obstacle for a more widespread use of this
approach [29, 86].
One underlying assumption of this approach is that mRNA is a good indicator of phenotypic
expression [86]. However, it should be stressed that mRNA represents only an intermediary
element in the chain of events that lead from genes to active enzymes (Fig. 5.1). Once
synthesized, enzymes might have a much longer lifespan than the mRNA strand they were
translated from [45]. On the other hand, mRNA may be synthesized even when posttranscriptional and post-translational regulation suppress the formation of the enzyme or the
activity of the enzyme itself [9, 37]. When studying a microbial community, activity could
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therefore theoretically originate from organisms that are not identical to the ones currently
producing mRNA. Knowledge of the regulation mechanisms that govern transcription of a
specific functional gene and preliminary studies exploring the relationship between
transcription and activity in a particular environment will aid the interpretation of mRNA
data. However, it should be noted that these difficulties are not only a limitation.
Immunological methods that allow for the study and quantification of enzymes in situ are
available [88, 111] (see below). The application of immunological methods and mRNA
detection in parallel would allow us to study the relationship between mRNA production, the
presence of enzyme, and its activity. This approach may present researchers with the
opportunity to study the processes mediated by microbial communities in even greater detail
by investigating the effects of regulation in situ.

1
DNA

2
mRNA

3
protein

active enzyme

Fig. 5.1: The flow of information from gene to enzyme according to the “central dogma of molecular
biology” [20]. RNA polymerase transcribes DNA to mRNA (1), which is followed by translation of the
mRNA to a polypeptide at the ribosome (2). The polypeptide folds into a protein with a defined secondary
and tertiary structure. Further modifications of this protein, e.g. by addition of cofactors or modification
of certain amino acid residues (3) may be necessary before it can function as an active enzyme that
performs a specific function (e.g. catalyzes a reaction). Each of the steps in this process (1-3) may be
subject to regulation.

It may be speculated that the relationship between expression and activity might be closer in
soil as compared to laboratory cultures. Laboratory cultures are usually in a state of rapid
growth and thus rapidly changing conditions, and the prediction of metabolic activity in situ
from observations made on these pure cultures may be inherently biased [86]. Genetic studies
furthermore often rely on rapidly triggering regulation mechanisms to observe an effect. In
contrast, soil populations will often not be subject to large and rapid fluctuations of their
environmental conditions and will rather tend to be in a state of relative equilibrium, and in a
semi-starved state of limited activity [51]. These steady-state conditions may result in a better
correlation of mRNA levels and actual activity.
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5.1.3 Suitability of nitrogen-fixation as a model function
The suitability of mRNA detection and quantification as a tool to study the relationship of
community structure and activity depends on the nature of the studied functional gene. The
nifH gene allows for some degree of identification of the organism based on its sequence [13,
63, 108]. It was pointed out in chapter 1 and in the discussion in chapter 3 that the phylogeny
of nifH is not in perfect agreement with the rRNA phylogeny. The gene is highly conserved
and the size of the fragment available for analysis is limited as a result of the PCR protocols
used. These factors limit the phylogenetic resolution that can be obtained for this gene.
Furthermore, many diazotrophs harbor multiple copies of nifH with sequences exhibiting
different phylogenetic relationship [6, 18, 43], which may confuse the phylogenetic analyses
of nifH sequences [108]. This may even include alternative nitrogenase reductase genes as
e.g. the anfH gene of Azotobacter vinelandii that bears little resemblance to the nifH
sequences harbored by the same organism [108]. Nevertheless, nifH provides a comparatively
good basis for interpretation of sequence data as discussed in chapters 1 and 3 of this thesis.
As discussed above, the suitability of mRNA as an indicator of microbial activity also
depends on the regulation mechanisms that are involved. For the nifH gene, mRNA is
probably a good indicator of activity due to the known stringent transcriptional regulation
mechanism [30, 34, 55, 101] (see chapter 1). A few recent studies have amplified nifH mRNA
from environmental samples. Noda et al. (1999) [61] were able to show preferential
transcription of the alternative nitrogenase reductase (anfH) type by the diazotroph population
in termite gut. Zani et al. (2000) [109] detected expression of nitrogenase genes in Lake
George (NY), and characterized the amplified sequences as belonging to the Cyanobacteria,
α-proteobacteria and a novel bacterial cluster. Zehr et al. (2001) showed that unicellular
cyanobacteria transcribe nifH in the open ocean and may be important contributors to the
global N-budget [113]. Burke et al. (2002) were able to show differences in the overall and
active population of diazotroph organisms in the rhizosphere of the salt marsh plant Spartina
partens [17]. These studies indicate that the analysis of nifH mRNA in environmental samples
can indeed yield useful information on actively N-fixing populations.
There are many other genes of great environmental significance that also appear suitable as
genetic markers, e.g. nirS and nirK [10-12], peptidases [5], and amoA [4, 83]. However, not
all genes of potential environmental interest may be suitable for expression studies in
microbial communities. Some genes may be of relatively young evolutionary origin, high
mutation rate or may have been distributed mainly through horizontal gene transfer [23, 47,
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93]. These genes may lack the conserved sites needed for primer design or may not have
sufficient phylogenetic information content to allow for phylogenetic classification of the
gene sequence. The resolution of phylogenetic information available from a specific gene will
vary and may be limited (see details on nifH in the chapter 1). Even for genes with relatively
high phylogenetic information content, the limited amount of sequences in the public
databases may introduce bias into primer design or sequence interpretation. The development
of primers targeting nitrite reductase genes (nirS and nirK) for example, was based on only
six available sequences each [11]. In this respect the nifH gene is rather favorable, with well
over 100 published sequences of cultivated organisms of different phylogenetic association
(chapter 1 and 3). A survey of the diversity of environmentally important microbial functional
genes would be very beneficial, although the ongoing efforts on whole-genome sequencing of
bacterial strains may contribute significantly towards an improved database.
From all the above considerations it can be concluded that BNF was a good choice for a
model system to study mRNA transcription in the soil environment. The successful
application of this approach required the development or improvement of a number of
suitable methods for extraction of intact mRNA from soil, followed by detection,
characterization, and if possible quantification of nifH transcripts.

