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ABSTRACT  

The GEOFUNC Project focuses on the microbiology connected to safety and risk 

assessment of the final disposal of high radioactive nuclear waste. Methanogenic 

archaea and sulphate reducing bacteria are significant groups of microorganisms in 

anaerobic environments, and are of crucial concern for the safe long term storage of 

nuclear waste in deep bedrock. The sulphate reducing bacteria are able to produce 

sulphide which may cause corrosion of the copper in the radioactive waste storage 

capsules. Methanogens, on the other hand, may produce quantities of methane from 

various organic carbon compounds, CO2 and H2. Methane may both serve as carbon 

source for methanotrophic microbial groups, and may also cause mobilization of 

radionuclides, as a result of gas discharge through fractures in the bedrock. The 

transition zones between the sulphate rich and methane rich waters are locations for 

microbial processes where the methane may serve as carbon source for sulphate 

reducing bacteria, which in turn would produce corrosive sulphides.  

It has been estimated that only 1-10 % of all the microorganisms present in the 

environment can be isolated and cultivated. Uncultured microorganisms can be 

identified and their numbers in the environment quantified by identification of specific 

marker genes that are essential for their functions by use of molecular methods. 

Methanogens, for example, can be identified by their genes for methyl coenzyme M 

reductase (mcrA), which is an essential enzyme involved in the production of methane. 

The mcrA is specifically present only in methanogenic archaea. Sulphate reducers are 

identified by their dissimilatory sulphite reductase genes (dsrB), which are present in 

and essential for all microorganisms performing dissimilatory sulphate reducing. In the 

GEOFUNC project, a quantitative PCR method (qPCR) was developed for the detection 

of methanogens and sulphate reducers.  This method is based on specific quantitative 

detection of marker genes involved in methanogenesis (mcrA) or sulphate reduction 

(dsrB) and enables the study of these microbial processes in the deep bedrock 

groundwater.  

In the GEOFUNC project, groundwater samples were studied from depths ranging from 

-14.5 m to -581 m comprising samples from both drillholes in Olkiluoto and 

groundwater stations in the ONKALO. Methanogenic archaea were present in almost all 

samples. The highest number of methanogens was detected in the samples ONK-PVA1 

(-14.5 m), OL-KR40 (-349 to -351 m and -545 to -553 m) and OL-KR47 (-334 to -338 

m) and OL-KR23 (-347 to -376 m). In the samples, where the salinity exceeded 19 g/l 

(Cl, Na, Ca), the number of methanogens was very low. Sulphate reducing bacteria 

were present in all studied samples. The highest number of sulphate reducers were 

detected in the samples ONK-PVA1 (-14.5 m), OL-KR23 (-347 to -376 m) and OL-

KR11 (-531 to -558 m) and OL-KR40 (-545 to -553 m), however, the last two samples 

are evident artefact mixtures of SO4
-
 and CH4

-
rich groundwaters, thus they do not 

represent undisturbed in situ conditions in groundwater system. 

The diversity of methanogens changed in relation to depth and a clear division into 

phylogenetic groups containing either mcrA sequences from samples close to the land 

surface or mcrA sequences from deeper samples. The sulphate reducers were different 

in all studied samples. Despite their important ecological functions, both methanogens 

and sulphate reducers were present as only small fractions of the total microbial 



community in the Olkiluoto groundwater. The methanogens comprised at the most 

0.44 % of the microbial community (-349 m) and the sulphate reducers 1.55 % (-14.5 

m) and 1.3 % (-531 m). 

The results presented in this report give indications to the diversity and quantity of the 

populations of methanogenic archaea and sulphate reducing bacteria in the deep 

groundwater of Olkiluoto. In spite of the small number of methanogens and sulphate 

reducers in the environment there eological role is significant. 

Keywords: archaea, methanogen, methane, sulphate reducing bacteria SRB, sulphate, 

quantitative PCR, phylogenetic analysis, microbial community composition, deep 

groundwater 

 



Metanogeenien ja sulfaatinpelkistäjien pitoisuudet ja mikrobiyhteisöt 
Olkiluodon pohjavedessä 

TIIVISTELMÄ 

GEOFUNC-hankkeessa tutkitaan ydinjätteiden loppusijoitukseen ja sen riskinarviointiin 

liittyvää mikrobiologiaa. Metaania tuottavat arkit (metanogeenit) ja sulfaattia pelkistävät 

bakteerit ovat merkittäviä mikrobiryhmiä hapettomissa ympäristöissä. Niillä on suuri 

vaikutus myös ydinjätteiden pitkäaikaiselle säilytykselle syvässä kallioperässä. Sul-

faattia pelkistävät bakteerit tuottavat sulfaattia pelkistävän aineenvaihduntansa 

seurauksena rikkivetyä (sulfidia), joka voi aiheuttaa ydinjätteen loppusijoituksessa 

käytettävien kuparikapselien korroosiota. Metanogeenit pystyvät tuottamaan suuria 

määriä metaania esimerkiksi hiilidioksidista ja vedystä. Metaani voi toimia hiilen-

lähteenä metaania käyttäville mikrobiryhmille, mutta purkautuessaan rakovyöhykkeistä 

ilmakehään se voi myös kuljettaa radionuklideja. Sulfaattipitoisen ja metaanipitoisen 

veden rajapinnoilla metanogeenit ja sulfaatinpelkistäjät voivat toimia prosessissa, jossa 

metaani toimii hiilenlähteenä sulfaattia pelkistäville mikrobeille, jotka puolestaan 

tuottavat sulfidia.  

On arvioitu, että vain 1-10 % ympäristössä esiintyvistä mikrobeista kasvaa mikrobien 

viljelyyn kehitetyillä ravintoalustoilla. Mikrobeja, jotka eivät kasva ravintoalustoilla 

voidaan tutkia ja niiden määriä tutkittavassa ympäristössä voidaan arvioida 

tunnistamalla näiden mikrobien toiminnassa tärkeitä merkkigeenejä. Esimerkiksi 

metanogeenejä voidaan tunnistaa metaanin tuottoon osallistuvan metyyli koentsyymi M-

reduktaasi entsyymin α-alayksikköä koodaavan mcrA-geenin avulla. mcrA-geeni 

esiintyy yksinomaan metaania tuottavissa arkeissa. Sulfaatinpelkistäjät voidaan 

puolestaan tunnistaa sulfaatin pelkistykseen osallistuvaa dissimilatorista 

sulfaattireduktaasientsyymin β-alayksikköä koodaavan dsrB-geenin avulla. GEOFUNC-

hankkeessa kehitettiin metanogeenien ja sulfaatinpelkistäjien määrien arviointiin 

kvantitatiivinen PCR-menetelmä (qPCR), joka mahdollistaa yllä mainittujen 

merkkigeenien ja siten niihin liittyvien mikrobiprosessien tutkimisen syvistä 

kalliopohjavesistä  

GEOFUNC-hankkeessa tutkittiin sekä kairanrei’istä että ONKALON pohjavesiasemilta 

syvyyksistä -14.5 m aina -581 m asti otettuja pohjavesinäytteitä. Metanogeenejä oli 

läsnä lähes kaikissa tutkituissa näytteissä. Eniten metanogeenejä havaittiin näytteissä 

ONK-PVA1 (-14.5 m), OL-KR40 (-349-351 m ja -545-553 m)  ja OL-KR47 (334-338 

m) ja OL-KR23 (-347-376 m). Näytteitä, joissa suolapitoisuus oli yli 19 g/l (Cl, Na, Ca) 

metanogeenien osuus mikrobiyhteisöstä oli pieni. Sulfaatinpelkistäjiä sen sijaan 

havaittiin kaikissa tutkituissa näytteissä. Eniten niitä oli syvyyksissä -14.5 m, -347 m ja 

-531 m ja -553 m välillä. Kaksi viimeistä näytettä edustavat kuitenkin reikävettä, jossa 

sulfaatti- ja metaanipitoiset pohjavedet ovat sekoittuneet, eivätkä ne siis edusta 

häiriintymätöntä in situ olosuhteista pohjavettä. Metanogeenien monimuotoisuus 

muuttui suhteessa näytteenottosyvyyteen niin, että maan pintaa lähempänä olevista ja 

syvästä kalliopohjavedestä löydetyt metanogeenit jakaantuivat omiin ryhmiin 

fylogeneettisissa analyyseissa. Sulfaatinpelkistäjälajistot olivat hyvin erilaisia eri 

kairarei’issä, joitakin samojakin lajeja esiintyi. Metanogeenien ja sulfaatinpelkistäjien 

tärkeästä ekologisesta merkityksestä huolimatta näiden mikrobiryhmien suhteellinen 

osuus mikrobiyhteisössä oli vähäinen tutkituissa Olkiluodon pohjavesissä. 



Metanogeenejä oli enimmillään 0.44 % mikrobiyhteisöstä näytteessä OL-KR40 (-349 -

351 m) ja suflaatinpelkistäjiä enimmillään 1.55 % ONK-PVA1 (-14.5 m) ja 1.3 % OL-

KR11 (-531 -558 m). 

Tässä raportissa esitetyt tutkimustulokset antavat viitteitä Olkiluodon syvissä 

pohjavesissä esiintyvien metaania tuottavien ja sulfaattia pelkistävien mikrobiyhteisöjen 

monimuotoisuudesta ja populaatiotiheyksistä. Pienistä pitoisuuksista huolimatta 

sulfaatinpelkistäjien ja metanogeenien merkitys ympäristössä on merkittävä.  

Avainsanat: arkit, metanogeenit, metaani, sulfaatinpelkistäjäbakteerit, sulfaatti, 

kvantitatiivinen PCR, fylogeneettinen tunnistus, mikrobiyhteisö 
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PREFACE 

This work focused on the development of qPCR as a method to characterize the 

population densities of methanogenic archaea and sulphate reducing bacteria in 

Olkiluoto groundwater samples. Environmental conditions, such as geochemistry and 

geophysics affect the survival, growth and metabolism of microorganisms. The present 

work provides information of the presence and quantity of two important microbial 

groups, methanogens and sulphate reducers in 15 Olkiluoto groundwater samples.  

The work was carried out at VTT Technical Research Centre of Finland. 

The contact person at Posiva Oy was Anne Lehtinen and at VTT the responsible 

scientist of the research project was Merja Itävaara, VTT.  

The practical research work was done by Malin Bomberg. Mari Nyyssönen participated 

in writing the report. Malin Bomberg, Mari Nyyssönen, Lotta Purkamo, Aura 

Nousiainen and Merja Itävaara participated in collecting the samples.  

Anne Lehtinen, Petteri Pitkänen and Posiva field personnel, especially Jari Siltanen, are 

acknowledged for interesting discussions, comments and facilitating sampling 

campaigns. 
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NOMENCLATURE AND ABBREVIATIONS  

16S rRNA gene = a gene used to identify microbial species  

Acetoclastic = acetate utilizing microorganism 

Archaea = one of the three domains of life, methanogens are included into this group 

Bacteria = the other of the single celled primary domains of living organisms 

DAPI = 4',6-diamidino-2-phenylindole is a fluorescent stain that binds strongly to DNA 

Delta-proteobacterium = bacterial phylum containing microorganisms with a double 

cell membrane (‘skin’) and a thin, rigid cell wall (compare with Firmicutes below). 

