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Abstract
The taxonomic and metabolic diversity of prokaryotes and their adaptability to extreme environmental parameters have 
allowed extremophiles to find their optimal living conditions under extreme conditions for one or more environmental param-
eters. Natural habitats abundant in extremophilic microorganisms are relatively rare in Hungary. Nevertheless, alkaliphiles 
and halophiles can flourish in shallow alkaline lakes (soda pans) and saline (solonetz) soils, where extreme weather condi-
tions favor the development of unique bacterial communities. In addition, the hot springs and thermal wells that supply spas 
and thermal baths and provide water for energy use are suitable colonization sites for thermophiles and hyperthermophiles. 
Polyextremophiles, adapted to multiple extreme circumstances, can be found in the aphotic, nutrient-poor and radioactive 
hypogenic caves of the Buda Thermal Karst, among others. The present article reviews the organization, taxonomic composi-
tion, and potential role of different extremophilic bacterial communities in local biogeochemical cycles, based on the most 
recent studies on extremophiles in Hungary.
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Introduction

Life on Earth is based on a diverse and continually chang-
ing world of prokaryotes that has existed for more than 3.5 
billion years. These microscopic organisms have now inhab-
ited every potential habitat. The modern prokaryotic world 
exists within a wide range of geological–physical–chemical 
environments, as microorganisms have adapted to extreme 
geophysical (e.g., temperature and pressure) and geochemi-
cal (e.g., salinity, pH, oxygen deficiency, and redox poten-
tial) parameters, as well (Madigan and Marrs 1997; Pikuta 
et al. 2007; Gupta et al. 2014; Coker 2019; Shu and Huang 
2022). The so-called extremophiles or polyextremophiles 
(Bacteria, Archaea and Eukarya) can live their entire life 
cycle under extreme conditions with respect to one or more 
environmental parameters well beyond the human scale 
(Rothschild and Mancinelli 2001; Pakchung et al. 2006). 

These microorganisms are usually classified according to 
the specific environmental factors (temperature, chemis-
try, salinity, etc.) that is required for their optimal growth 
(Madigan and Marrs 1997; Rothschild and Mancinelli 2001; 
Merino et al 2019). Thermophiles or hyperthermophiles 
are microorganisms that prefer extremely high temperature, 
while psychrophiles require low temperature. Alkaliphiles 
need highly alkaline environment, while acidophiles prefer 
highly acidic one. Halophiles are microorganisms that adapt 
to high salt concentration.

There are many special habitats on Earth that are unliv-
able from a human perspective, but to which microorganisms 
have adapted throughout the evolution. Habitats abundant 
in extremophiles include, for example, volcanic vents, ice 
sheets covering Arctic seas or lakes, glaciers, soils, and 
wetlands with pH ≤ 2 or pH ≥ 10, or deep seas with high 
hydrostatic pressure (Schmid et al. 2020; Shu and Huang 
2022). Although Hungary, located in the northern temperate 
zone, the Carpathian Basin, is not a typical unique environ-
ment, it still has several extreme habitats (e.g., alkaline and 
saline lakes and soils, deep-drilled thermal wells, and active 
hypogene karst caves).
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One of the importance of studying extremophiles and 
polyextremophiles is to understand the limits of life on 
Earth. The research of extremophiles has extended the envi-
ronmental boundaries within which life has been proved to 
exist (Madigan and Marrs 1997; Rothschild and Mancinelli 
2001; Harrison et al. 2013; Merino et al. 2019; Madigan 
et al. 2021; Shu and Huang 2022). In addition, knowledge of 
extremophiles can provide a basis for research into extrater-
restrial life forms defined by the laws of physics and chem-
istry as we know them (Cavicchioli 2002; Cayol et al. 2015; 
Coker 2019).