5.2 Novel methods to describe structure and activity of free-living
soil diazotrophs
5.2.1 An integrated set of methods to study soil diazotrophs
The objective to establish the detection of nifH mRNA analysis as a tool for the study of soil
diazotroph communities required the development of an optimized set of methods. The
methods that were developed are described in detail in chapters 2-4 of this thesis. It should be
emphasized however, that these methods have not been designed as stand-alone tools, but as
an integrated approach to allow analysis and characterization of the soil diazotroph population
at different levels (Fig. 5.2). Purified nucleic acids are the basis for PCR and RT-PCR
amplification, which in turn allows for the analysis of amplified sequences using molecular
fingerprinting methods or cloning and sequencing [3]. Cell numbers in soil were determined
microscopically using DAPI counts [110]. To determine actual N-fixation activity in bulk soil
the standard acetylene reduction assay (ARA) was used [2, 32]. The combination of these
methods (Fig. 5.2) may allow the study of the nifH gene pool in a soil in comparison to the
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actually transcribed nifH mRNA. This allows for the determination of specific activities and
thus the identification of key players within diazotroph communities in soil.
Thus, the individual protocols provide the basis for downstream methods and yield
information that complements the results of the others. The developed protocols, including the
detection of mRNA, all allow for some degree of quantification of the results (see chapters 24). The molecular data can therefore be interpreted in relation to other quantitative chemical
or biological parameters. Most importantly, under the assumption of a direct relationship
between transcription of mRNA and activity, specific activities can be assessed. The
following sections will discuss the main methodological improvements that were achieved in
this thesis.

Soil
Extraction of nucleic
acids (DNA/RNA)

Purification of RNA

nifH PCR using
universal or subgroup
targeting primer-sets

Reverse transcription
followed by
nifH PCR using
universal or subgroup
targeting primer-sets

Molecular
fingerprinting
(RFLP/DGGE)

Molecular
fingerprinting
(RFLP/DGGE)

Sequence analysis /
phylogenetic
classification

Sequence analysis /
phylogenetic
classification

nifH
gene pool

nifH mRNA
pool

Activity
(ARA*)

Cell counts
(DAPI)