DNA sequence = a fragment of gene  

dsrAB gene = a gene involved in sulphate reduction, a marker gene for the detection of 

sulphate reducing bacteria 

External standard = a known gene used to quantify the unknown gene fragments 

Firmicute = bacterial phylum containing ‘thick walled’ microorganisms, which can 

survive stressful environments for long stretches of time 

Hydrogenotrophic = hydrogen utilizing microorganisms 

mcrA gene = gene involved in the production of methane and used as a marker gene for 

the detection of methanogens 

Methanogen = anaerobic microorganism, which produce methane 

Methylotrophic = microorganism that utilizes low molecular-weight methyl-carbon 

compounds, such as methanol  

Mbsl = meters below surface level 

Nested PCR = a two staged PCR method, which enhances the detection of genes which 

are present at very low amounts 

Nucleotides = structural units of RNA and DNA 

PCR = polymerase chain reaction, amplification method for fragments of DNA 

Primers = oligonucleotides used to target the amplicon of interest, specific detection of 

gene fragments 

Phylogenetic analysis = calculation method to reveal the evolutionary relationships 

between organisms, shown in phylogenetic trees (cladograms), a family tree 
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qPCR = quantitative polymerase chain reaction  

Sulphate reducing bacteria = a versatile group of bacteria, with members from both 

Firmicutes and delta-proteobacteria phyla. Anaerobic microorganisms, which oxidize 

carbon compounds with sulphate producing sulphide 

Taxonomic = classified into biological groups of relation 
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1 INTRODUCTION 

1.1  Microbial communities in nature 

It has recently been estimated that as much as 50 % of the life on earth is located 

underground out of reach of the direct impact of the sun (Whitman et al. 1998). This 

fraction of organisms are mostly microorganisms, and may be heterotrophic (i.e. utilize 

carbon compounds produced by primary producers, such as sugars produced by 

photosynthesizing organisms or organic acids secreted by decomposing 

microorganisms) or autotrophic microorganisms (able to thrive on single carbon 

substrates, e.g. CO2 and CO, as sole carbon sources).  The Fennoscandian shield sub 

surface environment at Olkiluoto is characteristically anaerobic and the salinity level 

increases with depth (Posiva 2009). Microbial processes, such as sulphate reduction and 

methanogenesis are common, and are able to sustain considerable microbial life in this 

environment. Microorganisms play significant roles in the geochemistry of 

groundwater. They catalyze redox reactions that buffer the conditions in the 

groundwater towards anoxia, which is of crucial importance for the safe long-term 

disposal of nuclear waste. Methanogenesis and sulphate reduction are key terminal 

processes in the anaerobic degradation of organic material in anaerobic environments 

where other electron donors than CO2 and acetate have already been utilized by other 

microbiota (Winfrey and Zeikus 1977; Winfrey et al. 1981). Methanogenic archaea and 

sulphate-reducing bacteria (SRB) compete for resources, but in anaerobic environments 

where sulphate is limited, methanogenesis is the dominant process (Muyzer and Stams 

2008). For example, in deep marine sediments, methanogenesis and sulphate reduction 

are often vertically separated and the highest methane production is found together with 

the lowest sulphate concentrations, and vice versa (Koizumi et al. 2003).  

Methane is the most reduced carbon compound found in anaerobic environments, and is 

biologically produced solely by specialized groups of obligately anaerobic 

methanogenic archaea (Whitman et al. 2006). These archaea produce methane from 

only a small number of low molecular weight carbon substrates of which carbon dioxide 

and acetate are the most common. Autotrophic carbon dioxide utilizing methanogens 

reduce CO2 with hydrogen via numerous coenzymes to produce methane. Acetoclastic 

methanogens use acetate, which is derived from decomposition of organic material or 

secreted as secondary metabolites by micro-organisms (e.g. certain sulphate reducers), 

which do not reduce higher carbon compounds completely to CO2. In the acetate 

utilizing pathway, the methyl carbon of the acetate is reduced with hydrogen to produce 

methane, while the carboxyl carbon is oxidized to carbon dioxide. Certain methanogens 

also utilize formate, and specialised groups of methanogenic archaea belonging to the 

order Methanosarcinales are able to use methylated compounds, such as methyl amines 

and methanol, as carbon source for methanogenesis.   

 
1.2  Methanogens in deep subsurface environments 

Kotelnikova and Pedersen (1997) showed an abundance of acetoclastic and 

hydrogenotrophic methanogenic archaea in the deep rock groundwater at Äspö, Sweden. 

One of the most prominent of the methanogens was isolated in pure culture, and it was 

shown to be a new, halo tolerant species of the Genus Methanobacterium (Kotelnikova 
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and Pedersen 1998). An interesting feature of this methanogen is that it is in principle 

autotrophic and is able to thrive on only H2/CO2 as electron donor and carbon source, 

although it has the capacity to use formate. The deep groundwater at Äspö is saline, 

with an increasing salinity gradient in correspondence to depth (Kotelnikova and 

Pedersen 1997). One of the most striking features in methanogens is that they are often 

susceptible to elevated salt concentration, and although exceptions have been reported, 

such as the Äspö Methanobacterium subterraneum, methanogens in salty environments 

usually are not hydrogenotrophic or acetoclastic, but methanogenic groups, such as 

Methanosaeta and Methanolobus, which use methylated compounds, such 

methylamines and methanol for their methanogenesis. The energy obtained by 

hydrolysis of these kinds on methylated compounds is considerably greater (78.2 – 

191.1 kJ mol
-1

) than that obtained from H2/CO2 (34 kJ mol
-1

) or acetate (31 kJ mol
-1

), 

and is sufficient to cope with the excess energy cost caused by increased 

osmoregulatory processes necessary for the microbial cells to survive in high salt 

concentrations (Waldron et al. 2007). The most common deep subsurface methanogens 

belong to Methanobacteriales and Methanosarcinales (Newberry et al. 2004; 

Kotelnikova and Pedersen 1997; 1998; Takai et al. 2001), but members of the 

Methanomicrobiales have sometimes also been reported (Takai et al. 2001; Watanabe et 

al. 2002). However, the greatest part of the archaeal 16S rRNA or mcrA gene sequences 

belong to so far unknown taxa, with considerably lower similarity to cultured isolates 

than to environmental sequences (Takai et al. 2001; Watanabe et al. 2002; Newberry 

2004). The carbon sources used by these uncultured archaea are still unknown 

1.3  Methanogenic archaea groups 

Taxonomic and phylogenetic relationships of microorganisms are resolved by 

phylogenetic comparison of conserved universal genes, such as the gene encoding for 

the ribosomal small RNA subunit, 16S rRNA. Many other genes, such as the genes for 

the other ribosomal RNA subunits, ribosomal proteins and different tRNA genes have 

also been successfully used to generate similar resolution in the microbial phylogeny, 

but the 16S rRNA gene is the most common. The methanogens belong to five or six 

different classes of Euryarchaeota (Figure 1). The methanogenic main groups are the 

Methanomicrobiales, Methanosarcinales, Methanobacteriales, Methanococcales and 

Methanopyrales.  
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Figure 1. Phylogenetic cladogram on the 16S rRNA gene sequences of methanogenic 

type strains. Different methanogenic groups are presented in different colour 

(Methanomicrobiales – green; Methanosarcinales – blue; Methanobacteriales – red; 

Methanococcales - brown and Methanopyrales – black). The cladogram was produced 

by importing the used sequences into the Geneious software package (Biomatters Inc.), 

aligned with ClustalW and calculated with PhyML. The bootstrap values were 

calculated with 500 bootstrap repeats, and are shown for branches with over 50 % 

bootstrap support.  

 

The methanogens produce a variety of coenzymes that are essential for the production 

of methane, and are not found in other microbial groups. These coenzymes and their 

genes can function as biomarkers in the detection and identification of methanogenic 

microorganisms in natural habitats. One of the most frequently used is the methyl 

coenzyme M reductase (MCR), an enzyme that appears to have remained mostly 

unchanged in all methanogens during the evolution. This enzyme reduces the Coenzyme 

M in the final step of methanogenesis, which results in the release of methane. The 

MCR consists of several subunits, which are encoded by separate mcr genes. The most 

commonly used gene for identification and detection of methanogens is the mcrA genes.  

The phylogeny of these mcrA genes follows closely that of the 16S rRNA gene 

phylogeny of the methanogenic archaea (Springer et al. 1995) (Figure 2).  
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Figure 2. Phylogenetic cladogram on the methyl Coenzyme M reductase (mcrA) gene 

sequences of type strain methanogens. The mcrA gene phylogeny follows closely that of 

the 16S rRNA genes of the methanogens. Note the similar grouping as in Figure 1 

(Methanomicrobiales – green; Methanosarcinales – blue; Methanobacteriales – red; 

Methanococcales - brown and Methanopyrales – black). The cladogram was produced 

as in Figure 1. 

 

1.4  Detection of methanogenic microorganisms in natural environments 

Methanogens have been detected from natural environments by cultivation (Kotelnikova 

and Pedersen 1997; Küsel et al. 1999) but more frequently by molecular DNA based 

techniques. Analysis of the archaeal 16S rRNA genes by polymerase chain reaction 

(PCR) based methods has revealed that archaea found in anoxic environments 

commonly affiliate with methanogenic taxa (Conrad et al. 2006; Earl 2003;  Doerfert et 

al. 2009). However, the 16S rRNA gene does not reveal function of the detected 

archaea, but only the phylogenetic relationships of the microorganisms. Methanogens 

have successfully been detected by their mcrA genes in many different environments 

(Hales et al. 1996; Luton et al. 2002; Juottonen et al. 2006). The phylogeny of the mcrA 

genes follow closely that of the 16S rRNA genes and can thereby be used in parallel 

(Springer et al. 1995). The mcrA gene is with only a few exceptions, present only in 

methanogenic archaea and can be used in targeted studies. The first studies where the 

mcrA genes of the methanogens were targeted in environmental samples were in blanket 

peat bog (Hales et al. 1996), where primers specific for the mcrA gene were developed. 

Other mcrA targeting primers have been developed by Springer et al. (1995) and Luton 
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et al. (2002), but surprisingly few studies have developed new primers targeting the 

mcrA gene although the growing number of studies on uncultered methanogenic 

archaea show a majority of methanogenic types which are not closely related with any 

of the cultured methanogenic species, and new primers with broader coverage would be 

called for. 

