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Summary 
 

The aim of this study was to determine the potential of microbial mats to fix nitrogen and 
to identify individual functional groups of microorganisms that contribute to it. To that 
end, coastal microbial mats that occurred along a tidal gradient and therefore differed in 
morphology and microbial community composition were investigated. Because nitrogen 
fixing organisms employ different strategies regarding their activity, it is assumed that 
different types of microbial mats also exhibit different daily patterns of nitrogen fixation. 
This was examined by using a high resolution on-line, near real-time approach to measure 
nitrogenase activity (activity of the enzyme catalyzing the reduction of dinitrogen to 
ammonium) and by analyzing the genetic potential (existence of nifH and its transcripts). 
 
From a number of publications (including several literature reviews) it can be concluded 
that microbial mats are present in a variety of environments, many of which among the 
most hostile on this planet. The success of these micro-scale ecosystems to persist under a 
wide variety of conditions has been attributed to the large (metabolic) diversity of the 
mat-forming organisms. One of the many processes important for the development of 
microbial mats is the fixation of dinitrogen (N2), the only process compensating for the 
loss of bound nitrogen compounds by microbial processes such as denitrification and 
anaerobic ammonium oxidation. The literature review in Chapter 2 revealed that 
dinitrogen fixation is important in all mats that were investigated for this process. The 
available data suggest that temperature and salinity affect the development and 
diazotrophy (fixation of dinitrogen gas) of microbial mats to a large extend. However, mat-
forming micro-organisms are not excluded from thermal and hypersaline environments. 
 
There are several factors that shape whole community dinitrogen fixation dynamics and 
activity during day-night cycles. In order to understand the spatial and temporal variations 
in dinitrogen fixation, the nitrogenase activity of cyanobacterial mats situated along the 
littoral gradient on one of the Dutch barrier islands was investigated. As described in 
Chapter 3, the daily patterns of two mat types were different and highly dynamic. 
Microbial mats occurring in the higher regions of the littoral were composed of a diverse 
community of (heterocystous and non-heterocystous) Cyanobacteria and showed 
maximum nitrogenase activity at sunrise and sunset. In contrast, microbial mats located 
closer to the low water mark contained mainly non-heterocystous filamentous 
Cyanobacteria. In these mats, nitrogenase activity was found to be highest during 
nighttime. Remarkably, although the daily patterns of nitrogenase activity differed 
considerably between the two types of mats, the daily integrated rates of dinitrogen 
fixation were the same. The measurements suggest that different types of diazotrophs 
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became active at different times of the day and that the composition of the mat 
community affected the daily patterns and the maximum of nitrogenase activity. The light 
response of nitrogenase activity as well as light action spectra showed that phototrophic 
organisms, among which Cyanobacteria, were the predominant diazotrophs. Furthermore, 
it was concluded that the diversity of diazotrophs leads to an optimization of the 
community fixation of dinitrogen. 
 
Following this investigation, the structure of the microbial community and the diversity of 
nifH, the structural gene for dinitrogenase reductase, and its transcripts were investigated 
in Chapter 4. Both microbial mat communities were dominated by Cyanobacteria but 
differed with respect to the composition of the total bacterial community. Higher up in 
the littoral zone, Proteobacteria were the second-most abundant Bacteria whereas 
Bacteroidetes were more abundant at the low water mark. A higher similarity was found 
for the diazotrophic communities at both stations. Lyngbya aestuarii, the filamentous, 
non-heterocystous cyanobacterium that structurally dominated both mats, also 
dominated the nifH clone libraries. Unicellular Cyanobacteria and Proteobacteria were 
found in both mat types but contributed to the nitrogen-fixing community to a different 
extent. The analysis of the expression of nifH in one of the mats showed a discrepancy 
between the present and active diazotrophic community. Transcript-abundances of nifH 
changed over a 24h cycle and were dominated by cyanobacterial lineages at daytime 
while Gammaproteobacteria peaked at night. These variations might have been 
responsible for the pattern in nitrogenase activity observed for the two mat types 
(Chapter 3). 
 
Because Cyanobacteria are the most conspicuous structural part of microbial mats, the 
daily expression pattern of nifH and of the 16S rRNA gene of three benthic filamentous 
diazotrophic Cyanobacteria (Lyngbya sp., Nodularia sp. and Anabaena sp.) was quantified 
in Chapter 5. Microscopic observations revealed that the non-heterocystous Lyngbya sp. 
was the major cyanobacterial morphotype and when normalized to copy number, nifH as 
well as 16S rRNA gene expression by Lyngbya sp. was higher than by the heterocystous 
Cyanobacteria in all but one mat type. Related to the total amount of extracted RNA, 
Lyngbya sp. also dominated the 16S rRNA gene expression but was outcompeted by 
heterocystous Cyanobacteria with regard to the total nifH expression. This shows that, 
with respect to the overall nifH expression, the structurally dominant diazotroph was 
apparently not the most active. The results also revealed varying expression levels of the 
three Cyanobacteria during the daily cycle as well as within the different mat types. 