Specific
activity

Fig. 5.2: Flow diagram showing how methods used in this thesis work together to characterize population
structure and activity of diazotroph populations in soil. *ARA = acetylene reduction assay.
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5.2.2 Extraction of nucleic acids: Establishing the basis for quantitative
measurements using molecular methods
There is still a lack of quantitative tools among molecular techniques for soil and other
environmental samples, which limits many studies to qualitative conclusions [77].
Throughout this thesis it was attempted to establish protocols that allow a more quantitative
interpretation of data, at least on a relative scale. Nucleic acid extraction is the basis on which
many downstream molecular analyses depend [100]. Apart from its importance for
downstream molecular analysis, quantification of nucleic acid concentrations in soil may have
additional applications as an independent parameter for the characterization of soil microbial
communities [68]. If any quantitative analyses are to be performed based on extracted nucleic
acids, it is mandatory that the extraction technique is reliable and that the extraction efficiency
can be quantified. The optimized bead-beating technique for nucleic acid extraction (chapter
2) represents a very robust, high-yield protocol for DNA extraction that compares well to
previously published methods [56, 84]. This extraction protocols is suitable for a broad range
of soils and was successfully applied in a number of studies [14-16, 68, 69, 92].
5.2.3 Purification of mRNA
Until recently, mRNA extraction from soil represented a considerable difficulty for soil
microbial ecology [28, 29]. When work on this thesis was begun, none of the published
methods [7, 25, 26, 57, 64, 102] appeared sufficiently effective and reliable to allow the
identification of the low copy numbers of nifH expected in soil. In order to successfully detect
nifH mRNA in soil, establishing a reliable method for extraction of RNA, specifically intact
mRNA, was therefore mandatory. The nucleic acid extraction protocol for soil as described in
chapter 2 was developed with the idea of RNA extraction in mind, and actually uses a
modified version of a buffer and extraction protocol that was originally developed for RNA
extraction from soil [7]. The high nucleic acid yield achieved allowed us to use a stringent
purification protocol to obtain a pure RNA fraction from the total nucleic acid extract (chapter
4). Using other, less stringent protocols could increase RNA yield, but this method yields
RNA with no detectable DNA contamination. This allowed for the application of highly
sensitive downstream analysis, e.g. nifH reverse transcription PCR, which required a high
PCR cycle number and was consequently very sensitive to DNA contamination.
Despite the stringent purification protocol, RNA yields achieved with this method appear
comparable or superior to many other methods [7, 58, 90, 102], and the results reported in
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chapter 4 indicated that the integrity of the RNA was preserved during extraction and
purification (chapter 3). These features made the method a good basis for subsequent
analyses.
Fluorescence spectrophotometry based on DNA- and RNA-specific dyes proved to be useful
methods to determine nucleic acid concentrations in soil extracts (see chapters 2 and 4). These
methods are very sensitive and specific, and therefore robust against the contaminants usually
present in soil nucleic acid extracts [85]. While a method for soil DNA quantification using
the PicoGreen dye was already available [14, 85], a sensitive method for the quantification of
RNA using the RiboGreen dye for use with soil RNA extracts was newly developed (chapter
4). The combination of a robust extraction protocol, the ability to estimate extraction
efficiency, and the reliable determination of nucleic acid concentrations in soil extracts
provide a good basis for future quantitative studies.
5.2.4 New

nifH

PCR

protocols

using

subgroup-targeting

primer-sets:

Improving the basis for community analysis
Within the scope of this project, the major incentive for the development of new nifH PCR
protocols was to obtain more stringent and consequently less biased amplification of the nifH
gene from either DNA or cDNA templates, yielding products suitable for qualitative and
quantitative downstream analysis of the nifH gene pool and expressed nifH mRNA. Using an
innovative “locked primer site” approach, a set of protocols targeting different subgroups of
the total diazotroph diversity were developed (chapter 3). All of these protocols targeted the
same fragment of nifH, thus maintaining compatibility with the successful universal
amplification protocol developed previously [106]. A number of published “universal” nifH
primers have been designed to achieve more specific amplification by deliberately reducing
the covered diversity [70, 73, 81]. While this has advantages e.g. in the design of nifH PCR
primers suitable for subsequent DGGE analysis [70], the use of these primers may have
underestimated the true diversity of soil diazotrophs. Primer-sets for specific groups of
diazotrophs have also been published, however these amplified fragments of variable length
and thus were not directly comparable using fingerprinting techniques [1, 80, 112]. The
“locked primer site” approach allowed the combination of universal and more specific assays,
which may resulted in a more thorough description of the diversity while at the same time
taking advantage of specific primer-sets with low degeneracy.
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As an alternative to the chosen “locked primer site” approach (chapter 3), primers for specific
groups of diazotroph bacteria could be designed to target less conserved regions of the nifH
gene, instead of the highly conserved regions used for universal primer design that the newly
developed primer-sets were based on [44, 103, 106]. This would probably allow improved
phylogenetic specificity, at the price of losing the direct comparability of the amplification
products resulting from the different primer-sets. The approach used in this thesis combined
the advantages of stringent protocols for smaller groups and the use of a reliable universal
amplification for nifH [31, 91, 106]. According to the available literature, a comparable
approach using multiple compatible primer sets has not been used before.
5.2.5 Reverse transcription PCR of nifH mRNA: Detection, quantification and
interpretation of nifH mRNA in environmental samples
Based on the developed RNA extraction protocol and using the newly developed primer-sets
(chapter 3), the detection of nifH mRNA expression in soil microorganisms became feasible
using established reverse-transcription protocols ([24], see chapter 4). In general, the reverse
transcription protocol presented few problems once all preparatory steps had been optimized,
especially the extraction and cleanup protocols for the soil RNA extracts. However, due to the
increased potential for contamination in environmental nucleic acid extracts and the high
sensitivity of PCR protocols for amplification of nifH, the use of suitable controls was critical
[24, 109]. Controls should always be performed to assure that RNA extracts do not contain
DNA in amplifiable amounts (negative RT-PCR control reactions on RNA sample when
omitting reverse transcriptase), do not contain impurities that inhibit either reverse
transcription or PCR (positive RT-PCR control reactions on control RNA), and do not contain
RNA contaminations introduced during sample handling (negative RT-PCR control reactions
on water or buffer). For the presented experiments these control reactions were always
performed for each sample or reaction batch, as applicable.
In a recent review on the use of mRNA in environmental microbiology Sayler et al. [86]
noted the lack of studies that have actually related mRNA determination to activity
measurements. Little is currently known about the regulation of BNF in free-living soil
diazotrophs under environmental conditions. Therefore it appeared important to establish a
basis for interpretation by studying a simplified model system in the laboratory before
attempting to study nifH mRNA in natural soil. Using one of the developed specific protocols