1.5  Sulphate reducing bacteria 

Sulphur is an essential element for all living organisms because it is a constituent of 

many amino acids and enzymes. The assimilated sulphur is released gradually during 

the decomposition of biological compounds and, under anaerobic conditions, H2S is 

formed during desulphurylation. However, sulphide is not only formed in the 

decomposition of organic molecules because dissimilatory sulphate reducing micro-

organisms reduce SO4 to H2S. H2S can also be easily oxidized to SO4 in the presence of 

oxygen. Intermediate oxidation states may be formed, such as thiosulphate (S2O3) or 

elemental sulphur S
0
, which may serve as electron acceptors for microorganisms that 

are unable to reduce SO4 to H2S (Sorokin 1972). 

More than 150 species of sulphate-reducing bacteria have been detected, and they are 

divided into 40 genera (Garrity et al. 2004). Sulphate-reducing bacteria (SRB) are 

generally strictly anaerobic (Lovley and Phillips 1994), and play a significant role in the 

mineralization of organic matter in anaerobic environments and in the biogeochemical 

cycling of sulphur (Dar et al. 2007). Under anaerobic conditions, SRB use SO4 as a 

terminal electron acceptor in the degradation of organic matter, resulting in the 

production of H2S which is highly reactive, corrosive, and very toxic. SRB mainly 

inhabit anoxic environments, but they can also be found in the interfaces between oxic 

and anoxic environments (Loy 2003). Even if most of the SRBs degrade organic matter, 

autotrophic CO2 fixing and hydrogen utilizing SRBs exist. Some SRBs have also been 

shown to use O2 as electron acceptors in low oxygen conditions (Rabus et al. 2006). 

SRB utilize a variety of inorganic sulphur compounds as electron acceptors such as 

elemental sulphur (S
0
), sulphite (SO3), thiosulphate (S2O3

2-
). In the absence of SO4 or 

other inorganic electron acceptors, many SRBs can change their metabolism and 

degrade organic matter. In addition, syntrophic associations with other micro-organisms 

have been reported (Rabus et al. 2006). 

Sulphate reducing microorganisms are common in many different types of anaerobic 

environments, and have important ecological functions in both the sulphur and the 

carbon cycles. SRB gain energy for cell synthesis and growth by dissimilatory reduction 

of SO4, i.e. a series of reactions where oxidation of organic compounds or H2 is coupled 

to reduction of SO4
-
,
 
and subsequent production of sulphide (H2S, HS

-
) and sulphuric 

acid (Muyzer and Stams 2008). This type of sulphate reduction is restricted to certain 

groups of bacteria and archaea. Assimilatory sulphate reduction, on the other hand, is 

wide spread among prokaryotes and plants. Sulphur is reduced for biosynthesis of e.g. 

cystein, but no H2S is secreted.  
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Figure 3. Phylogenetic cladogram on 16S rRNA gene sequences of representative 

sulphate reducing bacteria (SRB) type species. The cladogram was produced as in 

Figure 1.  

 

Sulphate reducing microorganisms are in addition to cultivation techniques found by 

detecting their dsr (dissimilatory sulphate reductase) genes or aps (adenosine 5’-

phosphosulphate reductase) genes from environmental samples. The dsr and aps are 

highly conserved across the sulphate-reducing bacteria and archaea and are present in 

micro-organisms able to convert SO4 to H2S (Karkhoff-Schweizer et al. 1995, Karr et al. 

2005). As enzyme coding genes, they are also good targets for identification and 

enumeration of microbial populations with specific metabolic properties in a wide range 

of environments in which the traditional culture-dependent methods cannot be used. In 

this study, the dsrB subunit of the dsrAB gene was detected. 
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1.6  Taxonomy of sulphate reducing bacteria 

Bacterial sulphate reducers belong to 3 major Phyla; the δ-proteobacteria with more 

than 25 sulfate reducing genera, the Firmicutes, genera Desulfotomaculum and 

Desulfosporinus, and the Thermodesulfobacterium/Thermodesulfobium branches, and 

the Nitrospira (Thermodesulfovibrio). Within the archaeal domain, Archaeoglobus 

(phylum Euryarchaeota) and Thermocaldium and Caldivirga (phylum 

Crenarchaeota) species perform dissimilatory sulphate reduction (Muyzer and Stams, 

2008; Wagner et al. 1998; Rabus et al. 2006). In contrast to the mcrA gene phylogeny of 

the methanogens, the dsrAB phylogeny of the SRB differ somewhat to that of their 16S 

rRNA gene phylogeny due to lateral gene transfer between the different groups of SRB 

(Klein et al., 2001) (Figures 3 and 4). The most striking differences are seen in the 

grouping of Desulfotomaculum, for which physiological properties, such as cell wall 

components, and 16S rRNA phylogeny group them into the Firmicutes, while the 

dsrAB gene sequences split the Desulfotomaculum genus into delta-proteobacteria (e.g. 

D. geothermicum, D. kuznetsovii) and Firmicutes (D. putei, D. aeronauticum) (Figure 

4).  
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Figure 4. Phylogenetic cladogram on the dissimilatory sulphate reductase gene (dsrAB) 

genes of the same type species of SRB as in Figure 3. Note the division of the 

Desulfotomaculum group (red) as well as the Desulfovibrio group (blue). The 

cladogram was produced as in Figure 1. 

 

1.7  Sulphate reducing microorganisms in deep subsurface environments 

Microbial sulphate reduction is a common process in deep terrestrial subsurface 

environments (von Wolzogen Kuhr and Vlugt 1922; Bastin et al. 1926; Dockins et al. 

1980; Olson et al. 1981; Fredrickson et al. 1997; Krumholz et al. 1997; Onstott et al. 

1998; Haveman et al. 1999). 
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In South African gold mines, most of the dsr gene sequences recovered affiliated with 

Desulfotomaculum spp. (Baker et al. 2003; Moser et al. 2005).  However, different 

linages of delta-proteobacteria have also been found (Motamedi and Pedersen 1998), but 

generally SRB affiliating with the Firmicutes dominate at the greater depths.  

 

1.8  Methods used for identification and characterization of uncultured 
microbial communities 

1.8.1  PCR, cloning and sequencing  

Molecular microbial methods based on direct environmental DNA extraction provide 

opportunity to study microbial diversity, quantity and function without cultivation. 

Cultivation of microorganisms on the other hand results in enrichment of microbial 

communities capable of growing on specific media. Most of the deep subsurface 

microorganisms do not grow on any published media and therefore molecular 

techniques provide an opportunity to obtain information on the uncultured 

microorganisms present in geological environments. 

Uncultured microbial communities have been studied by various molecular community 

profiling techniques. These techniques are mostly based on the polymerase chain 

reaction (PCR). With the PCR techniques, it is possible to produce a multitude of copies 

of a gene, and these copies can be used for further studies, such as identification of 

uncultured microorganisms in the environment.  

In general, the gene of interest (such as the 16S rRNA gene or a functional gene) is 

amplified by PCR with specific primers. The primers can be designed to target a 

specific species of microorganism or groups of several species. In addition, primers can 

be designed to target genes involved in specific microbial processes, such as 

methanogenesis and sulphate reduction.  

A PCR product produced from an environmental sample is a mixture of all target genes 

from all different species in the community. The different genes must be separated from 

each other before they can be analyzed. This can be done by different methods. PCR 

products can be cloned into plasmid vectors, which are introduced into a bacterial host 

strain, such as an E. coli strain.  Each E. coli cell receives one plasmid vector with the 

PCR product insert. When these transformed cells are spread over an agar plate, each 

individual cell gives rise to a colony of identical cells where each cell contains several 

copies of the cloned gene fragment. The different colonies contain different cloned gene 

fragments, and by analyzing the separate clones the community structure of the original 

sample can be determined by sequencing the inserted genes.  

1.8.2  DGGE  

The DGGE technique is used for profiling the microbial populations. The technique is 

used for comparing the uncultured microbial communities in several samples 

simultaneously, and finding out the major differences between the samples. The 

technique produces a community fingerprint of the microbial population in a sample and 

this fingerprint is different in different environments.  
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A PCR product of a gene, for example the dsrB, is produced and then run in an acryl 

amide gel. The acryl amide gel contains DNA denaturing compounds (formamide and 

urea), which have been applied to form a growing gradient from the top towards the end 

of the gel. As the PCR product is run in this gel, the dsrB genes from different SRB 

species proceed at different speed according to their sequence composition. Thus, a 

mixture of several gene sequences can be separated into separate bands on the gel, and 

each band contains the gene fragment of only one type (see Figure 15). This band can 

subsequently be isolated and sequenced for identification of the microbial group.   

1.8.3  qPCR  

Microorganisms can be specifically quantified by quantitative PCR (qPCR). The assay 

can be designed to quantify specific microbial species or microbial groups based on 

their taxonomy or function. In this study, the mcrA gene of the methanogens is used as 

target gene for the quantification of the methanogens in the groundwater samples, and 

the dsrB gene of the sulphate reducers is used to quantitate the sulphate reducers. The 

target gene is amplified (copied) by PCR using gene specific primers in a reaction 

mixture containing a DNA binding dye, such as SybrGreen. This dye binds to double-

stranded DNA and emits detectable light when exited with UV- or blue light. When the 

dye is not bound to DNA it does not emit light. In the qPCR reaction, the strength of the 

light emitted from the dye increases as the number of produced gene copies increases. 

This increase in the emission of light is detected by the qPCR device and it is compared 

to a standard dilution series of the target gene. The strength of the light emitted from the 

sample qPCR reaction is compared to that of the standard series and a numerical value, 

i.e. the number of methanogens or sulphate reducers, can be obtained.  

1.8.4  Sequence comparison and phylogeny  

Sequences obtained from clone libraries and DGGE bands are compared to the 

sequences deposited in the gene bank databases. This may give a first indication to the 

group of genes the sequence belongs to, or which taxon the microbe might affiliate with. 

After this stage, the obtained sequences are aligned with the closest matching sequences 

found from the databases and with other relevant reference sequences. The aligned 

sequences are subsequently grouped into phylogenetic clusters by certain mathematical 

parameters according to their similarities. In this manner, it is possible to estimate the 

microbial group the uncultured microorganism belongs to and if the uncultured 

microorganism falls close to a known cultured microbial species in the phylogenetic 

analyses, the physiological properties of the microorganism can be estimated.    

1.8.5  Geochemical description of the site 

The groundwater at Olkiluoto is stratified according to different physicochemical 

factors (Posiva 2009). Generally, the salinity of the water rises in relation to depth. The 

water in the uppermost 30 m is fresh to brackish (Figure 5) and is of meteoric origin. 

The amounts of total dissolved solids (TDS) and Cl grows with depth. Between 

approximately 100 and 400 meters below surface level (mbsl), the TDS and Cl 

concentrations are rather close to that of present day Baltic, but below 400 mbsl, the 

salinity drastically increases. The uppermost water is also characterized by a high 

concentration of dissolved inorganic carbon (DIC) in the form of bicarbonate ion. Water 
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between the depths of 100 – 300 m has high SO4 levels, a remnant of the Littorina Sea. 

The deepest strata, below 300 m, is dominated by Cl anion, whereas SO4 is almost 

absent. The highest salinity reported from the deep Olkiluoto groundwaters was 84 g 

TDS/l.  

