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1. Introduction and aims of the study 

Carbonate rocks are highly important thermal water and hydrocarbon reservoirs 

(Goldscheider et al, 2012). In their formation, the groundwater flow systems play a significant 

role due to their solubility. Based on the role of groundwater as a geological factor, the karstic 

phenomena (e.g. caves, springs) can be considered as a direct manifestations of groundwater. 

Therefore, nowadays the hypogenic karsts are of great interest not only in the exploratory 

researches but in the hydrocarbon geological researches, as well. 

The Buda Thermal Karst (BTK) is part of the carbonate reservoir system of the 

Transdanubian Central Range. One of the main discharge zones of the regional fluids of the 

BTK can be found in Budapest where thermal waters with different origins and temperatures 

outcrop. The mixing of upwelling thermal waters rich in dissolved solids and downwelling 

meteoric karst waters resulted in the formation of large cave systems. One of the main discharge 

area is located in the foreground of Rózsadomb which which consists of uncovered carbonate 

surfaces facilitating the recharge. Lukewarm (20-35°C) and hot (40-65°C) waters can be found 

here (Papp, 1942).  The presence of large exposed carbonate surfaces is less typical of the 

Gellért Hill area, so the contribution of meteoric waters is limited here. The discharged fluids 

mainly consist of upwelling thermal waters (Erőss et al, 2012). 

From the years of the new millennium, in parallel with the widespread use of molecular 

methods, numerous studies have appeared on microorganisms living in karst caves and their 

possible role. The researchers have showed an increased interest in studying microorganisms 

living in karst caves, characterized by relatively stable geochemical conditions (constant 

temperatures, lack of sunlight and minimal amounts of organic carbon content) (Northup and 

Lavoie, 2001). Nowadays, one of the hot spots of geomicrobiological researches is the 

exploration and understanding the sulfuric acid speleogenesis because microorganisms may 

contribute to the mineral forming processes and sulfuric acid dissolution of karsts in different 

ways. In addition to the exploration of speleological processes, researches can help to 

understand the diversity and adaptability of microorganisms, as well as revealing the impact of 

groundwater contamination on karst waters. 
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The Buda Thermal Karst (BTK) is one of the few active hydrogeological systems where 

springs, caves and the effects of hydrothermal fluids on carbonates can be evaluated. Taking 

these into consideration, the followings were set as the aim of our study: 

 exploring and comparing the morphological properties of biofilm samples 

related to different discharge areas of the BTK; 

 revealing the structure of prokaryotic communities of water, biofilm, calcite and 

sediment samples by molecular cloning and next-generation sequencing 

methods; 

 studying the biofilm development involved in the hypogenic karstification 

processes by establishing a field experimental model system in the BTK area, 

investigating the structural and compositional changes of the bacterial 

community in the biofilm by simultaneously monitoring the physical-chemical 

state of the environment; 

 comparing the bacterial communities of the caves and spring caves belonging to 

the Northern and Southern discharge areas of the BTK. 

  



2. Materials and methods 

Between 2012 and 2016, biofilm, water and sediment samples were collected from a 

total of six sampling sites (listed in Table 1) in the Buda Thermal Karst System. 

Table 1. Samples collected from the Buda Thermal Karst System according by sampling sites 

and times 

 

Notes: K: molecular cloning; P: pyrosequencing; S: scanning electron microscopic investigations 

Physical and chemical parameters of the water samples were determined as described 

by Anda et al. (2015), apart from the 2015 model experiment established in the Rudas-Török 

spring cave. During the in situ experiment studying the biofilm formation in the Rudas-Török 

spring cave, the pH, temperature, electric conductivity and dissolved oxygen concentration of 

the cave water were measured initially weekly, then every three weeks using a WTW MultiLine 

P 8211 Multi Meter. 
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Sampling site Sampling date Sample type Sample abbreviation

K P S

Northern discharge area

       Molnár János cave December 2012 biofilm MJBB/MJBA + +

mixed water MJWB +

January 2014 biofilm MJB + +

cold water MJC +

mixed water MJM +

warm water MJW +

sediment MJS +

       Well of Városliget December 2012 biofilm VLBB/VLBA + +

water VLWB +

Southern discharge area

        Gellért Ősforrás December 2012 biofilm GOBB/GOBA + +

        Diana-Hygieia thermal spring December 2012 biofilm DHBB/DHBA + +

water DHWB +

October 2015 biofilm DHB + +

sediment DHS +

calcite raft DHC +

        Rudas-Török spring cave December 2012 biofilm RTBB/RTBA + +

water RTWB +

November 2014 biofilm RTB + +

November 2014 calcite raft RTC +

October 2015 water RTW +

October 2015-

October 2016

biofilm samples 

(glass sides) 
3,6,9,12,15, 18,21, 

24, 27, 30, 1year

+ +

        Nagy spring of Rác spa December 2012 biofilm RNBB/RNBA + +

Investigations



The samples from different caves and spring caves of the BTK were examined using an 