for nifH amplification (primer-set nifH-g1) and the newly developed RNA-extraction and purification protocols for soil, nifH mRNA expression was studied in soil and liquid cultures
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of Azotobacter vinelandii (chapter 4). The methods developed allowed sensitive detection and
relative quantification of mRNA expression in soil. The results in chapter 4 show that for A.
vinelandii the relationship between nifH copy number and N-fixation activity was close. This
study represented a first report on establishing direct relationships between BNF activity, cell
density, and nifH mRNA transcription for a diazotroph organism in the soil environment.
While this study was not the first to detect and characterize nifH transcripts in terrestrial
samples [17, 61], the other studies remained rather vague and qualitative concerning the
relationship of the amplified transcripts with actual activities.
Chapter 4 also highlighted the difficulty of finding a suitable frame of reference to which data
on the abundance of gene transcripts can be related. It became apparent that this is not
necessarily trivial even in such a simple system. In chapter 3 the total RNA concentration was
used as a reference value to which the mRNA signal was related (in this case by diluting to a
standard total RNA concentration). Since A. vinelandii was the only organism present, this
represented a measure of the relative investment of this organism into the production of nifH
mRNA. In complex communities only a small percentage of active diazotrophs will be
present relative to the total bacterial population (<10% in rhizosphere, and even less in bulk
soil [27]). Therefore this approach as well as others based on cell counts, DNA content or
other biomass parameters may not be suitable depending on the nature of the research
question and experimental conditions. An alternative may be to standardize the mRNA signal
to the signal obtained from amplification of the gene sequence (gene dose) in a
simultaneously extracted DNA sample [71].
Researchers should be aware that observing increasing mRNA concentration relative to e.g.
total cell counts might have a number of different causes: An increase in transcriptional
activity, an increase of a sub-population that expresses the gene, a reduction in the number of
non-expressing organisms, or any combination of these. The more quantitative data is
available from a system and its population structure, the better are the chances of arriving at a
meaningful interpretation of mRNA data.
5.2.6 Molecular fingerprinting: Methods to assess population structure and
diversity
Fingerprinting is an essential tool to access the information content in the complex sequence
mixtures that PCR products amplified from soil microbial communities usually represent
without the laborious and potentially biased establishment of comprehensive clone libraries
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and sequencing [99]. In addition, fingerprinting is an essential tool for screening clone
libraries for sequencing candidates. Throughout chapters 2-4 of this thesis restriction fragment
length polymorphism (RFLP) was used, which is a solid and proven method to characterize
nifH diversity in PCR products [72, 91, 106]. I was shown that the newly developed primer
sets improved the power of this fingerprinting method to differentiate between the diazotroph
communities in different soils (chapter 3).
However, RFLP profiles from complex communities are often difficult to interpret. In RFLP,
each phylotype is represented by a set of fragments of variable length. In community profiles,
these may overlap each other and only cloning can reveal the individual phylotypes that
constitute the RFLP pattern. Thus, the method is useful as a means to qualitatively study
community changes or differences, but has less utility in quantitating diversity or tracking
individual phylotypes [99]. Analysis of the assembled database of published nifH sequences
furthermore revealed that diagnostic fragments, that would allow for phylogenetic typing
could not be determined for restriction digestion using the HaeIII restriction endonuclease
(chapter 3).