 

Figure 5. a) TDS, b) Cl, c) DIC and d) SO4 concentrations as a function of depth of 

Olkiluoto (Posiva 2009). 

 

Sulphate is reduced with organic carbon compounds by sulphate reducing bacteria. 

However, the deep groundwaters have characteristically only low concentrations of 

organic carbon. This is probably due to the fact that since ample amounts of sulphate is 

always present in these waters, the possible organic carbon substrates are immediately 

oxidized in sulphate reducing microbial processes, hence prohibiting enrichment of 

heterotrophic microorganisms. High levels of SO4
-
 is characteristic for waters between 

depths 100 and 300 mbsl, just above the methane rich water (Figures 5 and 6). Although 

no studies yet report active anaerobic methane oxidizing microbial communities in these 

deep waters, chemical and isotopic evidence supports this theory (Posiva 2009). At the 

interface between the deep methane rich and the overlying SO4
-
 rich waters, H2S 

concentrations peak. It has been proposed, that this is due to the anaerobic oxidation of 

methane with the simultaneous reduction of SO4
-
 to H2S (Figure 6).   
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Figure 6. Dissolved a) sulphate, b) methane and c) sulphide contents with depth at 

Olkiluoto (Posiva 2009). 
 

The temperature of the groundwater at Olkiluoto rises linearly with depth, and ranges 

from around 5-6 ˚C at a depth of 50 m to approximately 20 ˚C at a depth of 1000 m 

(Ahokas et al. 2008). The pH in the water throughout the depth is slightly alkaline 

(Table 1). Several of the deeper samples included in this study span through the same 

hydrogeological zones, HZ20 or HZ21 (Table 1) 
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Table 1. Physicochemical and hydrological information of the Olkiluoto groundwater 

samples. 

Sample* Water type Sample depth 

z (m) 

T (m
2
/s) Eh Pt  

(mV) 

pH 

field 

T ˚C Hydro-

geologi-

cal   zone 

(HZ)^ 

ONK-PVA1 Fresh/Brack.HCO3 -14.5 4.36 x 10-07  8 6.7-5.8  

ONK-PVA3 Fresh/Brack.HCO3 -79 2.35 x 10-08  7.8** 7.5-6.7  

OL-KR43 Fresh/Brack.HCO3 -69  →  -74 1.34 x 10-06  8.7 6.5  

OL-KR42 Brackish SO4
- -157  →  -160 7.62  x 10-08 -134 7.5 7.2  

ONK-PVA5 Brackish Cl -228 8.79 x 10-09  7.9* 9.7-8.4  

OL-KR40 Brackish  Cl +SO4
- -349  →  -351 5.8 x 10-08  8.5 10  

OL-KR47 Saline -334  →  -338 3.45 x 10-08  7.8 9.5  

OL-KR23 Saline -347  →  -376 1.17 x 10-06 -217 7.5 10.2 HZ20 

OL-KR49 Saline -415  → -419 4.37 x 10-07   11  

OL-KR8 Saline -490  →  -494 1.13 x 10-06 -121 8.1 11.9 HZ20 

OL-KR2 Saline -559  →  -572 5 x 10-07  8.3 13.1 HZ21 

OL-KR11 SO4 -531  →  -558 4.12 x 10-08 225 7.6 13 HZ21 

OL-KR40 Saline + SO4
- -546  →  -553 4.83 x 10-07  7.7 12.7 HZ20 

OL-KR1 Saline -565  →  -581 5.13 x 10-07 -160 -270+ 7.6 13.2 HZ21 

* ONK denotes to underground sampling location in ONKALO whereas OL to surface 

based drillhole, **measured in the lab 

^ from Vaittinen et al. (2009) 

+ -569  → -573 m 
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2  MATERIALS AND METHODS  

2.1  Samples 

2.1.1  Methanogenic pure cultures 

Pure cultured type strains representing all five orders of known methanogenic archaea 

were purchased from the German Collection of Micro-organisms and Cell Cultures 

(DSMZ) (Table 2).  

 

Table 2. Pure cultured methanogens used in this study. 

Pure culture Original habitat 

Order Methanopyrales 

Methanopyrus kandleri DSM 6324 Deep-sea hydrothermal vent 

microbial community 

Order Methanococcales 

Methanococcus aeolicus DSM 17508 Marine environments 

Order Methanosarcinales 

Methanosarcina barkeri DSM 800  Anaerobic sewage digester 

Methanolobus oregonensis DSMZ 5435 Sediment, depth 3m, from a saline 

desert lake in Oregon 

Order Methanomicrobiales 

Methanospirillum hungatei DSMZ 3595 Mud and freshwater sediment 

Order Methanobacteriales 

Methanothermobacter thermoautotrophicus 

DSM 1053  

Sewage sludge 

Methanobacterium subterraneum DSMZ 11074 Originally isolated from deep 

subsurface groundwater, Äspö, 

Sweden 
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Total DNA was isolated from the cells of the microorganisms presented in Table 2 and 

used as references and standards in this work. All strains were tested for their 

functionality in qPCR and based on this test Methanothermobacter thermoautotrophicus 

was chosen as external standard in the qPCR because it gave the most reproducible 

results. 

2.1.2  Groundwater samples from Olkiluoto  

The groundwater samples from Olkiluoto are presented in Table 3. Samples were 

obtained either from pressurized sample containers (PAVE) pumped from open 

drillholes or collected from sampling tubes from multi-packered drillholes in different 

locations of Olkiluoto, and from the groundwater stations in ONKALO. The water 

samples from the open and multi-packered drill holes were collected anaerobically on 

site in a field anaerobic chamber by VTT personnel. The water samples were directly 

filtered in the anaerobic chamber, frozen in dry ice, transported to laboratory at VTT in 

dry ice and stored at -80 ˚C before extraction of nucleic acids. The PAVE containers 

were also shipped chilled to the laboratory, where the water was processed. The 

groundwater station water samples were aseptically and anaerobially collected in sterile 

nitrogen flushed, acid washed glass bottles on site. The water was injected with a sterile 

hypodermic needle through the rubber septa of the glass bottles and transported chilled 

to the laboratory for processing.  

The microbial cells in the water samples were collected by suction in an anaerobic 

chamber on 5 cm
2
 nitrocellulose acetate filters with 0.2 µm pore holes (Corning) before 

the total microbial DNA or RNA was extracted from the samples (Figures 7 and 8). The 

filters were cut out of the filtration funnels with a sterile scalpel, put in a sterile 50-ml 

capped test tube and immediately frozen on dry ice. The samples were stored at -80 ˚C 

until DNA extraction. 

Total DNA was extracted by using the PowerSoil® DNA Isolation Kit (MoBio 

Laboratories, Inc.), in which the microbial cells are disrupted both mechanically and 

chemically, and the released genomic DNA is captured and washed on a silica 

membrane. Portions of the total DNA eluted from the membrane were used directly in 

the PCR and qPCR analyses. 
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Table 3. The Olkiluoto groundwater samples used in this study.  

Sample  Water 

type 

Sampling 

section (m) 

Sample depth     

z (m) 

Sampling date Sample 

volume 

(ml) 

Sample type 

ONK-PVA1 Fresh/brack
.HCO3 

17.9-21.9 -14.5 16.12.2009 500 Groundwater  station  

ONK-PVA3 HCO3 16.3-24.1 -78.5 19.6.2007 200 Groundwater  station  

ONK-PVA3 HCO3  16.3-24.1 -78.5 19.12.2009 500 Groundwater  station  

OL-KR43 HCO3 96-102 -69 → -74 06.03.2008 60 PAVE/ open drill hole 

OL-KR42 Brackish 

SO4
 

175-179 -157 → -160 4.12.2007 100 PAVE/ open drill hole 

ONK-PVA5 Brackish Cl 26-38 -228 19.12.2009 500 Groundwater  station 

OL-KR40# 

upper* 

Brackish Cl 

+ SO4 

385-388 -349  → -351 23.6.2008 100 PAVE/ open drill hole 

OL-KR40#  

middle*  

Brackish Cl 

+ SO4 

385-388 -349  → -351 23.6.2008 100 PAVE/ open drill hole 

OL-KR47 

upper* 

Saline 413-419 -334  → -338 24.6.2009 100 PAVE/ open drill hole 

OL-KR47 

lower* 

Saline 413-419 -334  → -338 24.6.2009 100 PAVE/ open drill hole 

OL-KR23 Saline 425-460.3 -347  → -376 

 

15.12.2009 500 Water pumped from 

multi-packed drillhole 

OL-KR49 Saline 532-537 -415  → -419 14.12.2009 500 Water pumped from 

packed drillhole 

OL-KR8 Saline 561-565 -490  → -494 2.10.2007 35 PAVE/ open drill hole 

OL-KR2 Saline 596-609 -559  → -572 28.1.2010 500 Water pumped from 
multi-packed drillhole 

OL-KR11 SO4 597-628 -531 → -558 18.11.2009 500 Water pumped from 

multi-packed drillhole 

OL-KR40#  
middle* 

Saline + 
SO4 

605-613 -545  → -553 16.9.2008 100 PAVE/ open drill hole 

OL-KR40#  

lower* 

Saline + 

SO4 

605-613 -545  → -553 16.9.2008 65  PAVE/ open drill hole 

OL-KR1 Saline 609-627 -565 → -581 28.1.2010 500 Water pumped from 
multi-packed drillhole 

# The samples from OL-KR40 represent disturbed conditions. OL-KR40 was subjected to 

contamination by SO4-rich water due to transmissivity factors resulting from the open borehole 

(Pitkänen et al. 2009) 

* describes which of the three PAVE containers was studied, upper, middle or lower 
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Figure 7. Field anaerobic chamber in use. The sample enters the chamber via a sterile, 

gas proof PCA tube (left corner of the chamber). 

 

 
Figure 8. Aanaerobic sampling in the fiel.  1. Sample water is collected in sterile, acid 

washed glass bottles, 2. The microbial biomass is collected on a filter, 3. The filter is 

aseptically cut from the funnel and, 4. immediately frozen on dry ice for preservation.  
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2.2  Total enumeration of microbial content in Olkiluoto groundwater 
samples 

The total microbial content in the groundwater samples were determined by microscopy. 

The microbial cells in a 10 ml subsample of each water sample was collected on 

nitrocellulose filters by vacuum suction and stained with 2 ml 0.9% NaCl solution 

containing 25 µg/ml DAPI dye (4',6-diamidino-2-phenylindole) for 15 min before 

microscopy. The DAPI dye binds to the DNA and fluoresces in UV light (Figure 9). The 

filters were mounted on microscopy slides and the microbes were illuminated with UV 

light, and the microbial cells of 30 microscope fields were counted and the average 

microbial cell concentration (cells/ml water) was determined by Equation 1:      

 

B = (N*Af)/(d* Af *G*Ag) 

Where B = number of cells/ml 

N = total number of cells counted 

Af = functional area of the filter (283.53 mm2) 

d = dilution factor 

Af = volume of the filtered sample 

G = number of viewscreens counted 

Ag = area of the view screen (0.0201 mm2 at 100 x magnification) 

 

2.3  Design of new mcrA gene detecting primers for PCR 

Relatively few primers have been designed and published for detection of genes 

involved in methanogenesis. The most commonly used so called functional gene for 

detection of methanogenic archaea is the methyl coenzyme M reductase subunit α, 

mcrA, which in total is approximately 1.7 kbp long.  