Research on the genetic and metabolic diversity of extre-
mophiles and polyextremophiles, their adaptation mecha-
nisms to extreme and/or highly changing environmental 
parameters, and their interactions with their environment 
has contributed to our understanding of their role in the 
biogeochemical cycles from local to global scales (Sorokin 
et al. 2014; Martínez-Espinosa 2020; González and Terrón 
2021). Furthermore, not only the extremophiles themselves, 
or the macromolecules participating in their structure and 
function, but also their metabolites can be unique. This 
allows them to fulfill specific roles in their natural environ-
ment and for the benefit of humanity (e.g., extremozymes, 
extremolytes, secondary metabolites, pigments, and other 
bioactive compounds). The multiple uses of extremophiles 
(e.g., antibiotics, antitumors and extremolytes in medicine, 
phytases and phosphatases in food technology, proteases 
and lipases in biofuel production, carotenoids in cosmetic 
industry, xenobiotic degrading enzymes in bioremediation 
technologies, plant growth inducers in agriculture, etc.) are 
now unquestionably part of our everyday life (Raddadi et al. 
2015; Coker 2016; Rampelotto 2016; Dumorné et al. 2017).

Nowadays, several studies have reported on methodo-
logical developments for the more in-depth investigation of 
extremophiles (Rainey and Oren 2006; Schultz et al 2023). 
These include various culture-independent procedures, such 
as metagenomics (Sime-Ngando et al. 2011; Vester et al 
2015), proteomics (Burg et al. 2011), RNA stable isotope 
probing (Graef et al 2011), microarray for gene regulation 
studies (Campanaro et al 2011), quantitative PCR to meas-
ure the abundance of extremophiles (Mayumi et al 2011; 
Westerholm et al 2011), and development of gene transfer 
systems for manipulating extremophiles (Cavicchioli et al. 
2011; Calo et al 2011; Köcher et al 2011; Taylor et al 2011). 
In addition, the improvement of classical cultivation tech-
niques opens new possibilities for the detection of previously 
uncultivated extremophiles and for exploring their metabolic 
potential. These include, e.g., using media with relatively 
low nutrient concentrations, prolonging the incubation time, 
adding known signal molecules to the media to facilitate 
communication between bacteria, adding antibiotics to 
inhibit fast-growing microorganisms, changing the gelling 
agent in solid media, using different concentration of oxygen 

and other gases, and using cell-targeting methods (Alain and 
Querellou 2009; Vester et al 2015; Schultz et al 2023).

In view of the increased interest in extremophiles in 
recent decades, this review presents our knowledge of 
extremophilic microbial communities occurring in specific 
habitats of the Carpathian Basin (Hungary), regarding their 
potential future applications.

Alkaliphiles and halophiles

Effects of extreme weather conditions 
on the diversity of bacterial communities in shallow 
soda ponds and an alkaline–saline oxbow lake

The best-studied soda lakes are found in the Great Rift Val-
ley in East Africa (Kenya, Tanzania, Uganda, Ethiopia) 
and are the most stable natural alkaline habitats on Earth. 
There are soda lakes in the temperate climate zone in North 
America (USA), Australia, Asia (Turkey, Russia, Central 
Asia), and even in Europe (Hungary, Austria, Serbia) (Jones 
and Grant 1999; Boros 2013; Cayol et al. 2015). In the Car-
pathian Basin, the small alkaline and saline water bodies 
(area 1–200 ha) were formed at the end of the Pleistocene 
and the beginning of the Holocene under specific climatic, 
geological, and hydrological conditions. They are extremely 
shallow (water depth < 1 m) and are usually characterized 
by intermittent (astatic) water circulation. The so-called 
szék of the Kiskunság National Park (KNP) (e.g., Böddi-
szék, Kelemen-szék, Zab-szék) can be classified among the 
soda pans that dry up once or even more than once a year. 
The pans are fed by ground water in addition to rainwa-
ter. Their water volume decreases significantly in summer 
due to the strong evaporation, while their salinity increases. 
The suction effect resulting from evaporation also initiates 
the upflow of groundwater from the deeper layers, which 
increases the accumulation of salt on the surface. Compared 
to other saline waters of the world, the ones of the Car-
pathian Basin have a relatively low salinity, but a very high 
degree of alkalinity. These waters consist of four compo-
nents, in which Na2CO3, NaHCO3, and Ca(HCO3)2 maintain 
an equilibrium in a dissociated state and CaCO3 in an undis-
solved state (Boros 1999; Boros and Vörös 2010; Ecsedi 
and Boros 2013; Felföldi 2020). The salinity of the waters 
fluctuates between subsaline (0.5–3.0 g l−1) and hypersa-
line (> 50 g l−1), while the pH varies between values 8–10 
(Ecsedi and Boros 2013; Borics et al. 2016).