Fig. 5.3: DGGE analysis of PCR products obtained from booster-PCR with GC clamped nifH-b1 primerset after standard nifH-b1 amplification (chapter 2) of triplicate soil DNA extracts from four soils. DGGEpatterns show a good reproducibility of the patterns in the separately extracted samples. The patterns
differentiated very well between the soils.

An alternative method that has frequently been used in molecular microbial ecology is
denaturing gradient gel electrophoresis (DGGE) [59]. DGGE gels might be easier to interpret
as compared to RFLP gels, since one band in theory corresponds to one sequence type
(Fig. 5.3). DGGE analysis thus gives a better indication of the (amplified) richness and
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evenness of a population of sequences compared to RFLP [59, 92]. Furthermore, unlike
RFLP, DGGE allows downstream analysis, e.g. the possibility to cut bands of particular
interest from the gel in order to clone and sequence them [59]. The advantages and
disadvantages of different fingerprinting techniques have been discussed in depth elsewhere
[59, 99].
DGGE has seen some limited use for fingerprinting nifH genes [49, 70, 80]. This may partly
be due to the complications that may arise when using universal nifH primers that are
degenerate or contain artificial nucleotides such as inosine, or other weakly pairing
nucleotides [70, 106] for DGGE. Primer mismatch may occur, especially when using low
stringency amplification protocols [106] and arbitrary nucleotide matching will occur with the
artificial nucleotides. The variation introduced into the primer region of the amplicons may
create artifacts in the DGGE profile [48, 59]. DGGE profiling of environmental nifH
sequences therefore seems better suited for use with non-degenerated, group-specific primersets [80]. The new nifH PCR protocols developed in this thesis were partly based on primers
with low degeneracy and stringent reaction conditions, which provided a good basis for use
with DGGE fingerprinting .
The utility of DGGE fingerprinting was tested with the newly developed primer-sets nifH-b1
(Fig. 5.3) and nifH-g1 (see Fig. 5.4), which were both non-degenerate and were used with
stringent direct PCR protocols (chapter 3). These protocols resulted in reproducible patterns
with good resolution (Fig. 5.3). Since all the developed protocols yielded homologous
fragments, DGGE patterns could be directly compared on the same gel. This technique will
facilitate future research using the specific primers.
5.2.7 Sequence analysis: Phylogenetic classification of nifH sequences
Either directly or following identification of interesting phylotypes with the help of molecular
fingerprinting techniques, the amplified partial nifH sequences can be cloned and sequenced
using standard techniques [44, 73, 103, 106]. The interpretation of these sequences is based
on the available database of nifH sequences of known and phylogenetically identified
microorganisms [111, 112]. The problems and limitations associated with this identification
have already been discussed (see chapters 1 and 3). Despite these limitations, the additional
information yielded by phylogenetic analysis of sequence data was important. Sequencing
allowed an assessment of the population structure by relating the amplified gene fragments to
groups of organisms with known physiological characteristics [66]. Furthermore, the
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sequenced clones were easily compared to those found in other environments in previous
studies, which was not the case for the molecular fingerprinting data. Sequencing also
allowed the identification of potential new groups of diazotrophs in soil (see chapter 2) [66].
In addition, identification of phylotypes of potential interest may help to track an organism in
the environment and may be useful in efforts to enrich and isolate such an organism. Finally
sequence information allows for the design of new gene probes or primers with improved
specificity [3].
The results in chapter 3 indicated that the diversity of diazotroph organisms in soil is high.
This confirmed the results of other studies [31, 81, 91, 106]. The majority of the nifH clones
that were retrieved from the studied soils belonged to the proteobacterial clusters (chapter 3).
Proteobacterial nifH sequences have been found as an important group in many studies [31,
81, 91, 106]. Several groups of sequences were identified that can currently not be associated
with known cultured organisms. Some of these phylotypes, e.g. those belonging to
“environmental nifH cluster 3” (chapter 3) have been found in several different ecosystems
and appear to represent a group of diazotrophs which may be abundant in some systems [31,
109]. A clue regarding the identity of this cluster was provided by the identification of a nifH
homolog from Geobacter metallireducens that clustered with this group (chapter 3). This
homologous sequence fragment appeared to be part of a complete coding sequence
(unpublished data). Based on the sequence information available for this thesis, it represented
the first reported δ-proteobacterial sequence that did not cluster with alternative nifH
sequences of the clostridial type (alternative nifH clusters 1 and 2, see chapter 3).