Since the first publication of mcrA primers (Springer et al. 1995; Hales et al. 1996; 

Luton et al. 2002), many new methanogenic species have been isolated and 

characterized. For some of the species the whole mcrA gene, the MCR operon or even 

the whole genome has been sequenced. All available mcrA sequences of the 

methanogenic type strains as well as the mcrA gene sequences of uncultured 

methanogens detected in a fosmid library from soil were aligned with ClustalW and a 

new pair of primers (mcrA463f and mcrA1615r) targeting a longer, 1.2 kbp, fragment of 

the mcrA gene was designed in this study. A longer fragment of the mcrA gene will 

give more and new information about the uncultured methanogens. It will enable design 

of new PCR primers for the group-specific detection of uncultured methanogens. This 

primer pair was tested on the pure cultured methanogens listed above, and a positive 

PCR result was obtained from all tested pure cultures. The mcrA gene of one of the 

purchased pure cultures, Methanobacterium subterraneum originally isolated from Äspö 

HRL, had not been sequenced before, or at least not deposited in any of the public 

databases, and it was sequenced as a reference by us. 
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Figure 9. DAPI stained microbial cells in groundwater sample from OL-KR11, -531 m 

depth. 

 
2.4  mcrA PCR 

The groundwater DNA extracts were used to detect mcrA genes and subsequently create 

mcrA gene clone libraries. For mcrA detection from the untreated DNA samples a 

nested PCR approach had to be applied. With this approach, a 1.2 kb fragment of the 

mcrA gene was first obtained with primers mcrA463f and mcrA1615r. A second PCR 

was performed using the first round PCR product as template. In the second round, the 

nested PCR, primers ME1 and ME2 (Hales et al., 1996) was used to amplify the 760 bp 

long fragment within the boundaries of the first round PCR primers.  

The PCRs were performed with the Dynazyme EXT polymerase (Finnzymes).  

 
2.5  mcrA clone libraries 

The mcrA PCR products obtained from samples ONK-PVA3 (-78.5 m), OL-KR43 (-69 

m), OL-KR42 (-157 m) and OL-KR40 (-349 m and -545 m) were used for clone 

libraries. The obtained 760 bp fragment mcrA cloned with the Original TA cloning kit 

(Invitrogen) with chemically competent TOP10F E. coli cells, which were spread on   

Luria plates containing 50 μg/μl Kanamycin. The clone libraries were grown at 37 ˚C 
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over night and clones containing the mcrA gene insert were detected by colony PCR. 

Shortly, a small amount of bacterial mass picked directly with a sterile pipette tip and 

mixed in the PCR reaction. The PCR was performed with primers M13f and M13r, 

which hybridize to the vector at both sides of the insert ligation site. All positive colony 

PCR products were sent for sequencing to Macrogen Inc., Seoul, Korea. The sequencing 

reactions were performed with the T7 promoter primer, which binds to a site between 

the M13f primer and the insert site. 

 

2.6  dsrB DGGE  

Sulphate reducing bacteria in the groundwater samples were investigated by means of 

the dissimilatory sulphate reductase (dsrB) gene from samples ONK-PVA3 (-78.5 m), 

OL-KR43 (-78.5 m), OL-KR42 (-157 m), OL-KR40 (-349 m and -545 m) and OL-KR8 

(-490 m). 470 bp fragments of the dsrB genes were PCR amplified from the 

groundwater DNA extracts using the primers dsr4R and 2060F+GC (Wagner et al., 

1998), and the amplification products were separated on denaturing gradient gel. The 

most prominent dsrB gene fragments were excised from the gel and sequenced. The 

PCR-DGGE analysis and sequencing were performed as part of the GEOMOL-project 

financed by KYT Finnish research programme on nuclear waste management (2006-

2010), but the data are included in this report to provide additional information of the 

diversity of sulphate reducers.  

 

2.7  Handling and identification of the sequences  

The obtained mcrA and dsrB sequences were imported to the Geneious software 

(Biomatters, Inc.). The residual vector sequences of the mcrA sequences were edited 

from the sequences. Both mcrA and dsrB sequences were compared to the sequence 

data deposited in GeneBank using the Blastn and Blastx tools 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). The reference sequences and the closest 

matching gene sequences were first aligned using ClustalW in Geneious and the 

alignment was manually corrected. The sequences were subsequently translated into 

amino acid sequences, which were aligned with ClustalX in Geneious, the alignment 

was again manually corrected and edited in both ends to cover only the area covered by 

all sequences. A maximum likelihood tree was calculated on both the mcrA and dsrB 

gene alignments with Geneious Pro (Biomatters Inc.) to resolve the phylogenetic 

relationship between the new sequences and the closest matching sequences from the 

databanks. 

 
2.8  qPCR of mcrA and dsrB genes 

2.8.1  Testing and development of qPCR standard for mcrA  

The qPCR for the mcrA copy number detection was first tested with pure cultured 

methanogens (Table 2). A 760 bp and a 330 bp long mcrA gene fragment were first 

amplified from the DNA isolated from the pure cultures, with primer pairs ME1-ME2 or 

ME1-ME3, respectively. The PCR amplification products were checked by agarose gel 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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electrophoresis and the PCR products were cloned and tested for insert as above (2.5). 

Plasmid DNA was isolated from over-night grown cultures with the Qiaprep miniprep 

kit (Qiagen). The concentration of plasmid DNA was measured with the Nanodrop 

spectrophotometer and the number of plasmids /µl was calculated as follows; 

1. According to the cloning kit manual, 50 ng of plasmid is equal to 20 fmoles (10
-

15
). According to Avogadros number NA, 1 mole comprises 6.02214179 · 10

23
 

molecules/mole. 

6.02214179 · 10
23

 molecules/mole · 20·10
-15

 moles = 120.4428358 ·10
8
 copies of 

plasmid in 50 ng. 

The DNA concentration of the different plasmid extractions were measured and the 

following example calculation was performed with the concentration of the 

Methanothermobacter thermoautotrophicum ME1-ME3 mcrA fragment plasmids where 

the plasmid concentration/µl was 15.05 ng.  

2. 50 ng vector/(120.4428358 ·10
8
 copies of plasmid · 3900 bp) = 15.05 ng/ X 

copies · 4270 bp)  

 X = 3.31 ·10
9 

copies/µl 

Ten fold dilution series were prepared for each plasmid preparation over a range of 0 

copies/µl to 10
10 

copies/µl. The plasmid dilution series were first tested by regular PCR 

with the primer pair ME1 and ME3, which are the same as for the qPCR reaction, to see 

that the insert had the right length. 

The plasmid dilution series were run in qPCR to test how the mcrA from the different 

methanogenic species worked in the reaction, and whether any of the clones would work 

reproducibly in the qPCR.  In the case of the mcrA qPCR method, the amplification 

signal is based on the amplification of a 330 bp long fragment of the mcrA gene. The 

reaction is performed in the presence of a fluorescent dye, SybrGreen I, which 

specifically binds to double stranded DNA. The conformation of the dye changes from 

non-fluorescent when unbound to highly fluorescent when bound to dsDNA. As the 

330-bp long fragments of the mcrA genes in the sample are copied by the DNA 

polymerase, the more target is produced for the dye to bind to and the fluorescence 

signal is hence amplified. When the amplification signal produced in the sample is 

compared to that of a standard dilution series of the target gene, the number of gene 

copies in the sample can be determined. 

2.8.2  Testing and development of qPCR standard for dsrB 

The qPCR standard for dsrB was developed with the cloned dsrAB gene from 

Desulfobacterium autotrophicum, and was described in Itävaara et al. 2008. For the 

present study, the standard was re-evaluated and validated for a new qPCR device 

(LightCycler 480, Roche) as described above.  
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2.8.3  qPCR of mcrA and dsrB genes in Olkiluoto groundwater samples 

In order to quantitate the number of methanogens and sulphate reducers, specific 

quantitative PCR (qPCR) was developed for these microbial groups. The qPCR 

specifically targeted the mcrA and dsrB genes of the methanogens and sulphate 

reducers, respectively. In the assay for mcrA, a standard dilution series of the 

Methanothermobacter thermoautotrophicus was used, and for the dsrB a standard 

dilution series of Desulfobacterium autotrophicum. The qPCRs were performed with 

the DyNAmo™ SYBR® Green qPCR Kit (Finnzymes) on a LightCycler™ 480 (Roche) 

instrument. In order to test the specificity of the amplified PCR products, a melting 

curve analysis of the PCR product was performed after each qPCR run. In the analysis, 

the temperature of the qPCR reaction is gradually increased, which leads to a gradual 

loss of fluorescence in the sample due to the denaturation of the PCR products. The 

denaturation temperature for the PCR products depends on the length and sequence of 

the amplicons, and a short PCR product is denatured at a lower temperature than a long 

one. Thus, as the instrument measures the loss of fluorescence, the actual PCR product 

can be distinguished from possible unspecifically produced products, such as primer-

dimers. However, when the number of target genes in the sample is very low and close 

to the limit of detection, even specific primers may produce unspecific background 

noice, which may veil the signal of the correct PCR product. 

 

Each run contained the relevant standard dilution series as well as non template 

controls. Each sample, standard dilution and non template controls were run in at least 

triplicate reactions. 
 

2.8.4  Detection of PCR inhibition and DNA loss 

The efficiency of the PCR reaction may be lowered by substances present in the sample. 

Such PCR inhibitors are for example humic acids, clay particles, iron and calcium ions, 

which may either bind to the isolated DNA, or inhibit the polymerase enzyme 

responsible for making the PCR product (Al-Soud and Radstrom 1998). In qPCR 

analyses, it is important to account for the level of PCR inhibition when the qPCR 

results are calculated.  

The efficiency of the qPCR and possible inhibition of the PCR reaction by agents in the 

extracted sample, DNA was tested by using an internal standard in the qPCR reactions. 

A known amount (2.17 x 10
4
) of a plasmid containing a fragment of the IgMorph gene 

was added to qPCR reactions also containing the same amount of sample DNA as used 

in the mcrA and dsrB qPCRs. The amplification of the internal standard was compared 

to a standard curve obtained by qPCR of a dilution series of the IgMorph plasmid. 

