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Microbial mats 
 
Microbial mats are small-scale ecosystems which harbor versatile benthic communities of 
microorganisms, usually dominated by phototrophic Bacteria (Krumbein et al., 1977; 
Jørgensen et al., 1983). They develop as vertically stratified populations of different 
functional groups along physicochemical gradients (Figure 1). This stratification is caused 
by the prevailing gradients of oxygen, sulfide and light and maintained by the metabolic 
activities of the microorganisms (Revsbech et al., 1983; van Gemerden, 1993). Microbial 
mats are distributed globally (Severin & Stal, 2010) and can be found in a variety of 
different habitats (Stal, 2000), e.g., marine intertidal flats, hypersaline and alkaline sites, 
hot springs and hot and cold deserts. Many of these habitats are referred to as extreme 
environments. Extreme environments are often characterized by highly selective 
conditions which exclude higher (eukaryotic) organisms (Paerl et al., 2000) and thus allow 
for the development of microbial mats. In temperate areas, microbial mats are often 
found on intertidal sand flats where they experience strong fluctuation of environmental 
conditions such as water availability, salinity, temperature and oxygen and sulfide 
concentrations. 
 

 
 

Figure 1. microbial mat cross-section 

 
 
Nitrogen fixation 
 
The diversity of microorganisms in microbial mats also accounts for a variety of metabolic 
pathways realized in these communities. One prominent pathway observed in microbial 
mats is the biological fixation of nitrogen (N2 fixation) (Severin & Stal, 2010). Especially in 
the often nitrogen-depleted environments in which microbial mats are found, 
diazotrophic (N2 fixing) organisms have an important ecological advantage. The ability of 
N2 fixation is widespread among Bacteria and Archaea but not found in Eukarya, except 
when in symbiosis with bacterial diazotrophs (Zehr et al., 2003). Nitrogenase, the enzyme 
complex catalyzing the reduction of atmospheric N2 to ammonium consists of a Fe-protein 
(dinitrogenase reductase), encoded by nifH, and a FeMo-protein (dinitrogenase), encoded 
by nifDK, a structure which is evolutionary conserved in diazotrophs (Postgate, 1982). 
The FeMo-protein is the active site for N2 reduction and the Fe-protein couples ATP 
hydrolysis to inter-protein electron transfer (Figure 2). The fixation of N2 to 2NH3 also 
generates one molecule of H2. The fixation of N2 costs 16 ATP and 8 low-potential 
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electrons, which makes it energetically expensive. Another characteristic of nitrogenase is 
its extreme sensitivity towards O2 (Gallon, 1992). Diazotrophic organisms therefore need 
to provide nitrogenase with an anaerobic environment. There are several strategies to 
achieve that, including metabolic consumption via respiration, removal of O2-derived 
radicals by detoxifying enzymes, ‘conformational’ protection by forming an O2-stable 
complex of nitrogenase and FeSII and covalent modification. Cyanobacteria received 
special attention because they are oxygenic phototrophs and not only thrive in 
oxygenated environments but also evolve O2 themselves. Their strategies to carry out N2 
fixation and protect the enzyme from photosynthetically produced O2, are manifold and 
are discussed below. They are, in any case, reflected in the diel cycle of nitrogenase 
activity in cultures as well as in the environment. 
 

 
 

Figure 2. Nitrogenase enzyme complex 

 
 
There are several methods to measure N2 fixation. The incorporation of the stable 
nitrogen isotope 

15
N is a direct measure but only detects the fraction of N2 that is 

incorporated into cellular material. It may therefore underestimate N2 fixation. A widely 
used indirect approach to determine potential nitrogenase activity (NA) is the acetylene 
reduction assay (ARA). This method is based on the rather unspecific nature of 
nitrogenase. In addition to N2 this enzyme also catalyzes the reduction of other 
compounds containing a triple bond, such as cyanide and acetylene (C2H2 + 2*H+ →C2H4). 
The reduction of acetylene can be measured as ethylene production. Traditionally, this is 
done by gas chromatography (Hardy et al., 1968) but also laser-based trace gas detection 
(LPA) (te Lintel Hekkert et al., 1998) is available. The LPA trace gas detector allows a time 
resolution of approximately 5 s (compared to 5 min with the gas chromatograph) and is 
three orders of magnitude more sensitive. However, the ARA is not actually measuring N2 
fixation but the activity of the enzyme. 
Besides measurements of NA also the diazotrophic community itself is under 
investigation. Groups with known or suspected diazotrophic members are free-living, 
heterocystous and non-heterocystous Cyanobacteria, anoxygenic photoauto- and 
photoheterotrophic bacteria, chemoautotrophic bacteria as well as epiphytes and 
symbionts (reviewed by Karl et al., 2002). With the development of nifH primers (Zehr & 
McReynolds, 1989), this gene has been shown to be sufficiently variable to distinguish 
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between Cyanobacteria and other Bacteria and Archaea as well as between heterocystous 
and non-heterocystous Cyanobacteria (Ben-Porath & Zehr, 1994). This allowed for the 
detection and characterization of nifH from the environment and yielded a deeper insight 
into the diazotrophic members of complex microbial communities. Because detection of 
nifH alone is not necessarily indicative for diazotrophic activity, the transcripts (cDNA 
reverse-transcribed from extracted RNA) were used to (quantitatively) trace presumed 
diazotrophic activity patterns. However, it is known for a number of diazotrophs that 
nitrogenase is regulated post-transcriptionally (e.g., Ludden & Roberts, 1989; Ohki et al., 
1991; Du & Gallon, 1993; Zehr et al. 1993). Therefore, it remains unresolved whether gene 
expression translates into actual activity. Nevertheless, gene expression is indicative for 
the metabolic activity of the organism and used to study the active diazotrophic 
community in a variety of habitats, including microbial mats all over the world. 
 