5.3 Outlook
5.3.1 Future methodological improvements and possible applications
Methods development and optimization is a continuous process, and there are many options
for further improvements as discussed below. More importantly, the developed methodology
now offers many new perspectives to study ecological questions relating to N-fixation in soil.
The following sections will provide an outlook on future developments, interesting research
questions, and possible applications in agricultural systems.
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5.3.2 Development of additional primer-sets
The primer-sets that were discussed in chapter 3 are not the only ones that can be designed
based on the current database of nifH sequences. The “locked primer site” approach could be
expanded to encompass novel primer-sets for other groups of diazotrophs. Three additional
primer-sets targeting Cyanobacteria, a group of Rhizobiales, and Klebsiella nifH sequences
have already been designed and partially tested. A different, but related approach may be to
forgo the design of primers that target a phylogenetic group and instead to produce nondegenerate arbitrary subsets of the primer sequence permutations that make up the universal
primer. This approach could be used to design a multiwell PCR assay that could be used as a
general indicator of diazotroph community structure. The type of sequences amplified by each
primer-set would then have to be determined empirically.
5.3.3 Improving quantification of transcripts in soil
In order to successfully study gene expression and regulation in the soil environment,
quantitative approaches must be established. In chapter three, a very simple method (image
analysis of electrophoresis gels) sufficed for the purpose of quantifying the intensity of nifH
RT-PCR products. For complex sequence mixtures in environmental samples this approach
would be prone to bias, e.g. caused by preferential PCR amplification [96, 104]. Current
technology offers improved methods for more reliable quantification of template
concentrations, e.g. using competitive PCR [61] or real-time PCR based on either direct
determination of the amount of product [22], or using the 5' fluorogenic exonuclease assay
(TaqMan) approach [95] for improved specificity. Considerable efforts will probably be
required to achieve a truly reliable quantification of mRNA in environmental sources, but it
remains an important research objective to establish such methods.
5.3.4 Linking functional and structural genes: Methods to improve the power
of sequence identification
As discussed previously in this thesis, the limited phylogenetic resolution of the nifH gene has
imposed certain restrictions on studies targeting the nifH gene and mRNA. The problem of
limited phylogenetic resolution or deviation from the SSU rRNA based phylogeny may
represent a frequently encountered difficulty with studies targeting functional genes [21, 47].
It would be of great advantage if methods could be devised that would allow for linking a
mRNA sequence, such as an amplified nifH fragment, to the SSU rDNA sequence of the same
organism.
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A possible approach to solve this problem is the study of metagenomic libraries of large DNA
fragments directly cloned from environmental DNA extracts [78, 87]. Screening such libraries
for functional genes of interest may allow them to be associated with rRNA genes if both are
present in the same clone [87]. However, such genomic libraries are usually very large and
require high throughput screening techniques [87], and finding a suitable clone in a
metagenomic library obtained from a complex soil might be impracticable.
The development of enrichment techniques may help to overcome this difficulty. Magnetic
beads coated with nucleic acid probes have been used to enrich viral nucleic acids from
environmental samples [33, 76]. This approach could theoretically also be applied to enrich
genomic DNA that hybridizes with a probe targeting the sequence of a functional gene, e.g. a
nifH sequence. Subsequently rDNA genes could be amplified from this enrichment to
phylogenetically identify the organism from which the nifH sequence was isolated. This
approach would have to overcome a number of problems: fragments of DNA large enough to
contain both the nifH gene and the rRNA gene would have to be retrieved, and the technique
can not work at all if, for example, the nifH gene is located on a plasmid, while the rRNA
genes are located on the chromosome. Furthermore, a sufficient enrichment of the target
genome would have to be achieved, and the specificity of the hybridization would have to be
sufficiently high.
Flow cytometry, coupled with in situ PCR or RT-PCR on cell extracts, using sequence
specific fluorescence labeled primers to label cells, may represent another possible approach
that could be used to enrich rDNA sequences from a target strain carrying a specific
functional gene sequence. This approach has been used to detect and enumerate Pseudomonas
putida cells expressing toluene dioxygenase (todC1) [19].
5.3.5 Application of the developed methodology to assess community
responses
A number of studies have described populations of potential diazotrophs in many different
types of soil, but it is not known which of the organisms that contributed to the observed nifH
gene pools in soils were actually actively fixing N. The comparative study of nifH mRNA and
nifH gene pool, using molecular fingerprinting technique in an “environmental differential
display” approach [26] may help to answer these questions [17, 29, 109]. The methodology
could furthermore be used to investigate how different members of a diazotroph community
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react to changes of soil parameters, and which groups of organisms show activity in which
types of soil.
There are many systems where the application of the developed methods would be
interesting: Root zones [27], pristine environments (e.g. glacier forefields) [92], low input
farming systems [41], composts with high C/N ratios [40] (e.g. sugarcane compost), to name
just a few. It seems safe to predict that each of these systems has a unique diazotroph
community and a different set of conditions that trigger or repress N-fixation activity.