Another important factor is the possible loss of DNA during the DNA extraction. For 

this purpose, an internal standard was developed for estimating the DNA extraction 

efficiency and PCR inhibition in the samples (Itävaara et al. 2008). The standard gene 

can be any gene that is not present in micro-organisms because standardization is based 

on quantifying the standard gene separately. The internal standard is added as a whole 

cell preparation to the sample prior to DNA extraction. After the DNA extraction, it is 

possible to estimate the loss of DNA in the extraction procedures by quantifying the 

standard gene in the samples by quantitative PCR. The internal standard was prepared 
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by cloning the IgMorph gene into DH5α E. coli cells. The clone was then cultivated in a 

liquid broth until the desired cell number had been reached. The cells were harvested in 

the exponential growth phase. The medium was then divided into 30 μl volumes in 200 

tubes. 
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3  RESULTS AND DISCUSSION 

3.1  Microbial density 

The microbial densities in Olkiluoto groundwater samples varied between 1.28 x 10
6
 

cells
 
ml

-1 
and 9.33 x 10

3
 cells ml

-1 
(Table 4). The highest cell density was detected in the 

uppermost water sample, ONK-PVA1 (-14.5 m), and the lowest number of microbial 

cells ml
-1 

was seen in the OL-KR49 (-415 m) sample. The microbial cell densities were 

in agreement with studies earlier found in Finnish groundwaters and in Olkiluoto  

(Haveman et al. 1999). 

 

3.2  Diversity of methanogens in Olkiluoto groundwater samples  

The diversity of methanogens in Olkiluoto drillholes was studied by cloning and 

sequencing. Olkiluoto sequences were then compared to the phylogeny of methanogens 

presented in the databank. The cloning frequency between the different drillhole water 

samples varied greatly due to differences in the cloning capacity of different species of 

mcrA genes (Figure 10).   

 

Figure 10. PCR products of mcrA gene fragments obtained from Olkiluoto PAVE 

samples. The PCR products were visualized by gel electrophoresis, i.e. PCR products 

were run in a 1 % agarose gel dyed with Ethidium Bromide and visualized with UV 

light. 
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Different types of methanogens were present in the different samples (Figure 11). Four 

different groups of methanogens were detected of which only the Methanosarcinales 

and the Methanobacteriales had cultured strains. The two other methanogen groups 

(here called uncultured methanogen group I and II) did not resemble any cultured 

methanogenic species. The clone libraries of the uppermost samples were dominated by 

Methanosarcinales and sequences of uncultured group I methanogens. The composition 

of the methanogen communities changed with depth so that no members of the 

Methanobacteriales were found, the uncultured methanogen group I diminished and 

Methanobacteriales and the uncultured group II co-dominated at -349 m and at -545 m 

only Methanobacteriales was detected.  

 

 

Figure 11. Relative amounts of mcrA sequence types detected in the clone libraries. 

Green – Methanobacteriales, Blue – Methanosarcinales, Brown – uncultured 

methanogen group I, Red – uncultured methanogen group II. 

 

McrA gene fragments were also obtained from samples ONK-PVA1 (-14.5 m), OL-

KR23 (-347 m) and OL-KR11 (-559 m) with the nested PCR approach. This confirmed 

the presence of methanogens in these samples although they were not cloned and 

sequenced. These samples also showed positive mcrA signal in the qPCR. McrA gene 

fragments were not obtained from the samples ONK-PVA5 (-228 m), OL-KR49 (-415 

m), OL-KR2 (-559 m) and OL-KR1 (-565 m), although these samples were also 

submitted to the nested PCR method for detection of mcrA genes. This result is in 
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accordance to the qPCR results, where only very low or no mcrA signals were obtained 

from these samples. 

Olkiluoto methanogens fell into four distinct phylogenetic clusters. A minor part of the 

sequences were closely related to isolated methanogen mcrA sequences, but most of the 

obtained sequences fell in groups with no cultured members (Figure 12).  

The closest cultured relatives belong to the classes Methanosarcinales and 

Methanobacteriales.  

Microorganisms of Methanosarcinaceae family were detected in water samples from 

ONK-PVA3 (-78.5 m) and OL-KR42 (-157 m) and OL-KR40 (-349 m and -545 m). The 

Methanosarcinaceae contain methanogenic archaea which utilize H2 and CO2 but also 

frequently formate for methanogenesis.  

The Olkiluoto Methanobacteriaceae mcrA gene sequences were most closely related to 

Methanobrevibacter arboriphilus, which commonly is found as endosymbionts in 

termite guts, and ruminant animals. The Methanobrevibacter has been shown to be at 

least tolerant to oxygen and some studies have even shown growth of this methanogen 

under microaerobic conditions. Although oxygen is toxic to this methanogen, as to all 

others, the Methanobrevibacter has an oxidase enzyme (F420H2 oxidase) with which it is 

able to reduce O2 with H2, thereby detoxifying the O2 (Seedorf et al., 2004). 

Methanobacteriaceae are found in very diverse habitats, such as freshwater and marine 

sediments, groundwater, paddy field soil, terrestrial subsurface environments, 

bioreactors, gastrointestinal tracts of animals and in environments with accumulated 

geothermal H2.  

Additionally, mcrA gene sequences of uncultured groups of methanogens were also 

obtained from ONK-PVA3 (-78.5 m), OL-KR43 (-69 m), OL-KR42 (-157 m) and OL-

KR40 (-349 m and -545 m). The functions and carbon sources of these methanogens are 

not known.  
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Figure 12. Phylogenetic tree of the Olkiluoto mcrA sequences in relation to cultured 

(methanogens). The mcrA sequences from different drillholes are presented in different 

colours, ONK-PVA3 – Green, OL-KR42 – Blue, OL-KR43 – Brown, OL-KR40 – Purple. 

The Olkiluoto mcrA gene sequences which affiliated with known cultured groups fell 

with the Methanosarcinales and Methanobacteriales. Two additional groups were 

formed to which no cultured relative is known (Uncultured I and II).  
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3.3   Quantification of methanogens by mcrA qPCR 

Methanogens were shown to be present in most of the studied Olkiliuoto drillhole 

waters. The number of methanogens in the samples was generally low and varied from 

none to 700-800 cells ml
-1

. The highest methanogen densities were detected in the 

samples ONK-PVA1 (-14.5 m) (3.2 x 10
2
 ml

-1
), OL-KR40 at both depths (-349 m and -

546 m) (1.8-6.3 x 10
2
 ml

-1
 and 1.7-2.4 x 10

2
 ml

-1
, respectively), and in OL-KR47 (-334 

m) (0.6-2.8 x 10
2
 ml

-1
) (Table 4, Figure 13).  

The ONK-PVA1 (-14.5 m) sample contained the highest number of microbial cells ml
-1

 

(0.5-2.0 10
5
 ml

-1
) and had also high DIC, DOC and ammonium concentrations (54.9, 8 

and 0.44 mg/l, respectively). Although the methanogens only utilize a limited selection 

of low molecular weight carbon compounds, their growth may be supported by 

compounds released from the degradation of organic compounds by other microbiota.  

Methanogens were also more abundant in samples OL-KR40 (-349 m and -545 m) and 

OL-KR47 (-334). (Figure 13). The OL-KR47 sample had very low SO4 concentration 

(<0,1 mg/l), but in OL-KR40 (-349 m), the SO4 concentration was  high (187 mg/l). The 

deepest sample OL-KR40 (depth -546 m) showed, compared to the other samples, a 

rather high number of methanogens, 1.7 – 2.4 x 10
2
 ml

-1
. This sample contained high 

concentrations of DOC (10,2 mgC/l), SO4 (260mg/l) and ammonium (0,31 mg/l).  

 

Figure 13. Mean values of mcrA gene copy numbers ml
-1

 groundwater detected by 

quantitative PCR in triplicate reactions. The error bars present standard error of mean.   
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Table 4. Microbial components in the Olkiluoto groundwater samples, whole cell 

counts, concentration of mcrA and dsrB gene copies ml
-1

 

Sample 

location 

Sampling 

section 

(m) 

Sample 

depth    

z (m) 

Cell count 

DAPI 

cells ml-1 

Cell count 

L/D    

cells ml-1  

mcrA 

ml-1 

%  mcrA*  dsrB ml-1 % 

dsrB*  

ONK-PVA1 17.9-21.9 -14.5  1.28 x 106 323 0.025 1.98 x 104 1.55 

ONK-PVA3 16.3-24.1 -78.5 7.2 x 105 6.0 x 105 45 0.0075 28.1 0.005 

ONK-PVA3 16.3-24.1 -78.5 5 x 104  0-20 0-0.04 28 0.056 

OL-KR43 96-102 -69 →      

-74 

 5.9 x 104 28 0.047 80.6 0.14 

OL-KR42 175-179 -157 →    

-160 

 7.1 x 105 85 0.012 256 0.036 

ONK-PVA5 26-38 -228 9.67 x 103  -  2.8 0.029 

OL-KR40 

upper 

OL-KR40 

middle 

385-388 -349  →   

-351 

 1.4 x 105 

 

314 

732 

0.13 

0.44 

26.9 

107 

0.019 

0.076 

OL-KR47 

upper  

OL-KR47 

lower 

413-419 -334  →   

-338 

 4.8 x 104 

2.0 x 105  

64 

283 

0.13 

0.14 

46 

358 

0.09 

0.18 

OL-KR23 425-460 -347  →   

-376 

2.81 x 105 1.75 x 105 241 0.14 1.88 x 103 1.07 

OL-KR49 532-537 -415  →   

-419 

9.33 x 103  0-3 0-0.03 4.14 0.04 

OL-KR8 556-561 -490  →   

-494 

9 x 104 9.1 x 104 16 0.017 15.3 0.016 

OL-KR2 597-610 -559  →   

-572 

6.89 x 104  46 0.067 2.7 0.003 

OL-KR11 598-628 -531 →    

-558 

1.64 x 105  10-30 0.006-0.018 2.16 x 103 1.3 

OL-KR40 

middle 

OL-KR40 

lower 

605-613 -545  →   

-553 

 1.3 x 105  244.78 

176.00 

0.2 

0.14 

725 

110 

0.56 

0.085 

OL-KR1 610-627 -565 →    

-581 

9.11 x 104  25 0.027 34.3 0.037 

*of total cell count LD, when applicable 
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No methanogens were detected in the deep samples OL-KR49 (-415 m), OL-KR8 (-490 

m), OL-KR2 (-559 m) and OL-KR1 (-565 m). These samples contained the highest 

salinity and  the SO4 concentrations were very low, which indicate that the samples are 

undisturbed and represent well in situ hydrogeochemical conditions (e.g. Pitkänen et al. 

2007, Posiva 2009). Many methanogens are susceptible to high salinity, because the 

energy obtained from reducing low molecular weight carbon compounds, such as CO2 

and acetate, is not enough to support both normal cell functions and osmoregulation 

processes.  

Of the total microbial communities in the different samples, the methanogens 

constituted below 1 % of the microbial cells, and mostly even below 0.01 %. However, 

when nested PCR with mcrA gene specific primers was employed, methanogens were 

detected in many of the samples, which only gave low mcrA signal in the qPCR. 

Methanogens are often present in nature at only low population concentrations, and 

often below the detection limit for conventional methods. This is due to the fact that the 

energy obtained from the reduction of acetate and carbon dioxide is so low that it does 

not support high population densities (Waldron et al. 2007). Nevertheless, methanogens 

are very efficient and essential in their habitats, and are able to support methane 

consuming microbial communities. 