EVO MA 10 Zeiss scanning electron microscope, while the diversity of microbial communities 

was determined by molecular biological methods. The community DNA was extracted using 

Ultra Clean Soil DNA Isolation Kit (MoBio, Carlsbad, CA, USA) according to the 

manufacturer’s instructions. Subsequently, clone libraries were created based on the blue-white 

color selection method (Sambrook and Russell, 2001) in the case of the samples shown in 

Table 1. The 16S rRNA gene was amplified by PCR using bacterial primers (Lane 1991), and 

archaea-specific primers (Baker et al, 2003). The PCR products were ligated into the cloning 

vector after purification according to the manufacturer’s instructions and the subsequent steps 

were carried out as described by Anda et al. (2015). The sequencing reaction was performed 

using the Sanger chain-termination method. The quality of chromatograms was checked 

manually with the help of the Chromas software, while the taxonomic relationships of the 

sequences were determined by the EzTaxon and NCBI databases.  

The composition of the bacterial communities of biofilm, sediment, calcite and water 

samples collected between 2014 and 2016 were revealed using B341F and B785R primers 

(Klindworth et al, 2013) and high-throughput next-generation sequencing. The pyrosequencing 

was performed according to the manufacturer’s protocol. Sequencing artefacts (chimaeras, 

homopolymers) generated during the PCR amplification and sequencing reaction, as well as the 

once occurring (singleton) sequences were filtered out using the mothur v1.35 software 

(Schloss et al, 2009). The ARB-SILVA SSU v123 database was used as a taxonomic reference. 

Operational taxonomic units (OTUs) were assigned at 95% and 97% 16S rRNA gene sequence 

similarity threshold levels, representing bacterial genera and species (Tindall et al, 2010). 

 

Anda D., Makk J., Krett G., Jurecska L., Márialigeti K., Mádl-Szőnyi J., Borsodi A.K. 2015. Thermophilic prokaryotic communities inhabiting 

the biofilm and well water of a thermal karst system located in Budapest (Hungary). Extremophiles. 19(4): 787-797. 

Baker G.C, Smith J.J, Cowan D.A. 2003. Review and re-analysis of domain-specific 16S primers. Journal Microbiological Methods. 55(3): 

541–555. 

Klindworth A., Pruesse E., Schweer T., Peplies J., Quast C., Horn M., Glöckner F.O. 2013. Evaluation of general 16S ribosomal RNA gene 

PCR primers for classical and next-generation sequencing-based diversity studies. Nucleic Acids Research. 41(1):e1-e1. 

Lane D.J. 1991. 16S/23S rRNA sequencing. In: Stackebrandt E., Goodfellow M. (eds.) Nucleic acid techniques in bacterial systematics. Wiley, 

New York, pp 115–149. 

Sambrook J., Russell D.W. 2001. Molecular cloning: A laboratory manual. Quarterly Review of Biology. 76(3): 348-349. 

Schloss P.D., Westcott S.L., Ryabin T., Hall J.R., Hartmann M., Hollister E.B., Lesniewski R. A., Oakley B.B., Parks D.H., Robinson C.J., 

Sahl J.W., Stres B., Thallinger G.G., Van Horn D.J., Weber C.F. 2009. Introducing mothur: open-source, platform-independent, community-

supported software for describing and comparing microbial communities. Applied and Environmental Microbiology. 75(23): 7537-7541. 

Tindall B. J., Rosselló-Mora R., Busse, H.J., Ludwig W., Kämpfer P. 2010. Notes on the characterization of prokaryote strains for taxonomic 

purposes. International Journal of Systematic and Evolutionary Microbiology. 60(1): 249-266. 



3. Results and discussion 

The high-resolution scanning electron microscope images of biofilm samples have 

demonstrated that the biofilm-forming bacteria were morphologically very diverse. The 

different calcium carbonate minerals served as a good surface for colonization of bacterial cells 

which provided an opportunity to the formation of biofilms which were clearly visible to the 

naked eye in many segments of the spring caves. In addition to filamentous bacteria of various 

thickness, cell aggregate-forming rods and cocci of different size were observed. The multilayer 

network architecture of microbial biofilm formed by long, filamentous bacteria was also 

detected at all sampling sites, as well as the extracellular polymer matrix (EPS) surrounding the 

cells. 

Scanning electron microscope images of biofilm samples also showed in every case that 

different minerals were accumulated in the EPS produced by the biofilm bacterial cells. 

Filamentous forms accumulated minerals on their surfaces can be seen on several SEM images 

(Figure 1), furthermore hollow cellular structure remains. Probably these structures are residues 

of minerals accumulated on the surface of cells. 