 
Diazotrophic Cyanobacteria 
 
Among the taxonomically diverse group of N2 fixing organisms (diazotrophs) 
Cyanobacteria deserve special attention because they combine the fixation of CO2 and N2 
which provides them with basically unlimited access to the two quantitatively most 
important elements for living biomass. Cyanobacteria are the only oxygenic phototrophic 
bacteria and possess a plant-type photosynthetic apparatus. The combination of the 
incompatible processes of oxygenic photosynthesis and the oxygen-sensitive N2 fixation 
requires the evolution of special strategies to protect nitrogenase from O2. 
One group of filamentous diazotrophic Cyanobacteria is exceptional because their 
representatives differentiate a special cell, the heterocyst, which is the site of N2 fixation 
in these organisms. The heterocyst provides an anoxic environment for nitrogenase by 
losing the oxygenic photosystem II (Adams, 2000) and by having a multilayered glycolipid 
cell envelope that serves as a gas diffusion barrier (Walsby, 1985; also see reviews 
Haselkorn, 1978 and Böhme, 1998). This cell imports carbohydrate from the neighboring 
vegetative cells in exchange for fixed nitrogen. Hence, in heterocystous Cyanobacteria N2 
fixation is spatially separated from oxygenic photosynthesis. The organisms show highest 
NA during the day although they may have varying levels of dark activity (Evans et al., 
2000) (Figure 3A).  Dark NA energetically depends on aerobic respiration and when oxygen 
is unavailable, no N2 is fixed by the heterocystous Cyanobacteria in the dark period (Figure 
3B). 
Non-heterocystous diazotrophic Cyanobacteria evolved a different strategy. Many 
filamentous and unicellular diazotrophic Cyanobacteria fix N2 only under anaerobic 
conditions (avoidance). This type of Cyanobacteria may thrive under anoxic conditions in 
sulfidic microbial mats. Other mat-forming diazotrophic Cyanobacteria fix N2 aerobically 
by confining it to the night and hence separating it temporally from oxygenic 
photosynthesis (Bergman et al., 1997) (Figure 3C). The predominance of non-
heterocystous filamentous diazotrophic Cyanobacteria in microbial mats and their 
temporal separation of photosynthesis from N2 fixation might predict a clear nighttime 
maximum of NA. This is indeed found in several mats under investigation (e.g., Villbrandt 
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et al., 1990). However, dark NA depends on aerobic respiration as a source of energy but 
because many microbial mats turn anoxic in the dark, fermentation and substrate-level 
phosphorylation may be the only way for these Cyanobacteria to generate energy for N2 
fixation. The low energy yield of fermentative pathways only supports a limited NA. In 
some microbial mats this causes a special daily pattern of NA. At sunset, when there is still 
light intensity but photosynthesis ceases, nitrogenase is induced. After a sunset-peak of 
NA, activity decreases to very low levels as the mat turns anoxic. At sunrise a large peak of 
NA is observed while the mat is still anoxic (Villbrandt et al., 1990) (Figure 3D). 
 

 
 
Figure 3. Diel cycles of nitrogenase activity (NA). A: heterocystous Cyanobacteria, aerobic 
environment at night; B: heterocystous Cyanobacteria, anaerobic environment at night; C: non-
heterocystous Cyanobacteria, aerobic environment at night; D: non-heterocystous Cyanobacteria, 
anaerobic environment at night 

 
 
Being the most conspicuous part of many microbial mats, diazotrophic Cyanobacteria 
usually determine the pattern of N2 fixation in microbial mats. However, recent studies 
also suggested other diazotrophic species to be important for N2 fixation in microbial 
mats. 
 