3.4  Diversity of the SRB in Olkiluoto groundwater samples   

This data was obtained from the Geomol project (KYT research program 2006-2010), 

but is presented here as supporting information for the qPCR results. 

Sulphate reducing bacteria were detected in all the samples (Figure 14). According to 

PCR-DGGE analysis of the groundwater samples obtained from ONK-PVA3 (-78.5 m), 

OL-KR43 (-69 m), OL-KR42 (-157 m), OL-KR40 (-349 m and -545 m) and OL-KR8 (-

490 m) several different SRBs were detected in each of the analyzed groundwater 

samples (Figure 15). The most diverse SRB community was detected in ONK-PVA3 (-

78.5 m), which also contained the highest concentration of DIC (53,6 mg/l) and 

ammonium (0,40 mg/l)  of the samples tested in the drsB DGGE. ONK-PVA3 (-78.5 m) 

also contained relatively high DOC.  

The SRB communities were mainly dissimilar in groundwater samples obtained from 

different drillholes or even at different depths of the same drillhole, but similar dsrB 

genes were also detected in different drillholes (Figure 15). 



38 

 

 

 

Figure 14. DGGE community profile of PCR amplified dsrB genes of sulphate reducing 

bacteria in groundwater samples obtained from ONK-PVA3, OL-KR43 (-69 m), OL-

KR42 (-157 m), OL-KR40 (-349 m and -545 m) and OL-KR8 (-490 m).Arrows indicate 

DGGE bands that have been sequenced and identified, the numbers correspond to those 

in the phylogenetic tree in Figure 15.  
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Figure 15. Phylogenetic tree on the dsrB sequences obtained by dsrB gene-based PCR-

DGGE from Olkiluoto groundwater samples in relation to cultured sulphate reducing 

bacteria and the closest uncultured relatives. The dsrB sequences from different 

drillholes are presented in different colours, ONK-PVA3 – Green, OL-KR8 – Red, OL-

KR42 – Blue, OL-KR40 – Purple, OL-KR43 – Brown. The numbers at the end of each 

Olkiluoto dsrB gene sequence code indicate the DGGE band number in Figure 14.   

 

The dsrB sequences of the Olkiluoto samples fell into several groups of SRBs in the 

phylogenetic analyses (Figure 15). Olkiluoto dsrB sequences affiliating with 

Desulfomicrobium were detected in OL-KR43 (-69 m) and OL-KR40 (-545 m). The 
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genus Desulfomicrobium belongs to the delta-proteobacteria, and contains species of 

sulfate reducing bacteria, which are able to reduce sulphate to sulfide with organic 

electron donors. Some of these bacteria are even able to use sulfur as sole energy 

source. These sulfur reducers use organic carbon compounds for the reduction of sulfur. 

Many of the sulfur reducers need acetate or fumarate for growth. Many anaerobic ferric 

iron reducing bacteria have been shown to also be facultative sulfur reducers.  

The Desulfomicrobium cells are rod shaped and the known species have temperature 

optima between 25˚C and 35˚C (Dias et al. 2008). Desulfomicrobium uses SO3
2-

and 

S2O3
2-

 as electron acceptors, in addition to SO4
2-

. H2 and lactate, succinate, fumarate and 

malate are the main electron donors, but some species may also use ethanol. 

Desulfomicrobium -species oxidize the organic electron donors incompletely, producing 

acetate.  

Olkiluoto dsrB sequences affiliating with the Desulfovibrio were detected in OL-KR43 

(-69 m). The genus Desulfovibrio belongs to the delta-proteobacteria. Desulfovibrio-

species are shaped like bent or screw-shaped rods. They are common in many 

environments, such as soil, fresh and saline water. Although they are mainly found in 

strictly anaerobic environments, there are species of Desulfovibrio, which can grow on 

aerobic environments. Desulfovibrio species are common in deep groundwater. One 

species D. aespoensis has been isolated from 600 m depth in Äspö, Sweden (Motamedi 

and Pedersen 1998). It constituted a great part of the deep subsurface microbial 

communities, and was shown to have a broad temperature range. Most of the isolated 

Desulfovibrio strains have a rather high optimal temperature for growth (Rabus et al. 

2006) but D. aespoensois was able to grow even below +4 ˚C. The in situ temperature in 

the subterranean habitat from where it was isolated was +20 ˚C.   

In addition to SO4
2-

, Desulfovibrio species use SO3
2-

, S2O3
2-

 and fumarate as electron 

acceptors. As electron donors H2, lactate and ethanol are used. Some species also use 

various sugars and alcohols, such as fructose, glucose, methanol and glycerol. 

Desulfovibrio-species oxidize these electron donors incompletely, producing acetate.  

Desulfobacter-like dsrB sequences were obtained from OL-KR40 (-349 m). 

Desulfobacter is a mesophilic gram-negative genera that oxidizes organic substrate 

completely to CO2. Desulfobacter is mainly found in brackish and marine environment 

and has a oval or vibrio morphology. They may use acetate (Dowling 1986; 1988). 

The delta-proteobacteria like dsrB sequences of the Desulfotomaculum affiliating with 

the Desulfobacteria were detected from OL-KR40 (-349 m). In other words, it is not 

clear whether this sequence (OL-KR40 -349 m dsrB-10) truly belongs to 

Desulfobacterium or Desulfotomaculum. Sequences of dsrB genes affiliating with the 

Desulfotomaculum belonging to the Phylum Firmicutes (a group of bacteria with thick 

cell walls) were not found in Olkiluoto groundwater samples.   

The genus Desulfotomaculum belongs to the Firmicutes and has the ability to form 

endospores. The optimal growth temperature for mesophilic species lies between 30-

38 ˚C, and for thermophilic species 50-65 ˚C. There are currently around 20 species 

known. They inhabit diverse environments, such as soil, water, geothermal regions, 

intestines of insects and animal rumen.  
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In 2005, a new strain of Desulfotomaculum was found at 3-4 km depth in an African 

gold mine (Moser et al. 2005). This was the first type of life form which was definitely 

shown to exist completely independently of photosynthesis. It was recovered from 

ancient water in a crack in basalt rock. Radiation from uranium and other radioactive 

elements breaks water molecules, producing energized H2 gas that is able to cleave 

chemical bonds. The bacteria use this H2 to turn SO4
-
 from rock into hydrogen H2S in an 

energy trapping process equivalent to photosynthesis. 

Species of Desulfotomaculum generally oxidizes organic electron donors completely to 

CO2. May use H2, acetate, propionate, ethanol, lactate, fatty acids, succinate/ 

fumarate/malate, fructose/glucose. Desulfotomalum species use S2O3
2-

 and fumarate as 

electron acceptors in the absence of SO4
-
.  

Olkiluoto groundwater samples dsrB sequences falling into the genus 

Desulfobacteriaceae were obtained from OL-KR8 (-69 m, Desulfobacterium 

autotrophicum), and ONK-PVA3 (-78.5 m, distantly related to Desulfosalina 

propionicus). Desulfobacteriaceae is a versatile group of sulfate reducing bacteria 

belonging to the delta-proteobacteria. Members of this group may use different kinds of 

fatty acids, alcohols and organic acids, such as lactate as electron donors, but seldom 

uses acetate. Many have the ability to completely oxidize the organic electron donors to 

CO2, but from fatty acid utilization acetate is often produced (Sorkin et al. 2009; Rabus 

et al. 2006). The temperature optimum for growth of this group is between 20-36 ˚C.   

Olkiluoto groundwater samples OL-KR40 (-349 m and -545 m), OL-KR42 (-157 m), 

OL-KR8 (-490 m) contained dsrB sequences affiliating with Desulfobulbus. Members 

of the genus Desulfobulbus are oval in shape, their optimal temperature for growth is 

between 28 and 39 ˚C. The preferred electron acceptor is SO4
-
, but in its absence 

Desulfobulbus use SO3
2-

 and S2O3
2-

 and nitrate (NO3
-
). Desulfobulbus uses H2, 

propionate, ethanol and lactate as electron donors, but oxidizes the organic ones 

incompletely producing acetate. Desulfobulbus does not itself use acetate. The nitrate 

reduction goes via nitrite producing ammonia as an end product.  Some propionate and 

acetate forming Desulfobulbus species can grow fermentatively on lactate or ethanol 

+and CO2 in the absence of sulphate. Tested species of Desulfobulbus have been shown 

not to grow in co-cultures with methanogens in sulfate-free media containing lactate, 

ethanol and fatty acids. Ammonia is the most readily used N source for SRBs, and NH4
+
 

is common in anaerobic habitats as a result of decay of organic matter. Many 

Desulfobulbus species are also known to be diazotrophs, i.e. fix N2.  

In addition to the drsB gene sequences that were similar to those of characterized and 

pure cultured SRB strains, dsrB gene sequences not falling in any of the known groups 

were also detected. These sequences were obtained from ONK-PVA3 (-78.5 m) water, 

and the closest matching dsrB sequences have originally been detected in Chinese 

paddy field soil (Liu et al. 2009).  

3.5   Quantification of sulphate reducers by dsrB qPCR 

Sulphate reducing bacteria were present in all Olkiluoto groundwater samples and were 

readily detected with qPCR based on dsrB marker gene quantification. The number of 

sulphate reducers in the Olkiluoto groudwater samples are shown in Figure 16.  
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The highest dsrB density was found in the ONK-PVA1 (-14.5 m) (1.98 x 10
4
 ml

-1
) 

sample, which also had the highest microbial cell density (1.28 x 10
6
 ml

-1
). This sample 

also contained high DIC, DOC and ammonium concentrations (54.9, 8.0 and 0.44 mg/l, 

respectively), which may well support high SRB communities that anaerobically 

degrade organic carbon compounds. In the deeper samples, the highest dsrB copy 

number was detected in the samples OL-KR23 (-347 m, 1.88 x 10
3
 ml

-1
) OL-KR11 (-

531 m, 2.16 x 10
3
 ml

-1
) and OL-KR40 (-545 m, 1.1-7.3 x 10

2
 ml

-1
). 

OL-KR23 at the studied depth contains only below 0.1 mg SO4/l water, which may 

indicate that the sulphate reducing bacteria in Olkiluoto groundwater may gain energy 

by other means than sulphate reduction. This sample also shows a high content of DOC 

(8.9 mg/l), and even though this value is heavily influenced by the indigenous methane, 

the available carbon may still be of considerable importance for the SRB community. 

This may be an indication of anaerobic methane oxidation, and the low concentration of 

SO4 is a result of microbial processes where methane is anaerobically oxidized with 

SO4. An interesting feature is that also the concentration of methanogens was high in 

this location. OL-KR23 exhibited a high concentration of SO4 in the water during the 

period that the borehole was open (Pitkänen et al. 2009). However, as the borehole was 

sealed, the SO4 concentration dropped and the borehole water stabilized. This fact also 

indicates that the sulphate in the water was utilized and depleted, possibly in the 

anaerobic processes where methane was oxidized.   