 

Figure 1. Scanning electron micrographs of 5% glutaraldehyde-fixed and lyophilized biofilm 

samples from Molnár János Cave 

a) Network architecture formed by filamentous bacteria b) Filamentous cells accumulating 

mineral precipitates on their surfaces 

According to the molecular cloning and pyrosequencing analyses of the biofilm samples 

originated from the BTK, fairly high genetic diversity was revealed compared to the water 

samples. The same diversity was observed on the high-resolution scanning electron microscope 

images of biofilm samples. The phyla Proteobacteria, Acidobacteria, Aquificae, Chlorobi, 



Chloroflexi, Firmicutes, Nitrospirae, Planctomycetes and Parcubacteria were dominant in the 

samples. In the archaeal clone libraries constructed from the biofilm samples of caves and 

spring caves belonging to the Northern and Southern discharge areas of the BTK, members of 

the phylum Thaumarchaeota were found in the highest proportion. Representatives of 

ammonia-oxidizing archaea (AOA) (e.g. „Candidatus Nitrososphaera gargensis”, 

Nitrososphaera viennensis, „Candidatus Nitrosoarchaeum limnia) belonging to the phylum 

Thaumarchaeota were found in high proportion in all biofilm samples. The dominance of AOA 

suggests that nitrification plays an important role in primary production in these springs. 

The biofilm development was examined using an in situ experimental model system during 

a year under controlled and natural conditions in the Rudas-Török spring cave located in the 

Southern part of Buda Thermal Karst System. In this stable system, based on the physical and 

chemical parameters, the taxonomic diversity at the higher levels were constant in the biofilm 

samples in most of the studied period. It reached the maximum by the third week, however, 

dynamic changes were observed at the OTU level. In the Rudas-Török spring cave, the biofilm 

formation correlated with species richness estimators and diversity indices, since the number 

of OTUs increased during the first 9 weeks. The greatest difference between the species 

richness estimators was among the water and developing biofilm samples. Most of the dynamic 

changes observed at the OTU level happened until the 12th week, so we could state that 9-12 

weeks were needed for the maturation of the biofilm. An unclassified Betaproteobacteria OTU 

was abundant in the water sample, which we could not detect in the other samples. 

  



It was found that the water and biofilm samples belonging to the Northern and Southern 

systems were grouped together except for the biofilm sample of Városliget (Figure 2), in a 

detailed comparative analysis of the bacterial communities of caves and spring caves using 

molecular cloning method. 

 

Figure 2. The principal component analysis of the water and biofilm samples of the springs and 

spring caves belonging to the Northern (blue) and Southern (red) discharge area of the BTK 

based on the clone libraries 

The phyla and classes in the case of Proteobacteria, responsible for 80% of the differences 

between the samples were shown in gray. 

At the same time, the detailed comparative analysis using pyrosequencing pointed out that 

the community structures typical to the Northern (Molnár János cave) and Southern Systems 

(Rudas-Török and Diana-Hygieia spring caves) were clearly separated (Figure 3). However, 

the samples of the neighborhood Rudas-Török and Diana-Hygieia spring caves separated 

despite the fact that both sampling sites belong to the Southern discharge area of the BTK. 

Based on the results, it can also be concluded that the sampling sites were more decisive in the 

composition of the bacterial communities than the examined sample types (water, biofilm or 

calcite). 

  



 

Figure 3. Bray-Curtis similarity matrix-based NMDS ordination of the bacterial communities of 

water, biofilm, calcite and sediment samples of the springs and spring caves belonging to the 

Northern and Southern discharge area of the BTK (stress: 0,09)  

The closest taxa belonging to the bacterial OTUs, responsible for 40% of the differences between 

the samples were shown in gray. 

Besides the significant differences in the resolution of the two methods, the different 

sampling times may be reason of the apparent discrepancy obtained by molecular cloning and 

next-generation sequencing. Every sampling point, cave, spring cave can be considered as a 

unique microenvironment. 

Although a significant portion of the biofilm-forming taxa could not be identified due to 

low sequence matches, considering the metabolic characteristics of known species related to 

the detected OTUs, it can be assumed that thermophilic, anaerobic sulfate‐ , nitrate‐ , and 

iron(III)‐ reducing chemoorganotrophic as well as sulfur‐ , ammonia‐ , and nitrite‐ oxidizing 

chemolithotrophic species can maintain complex metabolic networks in the speleothems and 

waters of the BTK. This can be closely related to the specific environment provided by the 

BTK, because mainly meso/thermophilic, chemotrophic prokaryotic organisms are able to 

adapt to the aphotic, low organic content and geothermally heated environmental conditions 

which are typical of these caves. 
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