 
Other diazotrophs in microbial mats 
 
In early studies on diazotrophs in sediments Herbert (1975) isolated members belonging 
to the genera Azotobacter, Klebsiella, Enterobacter, Desulfovibrio and Clostridium on N-
free medium. Others suspected sulfate reducing bacteria (SRB) to be the main diazotrophs 
in intertidal salt marsh sediment (Nedwell & Aziz, 1980). In more recent models attributing 
at least part of the observed N2 fixation to non-cyanobacterial members of the microbial 
mat community, a joint venture of Cyanobacteria and chemotrophic bacteria was 
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proposed. The Cyanobacteria would provide substrate and growth factors to the 
chemotrophic bacteria and in turn receive fixed nitrogen and CO2 (Steppe et al., 1996). 
Analyses of the nifH gene pool in marine microbial mats structurally dominated by 
Cyanobacteria revealed a high diversity of non-cyanobacterial diazotrophs (e.g., Ben-
Porath & Zehr, 1994; Zehr et al., 1995; Olson et al., 1999). 
The daily variations in NA in microbial mats are the result of the combined activities of all 
the microorganisms that contributing to N2 fixation. While much research revealed the 
possible effect of cyanobacterial activities on the daily pattern of NA in microbial mats, 
much less is known about the actual contribution of diazotrophic Bacteria other than 
Cyanobacteria to N2 fixation. Such organisms could also exhibit diel patterns of NA, e.g., 
when dependent on supply of substrate by Cyanobacteria. 
 
 
Aim of this thesis 
 
The aim of this thesis was to investigate several intertidal microbial mats for differences in 
their NA dynamics and their diazotrophic community. Furthermore, the expression of nifH 
by prominent members of the diazotrophic community was followed quantitatively in 
time and interpreted with respect to the observed NA pattern. It was also attempted to 
elucidate possible parameters likely to control NA and diazotrophs in the different mats. 
 
 
Outline 
 
The worldwide distribution of microbial mats is reviewed in Chapter 2. The diazotrophic 
potential of different mat types in various regions of the world was compared to elucidate 
potential factors likely to determine distribution, diversity and N2 fixation characteristics 
of the mats. It was concluded that microbial mats exist in virtually all climatic zones and 
that all those mats that had been investigated for N2 fixation, showed the potential for it. 
Temperature and salinity appeared to be important in determining community 
composition and therefore metabolic activities of the mats. 
In Chapter 3 the dynamics of NA in two different types of microbial mats were 
investigated by recording light response curves and calculating the daily cycle of NA based 
on the recorded light intensities. It was hypothezised that highly variable NA patterns 
during the course of a day were caused by the adaptation of active organisms to changing 
conditions, to shifts in the active community during a 24h day or to a combination of both. 
The bacterial community composition as well as the present and active diazotrophs in the 
different mat types was investigated in Chapter 4. Analyses of the 16S rRNA gene and of 
nifH and its transcripts revealed substantial differences between the stations and 
underpinned the dissimilar daily NA patterns of the two microbial mats. Analysis of nifH 
expression at Station I revealed a dynamic community in which transcript-abundances of 
the different diazotrophs changed over a 24h cycle. 
The expression of nifH, often taken as an indication of the involvement of the diazotroph 
in the observed NA, was followed for three filamentous Cyanobacteria previously isolated 
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from the mats (Chapter 5) and for five diazotrophs dominating the nifH clone libraries 
(Chapter 6). The results revealed different cell specific expression levels and varying 
contribution of the investigated diazotrophs to the overall nifH expression over a daily 
cycle as well as in the different mat types. The structurally dominant diazotroph was not 
the most active one with respect to overall nifH expression. Furthermore, no direct 
relationship was found between NA and nifH expression patterns. 
Microcoleus chthonoplastes, a common filamentous non-heterocystous cyanobacterium in 
microbial mats, was re-investigated for its diazotrophic potential in Chapter 7. It was 
shown that this cyanobacterium possesses a complete nif gene cluster but does not 
exhibit NA in culture under the chosen conditions. However, nifH expression by M. 
chthonoplastes was detected in environmental samples. Based on phylogenetic analysis of 
nifHDK it was hypothesized that the nif cluster was acquired by horizontal gene transfer 
from a member of the Deltaproteobacteria. 
The effect of salinity, a possible factors influencing N2 fixation in coastal environments, 
was studied in Chapter 8. Three different mat types situated along a littoral gradient were 
investigated for the response of the active diazotrophic community. The weakest response 
was recorded for the mat located close to the low water mark in comparison with those 
higher up in the intertidal. More pronounced changes in the active diazotrophic 
communities were accompanied by stronger changes in NA. 
In Chapter 9 three intertidal microbial mats were characterized regarding their diel cycle 
of NA as well as their nifH gene pool. Environmental factors likely to affect both 
characteristics could only be identified for one mat type. Here, variations in light 
intensities and temperature explained part of the observed variation in NA. Moreover, it 
was shown that NA characteristics within one station differed from year to year, most 
likely caused by shifts in the diazotrophic community. 
The general discussion (Chapter 10) summarizes the conclusions from the previous 
chapters by drawing a comprehensive picture of the NA patterns of different microbial 
mats in relation to the diazotrophic community. 
 
 
 
 
 
 
 
 
 
 
 
 