In samples OL-KR11 (-531 m) and OL-KR40 (-545 m) the SO4 concentrations were 

high (326 mg/l and 260 mg/ml, respectively), which might explain the high 

concentration of SRBs in the groundwater. These samples also had high DOC contents 

(16 mgC/l and 10.2 mgC/l). Again, a co-occurrence of SRB and methanogens was 

detected in OL-KR40 (-545 m). Interestingly, sample OL-KR42 (-157 m), which had 

the highest SO4 concentration (545 mg/l), did not show noticeably higher numbers of 

SRB than the other samples (2.56 x 10
2
 ml

-1
). OL-KR40, however, presents disturbed 

hydrogeochemical conditions in the groundwater with uncharacteristically high amounts 

of SO4 and may therefore show abnormal microbiological attributes compared to stabile 

boreholes. 

Over all, the relative portion of sulphate reducers of the total microbial community 

varied between <0.01 % and 1.55 % (Table 4).  
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Figure 16. Mean values of drsB gene copy numbers ml
-1

 in Olkiluoto groundwater 

samples. Error bars present standard error of mean. Note the logarithmic scale. 

 

3.6  Microbial density, mcrA and dsrB frequency vs. geochemistry 

The number of microbial cells ml
-1

 groundwater in Olkiluoto decreases with depth from 

1.3x10
6
 cells ml

-1
 in ONK-PVA1 (-14.5 m) to 9.3 x 10

4
 cells ml

-1
 in OL-KR49 (-415 

m). Interestingly, in the samples below OL-KR8 (-490 m), the cell numbers increase 

again to 1 x 10
5
 cells ml

-1
. The cell number follows closely the concentration of DOC. 

The occurrence of methanogens in the Olkiluoto groundwater samples correlates with 

the highest concentrations of organic carbon when that occurs together with low levels 

of sulphate (Appendix 1). Exceptions to this rule were both OL-KR40 samples, which 

had high SO4 contents, and still contained the high concentrations of methanogens. The 

samples with the highest mcrA content, ONK-PVA1 (-14.5 m) and OL-KR40 (-545 m) 

also contained significantly more ammonium than most of the other samples, and had 

also high SO4 concentrations. Methanogens were generally not detected in the deepest 

samples with the highest salinity (OL-KR49, OL-KR8, OL-KR2, OL-KR1), which is in 

agreement with Waldron et al. (2007) who explained the energy costs for methanogens 

to maintain cellular functions in saline environments. However, these samples also 

represent undisturbed conditions, especially in regard to SO4. In situ temperature or pH 

of the samples did not appear to have an effect on the concentration of mcrA gene 

copies.  

DsrB gene fragments were detected in all the samples, but they specifically peaked in 

four samples (Figure 16). These samples were ONK-PVA1 (-14.5 m, 2x10
4
 ml

-1
), OL-

KR23 (-347 m, 1.9 x 10
3
 ml

-1
), OL-KR11 (-531 m, 2.16 x 10

3
 ml

-1
) and OL-KR40 (-545 

m, 1.1-7.25 x 10
2
 ml

-1
). Of these samples, ONK-PVA1 (-14.5 m), OL-KR11 (-531 m) 

and OL-KR40 (-545 m) contained high amounts of SO4 (Appendix I), but OL-KR23 (-

347 m) had a SO4 concentration below detection limit. Interestingly, the sample with the 

highest SO4 content (OL-KR42, -157 m, 545 mg/l) and also high concentrations of both 

DIC (13.7 mgC/l) and DOC (5.5 mgC/l) did not have exceptionally high concentration 

of dsrB gene fragments (2.56 x 10
2
 ml

-1
). This sample also showed an over ten-fold 
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increase in salinity compared to the more superficial samples, which may affect the 

population of SRB. The OL-KR42 (-157 m) sample also had a very low concentration 

of ammonia, which may be an essential nitrogen source for many heterotrophic 

organisms, such as the organic matter decomposing SRBs that may be present in the 

superficial groundwaters. The water type of OL-KR42 also represent undisturbed 

groundwater in its in situ state. As in the case of the methanogens, the pH and in situ 

temperature of the samples did not appear to have any considerable effect on the 

abundance of dsrB gene copies. However, the dsrB copy numbers were low in the 

deepest samples with the highest salinity content. 

The mcrA and dsrB gene copy number peaks coincided in two samples, the ONK-PVA1 

(-14.5 m) and OL-KR40 (-545 m). These samples both have high DOC (8 and 10.2 

mgC/l), SO4
2-

 (131 and 260 mg/l) and ammonium (0.44 and 0.31 mg/l) concentrations. 

The DOC in the deeper sample is heavily influenced by the high concentration on 

methane characteristically detected in the deep groundwaters of Olkiluoto. However, 

this methane may be of great importance in anaerobic methane oxidation processes. The 

coexistence of methanogens and SRB in both the surface sample (PVA1, -14.5 m) and 

the deep subsurface sample (OL-KR40, -545 m) is an indication that these processes 

take place in the groundwater of Olkiluoto. As the anaerobically methane oxidizing 

archaea consume methane, an excess of hydrogen is released. Hydrogen accumulation 

would prohibit the continuous oxidation of methane if sulphate reducing bacteria would 

not reduce SO4
2-

with this hydrogen. The outcome of this mutualistic process is 

production of dissolved sulphide.    



45 

 

 

4 CONCLUDING DISCUSSION 

This report aims at enumerating the methanogenic and sulphate reducing microbial 

communities in Olkiluoto deep groundwaters as a part of the research on safe long term 

storage of nuclear waste. The reigning microbial communities have profound effect on 

the durability of the storage canisters as well as on the mobilization of radio-nuclides 

from the storage location and thereby contamination of the environment. Not only is the 

present microbial community of importance, but the possible succession and changes of 

microbial communities may lead to hazardous development in the future. Possible shifts 

in the earth crust due to changes in climate (such as glaciations) may cause the 

microbial communities to alter their activity, functions and composition. Nevertheless, 

the indigenous microbial communities also have stabilizing effects for the disposal of 

the nuclear waste, as they remove the oxygen and thereby render the environment 

anoxic.   

Sulphate reducing bacteria were detected by qPCR in all tested samples, but were shown 

to be abundant especially in three samples, ONK-PVA1 (-14.5 m),   OL-KR23 (-347 m), 

OL-KR11 (-531 m) and OL-KR40 (-559 m). McrA gene fragments of methanogenic 

archaea were detected by qPCR almost throughout the depth profile, but were not 

present in the deepest samples with the highest salinity. The highest concentrations of 

SRB and methanogens coincided in two samples, ONK-PVA1 (-14.5 m) and OL-KR40 

(-545 m) indicating possible mutualistic microbial communities performing anaerobic 

methane oxidation.  

The methanogenic communities preceding at different depth differed phylogenetically 

from each other. Different groups of methanogens were detected in the surface samples, 

middle samples and the deep samples. Most of the detected mcrA gene fragments were 

only distantly related to known, cultured methanogens, or belonged to so far uncultured 

methanogenic taxa, of which no physiological or biological data exist. 

The SRBs identified in this study affiliated phylogenetically with several groups of 

sulphate reducing bacteria from both the delta-proteobacteria and Firmicute phyla. The 

greatest diversity of SRBs was detected in the surface sample (ONK-PVA3, -78.5 m). 

No clear trend of groups of SRB appearing at certain depths could be distinguished with 

the tested samples. However, the SRB communities in all tested samples were different. 
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5  FUTURE CONCIDERATIONS 

This report gives a first insight to the distribution and diversity of methanogenic archaea 

and sulphate reducing bacteria in the groundwater of Olkiluoto island until the depth of 

600 m. The results show possible trends of these microbial groups emerging at certain 

depths, but the lack of replicate samples render the results preliminary.  

The different drillholes included in this study are of varying age and some have been 

subjected to sampling for a long time. It has also been seen, that some of the drillholes 

have reached equilibrium and remain rather unchanged over time, while others appear to 

be susceptible to what is happening in the surroundings (excavation of the ONKALO 

and pumping of nearby drillholes), such as OL-KR40. OL-KR11 is also clearly different 

from the other drillholes according to its hydrogeochemistry, implying leakage and/or 

mixing of different water layers. 

An optimal study for the future would be to include a collection of stable drillholes, 

which would allow collection of replicate samples from the whole depth profile of the 

Olkiluoto groundwater. A study with sufficient replicate samples of the depth profile of 

several multi-packered drillholes would enhance the possibility to produce more 

definitive results. In addition, other functions such as anaerobic methane oxidation, iron, 

manganese and nitrate reducton would provide confirming information about the 

geomicrobial processes ongoing in the deep subsurface. 
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APPENDICES 

Appendix 1. 

Geochemical properties of the samples.  

Sample 

location 
Sampling 

section 
(m) 

Sample depth    

z (m) 

DIC 

mg 
C/l 

DOC 

mg 
C/l 

SO4 

mg/l 

NH4 

mg/l 

Cl   

mg/l 

Na   

mg/l 

Ca 

mg/l 

Mg 

mg/l 

K 

mg/l 

Fe2+ 

mg/l 

ONK-PVA1 17.9-21.9 -14.5 54.9 8.0 131 0.444 244 237 59 19 6.03 0.04 

ONK-PVA3 16.3-24.1 -78.5 53.6 5 103 0.397 362 302 42.2 16.3 7.29 0.03 

OL-KR43 96-102 -69 →   -74 41.3 6.3 69 0.063 260 250 15.3 5.11 6.47 0.05 

OL-KR42 175-179 -157 →   -160 13.7 5.5 545 0.075 4390 1920 690 200 11 0.18 

ONK-PVA5 26-38 -228 3.1 2.1 9.5 <0.02 2390 1230 290 12 3.1 <0.01 

OL-KR40 385-388 -349  →  -351 3 4.2 187 0.062 4380 1820 850 30 5.1 0.07 

OL-KR47 413-419 -334  →  -338 <3 3.5 <0.1 <0.02 8820 3270 2000 27 7.5 0.12 

OL-KR23 425-460 -347 →   -376 3.1 8.9 <0.1 0.036 7650 2430 1900 70 8.9 0.07 

OL-KR49 532-537 -415 →   -419 <4 9.1 1.1 <0.02 12100 3780 3500 24 10 0.45 

OL-KR8 556-561 -490 →   -494 <1.5 11.8 <1.25 <0.02 133000 3780 4500 22 9.3 0.02 

OL-KR2 597-610 -559 →   -572 1.9 18 0.4 <0.02 16700 5110 4300 21 19 <0.01 

OL-KR11 598-628 -531 →   -558 32.3 16 326 0.05 2740 1360 390 100 8.8 1.3 

OL-KR40 605-613 -545  →  -553 3.3 10.2 260 0.313 10100 3070 2600 110 16 0.49 

OL-KR1 610-627 -565 →   -581 <3.75 12.8 1.9 0.035 14000 4540 3700 57 19 0.49 

NO2, NO3, P and PO4 low or close to the detection limit. 
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