Moreover, nifH expression pattern did not follow nitrogenase activity and thus 
demonstrates that gene expression cannot be directly related to activity. 
 
The large nifH sequence diversity found in the microbial mats on Schiermonnikoog was 
the reason for the investigation of the expression of the most dominant sequence types 
(four non-heterocystous Cyanobacteria and one member of the Gammaproteobacteria) 
over a daily cycle described in Chapter 6. As was already mentioned in Chapter 5, Lyngbya 
sp. nifH expression was low. The other three cyanobacterial phylotypes dominated 
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community nifH expression at all stations. The diazotrophic members of the 
Gammaproteobacteria showed high levels of cell specific nifH expression but because of 
their low nifH copy number their contribution to the whole community nifH expression 
was low compared to the dominating cyanobacterial diazotrophs. The results 
demonstrated varying contributions to the overall nifH expression by the different 
nitrogen fixers. Again, nitrogenase activity did not follow nifH expression patterns and 
confirmed that molecular data might not be sufficient to describe diazotrophy in many 
systems. 
 
Microcoleus chthonoplastes, a cosmopolitan cyanobacterium known to build microbial 
mats in a variety of different environments, was re-investigated for its diazotrophic 
potential. Although cyanobacterial mats, including those structurally dominated by this 
organism, are known for their capacity to fix dinitrogen, M. chthonoplastes has not been 
recognized as a diazotroph. Chapter 7 shows that a complete nif-gene cluster is present in 
the genome of M. chthonoplastes PCC 7420 and that the three structural nitrogenase 
genes, nifHDK, are present in a collection of axenic strains of M. chthonoplastes 
originating from distant locations. Phylogenetic analysis of the nif operon suggested that it 
was acquired through horizontal gene transfer. Moreover, the presence of the same nif-
cluster in M. chthonoplastes isolates derived from various sites around the world implied 
that this horizontal gene transfer event must have occurred early in the evolution of M. 
chthonoplastes. Although there was no expression of nitrogenase in cultures of M. 
chthonoplastes, nifH was expressed under natural conditions in the field. 
 
The microbial mats that were studied in this project experience a large range of salinities. 
Therefore, Chapter 8 investigated the effect of changing salinities on nitrogenase activity 
and on the composition of the active diazotrophic community. All mat types exhibited 
highest nitrogenase activity at salinities close to ambient seawater salinities or lower but 
the degree of response to lowered or elevated salinities was highest for the mats higher 
up in the littoral zone. This response included changes in nitrogenase activity as well as 
changes in the active diazotrophic community. At ambient salinity the two stations higher 
up in the littoral zone showed nifH expression by Cyanobacteria (Oscillatoriales and 
Chroococcales) and Proteobacteria (Gamma- and Deltaproteobacteria). With increasing 
salinity the contribution of Gamma- and Deltaproteobacteria increased while nitrogenase 
activity decreased. The station at the low water mark showed low cyanobacterial 
contribution to nifH transcript libraries at all salinities but an increase in 
deltaproteobacterial nifH transcripts under hypersaline conditions. 
 
In Chapter 9 the characteristics of dinitrogen fixation and the composition of the 
diazotrophic community in three microbial mats situated along an intertidal gradient were 
investigated in three subsequent years. Daily pattern and daily integrated rates of 
nitrogenase activity in the three mat types differed as well as the diazotrophic community 
composition. The nifH clone libraries of the station that was most influenced by 
freshwater contained mostly cyanobacterial and alphaproteobacterial sequences whereas 
the other two stations were dominated by gamma- and deltaproteobacterial diazotrophs. 
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Moreover, in each of the mat types, shifts in the diazotrophic community and the 
characteristics of nitrogenase activity were observed over a period of two to three years. 
 
Summarizing the results of this project, we showed that different types of microbial mats 
develop along the intertidal gradient of the Dutch barrier island Schiermonnikoog. These 
mat types differ with regard to the daily patterns and daily integrated rates of dinitrogen 
fixation. Most likely, these differences are due to the dissimilar composition of the 
diazotrophic community of each of the mat types. The results also demonstrate that 
phototrophic organisms, especially Cyanobacteria, are the main diazotrophs in this 
system. However, comparing rate measurements of nitrogenase activity and molecular 
data reveals a discrepancy between genetic potential (presence of a gene), gene 
expression and actual activity. Furthermore, nitrogenase activity as well as the (active) 
diazotrophic community exhibit great variability over spatial and temporal scales. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