PCR-product

RT-PCR-product

1

1

2
days

3

2 3
days

+

Fig. 5.4: DGGE patterns of nifH PCR and RT-PCR products amplified using nifH-g1 primer-set (chapter
3), one, two and three days after addition of 2% (w/w) sucrose. + indicates a control reaction amplified
from an A. vinelandii mRNA extract. Black arrows indicate bands of actively nifH expressing members of
the diazotroph community (right panel) that became relatively more dominant under the experimental
conditions (left panel). Light arrows indicate bands that were getting relatively weaker. The lanes were
loaded with different amounts of PCR product, therefore the band intensities on the gel did not reflect the
actual abundance of a phylotype in the sample.

In chapter 4 it was shown that the developed methodology for mRNA extraction and analysis
yielded good results in a controlled laboratory system with A. vinelandii pure cultures
growing in soil. The obvious next step would be to apply this approach to more complex
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systems such as natural soils. The amplification of nifH mRNA from untreated natural control
soil (chapter 4) has already shown that the methodology is sensitive enough for this purpose.
Results of preliminary experiments to study the shifts in community composition and mRNA
expression following substrate addition (2% sucrose) were very encouraging.Figure 5.4 shows
a DGGE analysis of nifH amplified from DNA and RNA extracts of the same samples using
PCR and reverse transcription PCR using the nifH-g1 primer-set (see chapters 3 and 4)
preferentially targeting Azotobacter and relatives (chapter 3). The results indicated that certain
members of the diazotroph population that showed increased transcription of nifH became
more abundant relative to other potential diazotrophs that did not express nifH. This suggests
that active N-fixation was a decisive competitive advantage under the growth conditions of
this experiment.
These preliminary experiments showed that the developed protocols can be used to study how
members of diazotroph communities become active and grow in their natural environment in
much greater detail then before. This will allow researchers to address many previously
unanswerable questions about systems where BNF represents an important N-input. The
rhizosphere of many plants, especially of grasses is known to be a site of active N-fixation,
performed by diverse groups of diazotrophs [31, 49, 103]. By studying the transcription
response in such environments or by simulating exposure to root exudates in the laboratory, it
could be studied how and to what extent diazotrophs in the root zone react to the amount and
composition of root exudates.
5.3.6 Studying gene regulation in situ
It has already been mentioned that it would be of great interest to use the mRNA approach not
only to study expression patterns of microbial communities as a way to link community
structure and activity, but also to study mechanisms of regulation in the natural environment.
Despite the extensive knowledge on molecular mechanisms for regulation of BNF in bacteria
[30, 50, 55], little is currently known about regulation in situ, and the effect of regulation
mechanisms on the activity and structure of the microbial community as a whole [29, 39].
Experiments in controlled soil environments, using pure culture approaches such as the one
presented in chapter 3 may prove useful for this purpose. Studying the expression patterns of
soil microbial communities in response to specific stimuli with high temporal resolution could
also answer some questions. However, in order to fully understand regulation within complex
natural microbial communities in situ, additional methods need to be developed.
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In addition to improved methods for quantification of mRNA (see above), the most valuable
contribution may come from methods for the detection and identification of the gene product
(the enzyme) itself, which is the next element in the chain of events leading from gene to
activity following the transcription of mRNA (Fig. 5.1). Such methods based on
immunological assays are being developed for soil microbiological applications, e.g. ELISA
assays, or immunolabeling coupled with flow cytometry [88]. This approach has been applied
for example to study diazotroph cyanobacteria in the ocean [111] or the colonization of wheat
roots by Azospirillum brasilense [89] and may also be applicable to soil, provided robust
protocols for cell extraction can be established [88].
5.3.7 Extending the methods to other functional genes
The methodological approach presented in this thesis can be extended to study other
processes and genes than N-fixation and nifH. As mentioned previously, a number of primers
and PCR protocols for other functional genes have been published, e.g. for nirS and nirK [1012], peptidases [5], and amoA. [4, 83]. These PCR protocols should be adaptable to the
developed protocols for mRNA extraction. This would allow experiments to be conducted
that trace the expression patterns of several functions at once, or to study sequences of gene
expression (e.g. of genes involved in denitrification in soil at the onset of anaerobic conditions
etc.). Currently several research groups work on the development of gene-chips for
environmentally important genes [97, 107], and this technology will without doubt greatly
improve the power of the general approach by allowing the study of multiple genes
simultaneously as well as allowing for high sample throughput [29].
5.3.8 Potential applications in agriculture
The methods developed in this thesis allow for the detection and characterization of
diazotroph populations in soil on the DNA and mRNA level, with the additional possibility of
focusing on certain subgroups and obtaining quantitative information at various levels (Fig.
5.1). The developed primer-sets for nifH are useful tools for monitoring diazotroph
populations with varying degrees of resolution. Despite limited specificity, the protocols are
capable of focusing on different parts of the soil diazotroph community, which is also a
prerequisite for the identification of active members of the community. The detection of nifH
mRNA allows the identification of community members that are probably active under the
given conditions.
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As discussed in the introduction, previous attempts to inoculate agricultural soils with freeliving or associative diazotrophs have failed or produced inconsistent results [41, 98]. For
agricultural purposes as well as biotechnological applications (e.g. composting) it might be
interesting to identify microorganisms that are specifically suited to perform BNF in a certain
habitat [41, 42, 98]. The tools presented here could be used to study such systems and to
identify interesting organisms based on the detection of their presence, estimation of their
abundance, and the study of their survival and activity. Once a suitable inoculum has been
isolated, the methodology can again be useful to study and monitor the performance of the
inoculum in real-life applications. This may help to identify reasons for failures or low
efficiency as well as potential risks to the environment or human health, and to devise
strategies to avoid these problems. In addition, these methods may also be useful for devising
improved management strategies that make the best possible use of natural N-fixation by freeliving diazotrophs.
In agricultural systems, especially low-input farming the diazotroph population might be
interesting as bio-indicators reflecting the C/N balance of the soil. The detection of mRNA
could be used similarly to detect short-term effects. However, in its current state this
technology is probably too labor and cost-intensive for any sort of routine application.
5.3.9 Conclusions
This thesis has shown that the study of nifH mRNA is a powerful tool to connect molecular
analysis of diazotroph community structure with N-fixation activity. In combination with the
improved tools for nifH amplification and community analysis, there is considerable potential
to study diazotroph populations in greater detail. The analysis of mRNA expression patterns
in environmental samples will certainly become a more frequently used method in the future,
and the author hopes that the studies presented in this thesis will contribute toward making
this approach more accessible to researchers in the field of microbial ecology.
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