After a longer sunny, dry, warm, and windless period in 
June 2008, a dual water bloom was observed in the Böddi-
szék (46° 46′ N; 19° 08′ E). A surface yellowish-green layer 
dominated by a green alga (Oocystis submarina Lagerheim) 
was distinguishable from a purple biogenic layer near the 
sediment surface in the extremely shallow (5–6 cm depth) 
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water (Fig. 1). The water temperature was 33 °C, the specific 
electrical conductivity was 15.7 mS cm−1, the pH was 9.7, 
and the dissolved oxygen content was 32.7 mg l−1 (458%) at 
the time of sampling according to the on-site measurements 
(Borsodi et al. 2013). Prior to our observation, a similar 
phenomenon was reported in Eurasia only in the case of 
shallow-water Mongolian soda lakes (Sorokin et al. 2004).

During the microbiological examination, a high taxo-
nomic diversity of (poli)extremophilic (alkaliphilic and/
or halophilic) bacteria was revealed using a combined 
cultivation-based and molecular cloning approach (Fig. 1). 
Green algae and, to a lesser extent, cyanobacteria (with 
their oxygen-producing photoautotrophic metabolism) 
were the main primary producers in the upper, yellowish-
green, oxygen-rich layer. The low-light and oxygen-depleted 
lower layer favored the growth of anoxic phototrophic purple 
sulfur (e.g., Ectothiorhodospira, Thiorhodospira) and non-
sulfur bacteria (e.g., Rhodobaca, Rhodobacter) and helio-
bacteria (e.g., Heliorestis), as well as aerobic anoxygenic 
phototrophic bacteria (e.g., Erythrobacter). These bacteria 
provide their energy needs by photolithotrophic oxidation 
of reduced sulfur compounds and hydrogen or photoorgano-
trophic oxidation of simple organic substances. In the upper 
water layer, aerobic chemoorganotrophic alkaliphiles and 
halophiles (e.g., Alkalimonas, Halomonas, Marinospiril-
lum, Nitrincola, Bacillus, Gracilibacillus) took part in the 
complete biodegradation of organic carbon compounds pro-
duced during primary production (Borsodi et al. 2013). In 
recent decades, among the bacterial strains isolated from 
soda pans (e.g., Böddi-szék) of the KNP, several new alka-
liphilic species (e.g., Bacillus aurantiacus sp. nov., B. alkali-
sediminis sp. nov., B. kiskunsagensis sp. nov., Nesterenkonia 
pannonica sp. nov., Nitrincola alkalilacustris sp. nov.) have 
been described (Borsodi et al. 2008, 2011, 2017a; b, c). The 
type strains of the newly described species grew in the pH 
range of 7.0–12.0, optimally at pH 9.0–10.0, typical of their 

habitat. In addition, they had a relatively wide salt tolerance, 
adapting to the varying salt concentrations in the soda pans. 
They were usually capable of cultivation in a NaCl concen-
tration range of 3–10% (w/v), with optimal growth at 5–7%. 
These bacteria can also effectively participate in the miner-
alization processes. In the lower water layer, the biodegrada-
tion of complex organic substances began with acidogenesis 
performed by primary fermenters (e.g., Anoxynatronum, 
Clostridium, Spirochaeta). This was complemented by the 
metabolism of sulfate-reducing bacteria (SRB, e.g., Desul-
fobotulus, Desulfonatronum) that utilize fermentation end 
products (e.g., organic acids) by partial or complete oxida-
tion. The latter could provide the reduced sulfur compounds 
required for anoxic phototrophs by dissimilatory reduction 
of sulfate (Borsodi et al. 2013).

A dual water bloom very similar to the one in Böddi-szék 
appeared in April 2014, in another soda pan of the KNP 
(46° 46′ N; 19° 11′ E). The water temperature was 23 °C, 
the pH was 10.1, and the specific electrical conductivity 
was 15.5 mS cm−1 at the time of sampling. As before, the 
upper part of the only 5 cm water layer was dominated by 
the planktonic green algae Oocystis submarina Lagerheim, 
while the lower purple-colored, bacteriochlorophyll con-
taining water layer was dominated by representatives of the 
genera Thiorhodospira and Rhodobaca based on the next-
generation sequencing (NGS) results (Korponai et al. 2019).

Purple-colored water blooms like those observed in the 
soda pans of the KNP were also observed in summer periods, 
year after year, in a natural oxbow lake (46.9  N; 20.6  E)  
in the south-eastern region of the Hungarian Great Plain, 
which is used for the temporary storage of thermal water 
for energy purposes. Although the physical and chemical 
properties of the water of the alkaline and saline reservoir 
(summer temperature 27.6 °C, pH 8.7–9.3, specific electri-
cal conductivity 4.0–5.7 mS cm−1) were similar to those of 
the soda pans of the KNP, high concentration of aromatic 

Fig. 1   The presumed role of 
extremophilic bacteria identi-
fied from the dual water bloom 
of the Böddi-szék in the local 
biogeochemical cycling of car-
bon and sulfur (Abbreviations: 
C cultivation, MC molecular 
cloning.)
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hydrocarbons from the used thermal water (total phenols 
up to 4.2 mg l−1) was detected in the cooling reservoir. The 
results of the combined (microscopic, cultivation based, and 
molecular cloning) methodological approach revealed that 
in addition to oxygenic photosynthetic cyanobacteria (e.g., 
Arthrospira, Gloeocapsa), anoxic phototrophic purple sulfur 
(e.g., Thiolamprovum) and non-sulfur (e.g., Rhodobacter, 
Rubribacterium) (mostly nitrogen-fixing) bacteria could 
be responsible for the water blooms in the reservoir. Alka-
liphilic and/or halophilic (e.g., Bacillus, Planococcus), syn-
trophic fermenting (e.g., Smithella, Syntrophobacter), and 
sulfate-reducing (e.g., Desulfobacterium, Desulfosarcina 
Desulfovibrio, Desulfonatronum) bacteria capable of aero-
bically or anaerobically metabolizing aromatic hydrocarbons 
(e.g., Thauera) were detected in high relative abundance 
among the chemoorganotrophs involved in the decompo-
sition of organic matter. Their metabolism may have con-
tributed to the significant decrease in the organic pollutant 
concentrations of the lake water during the storage period 
(Borsodi et al. 2016).

In conclusion, the similar water blooms observed in vari-
ous shallow alkaline and saline lakes in Hungary may have 
been facilitated by high light intensity and relatively high 
temperatures. Cyanobacteria, in addition to green algae, 
played a major role in the production of organic matter (car-
bon dioxide fixation) under aerobic conditions and photo-
trophic purple sulfur and non-sulfur bacteria under anoxic 
conditions in these habitats. The oxidation of organic carbon 
compounds could be carried out by aerobic and anaerobic 
(fermenting and sulfate-reducing) extremophilic bacteria. 
The latter may have played an important role in the produc-
tion of reduced sulfur compounds, which could be utilized 
by anoxic phototrophs in their sulfur oxidation processes. 
This suggests the presence of a sulfuretum-type local bio-
logical sulfur cycle in all studied water bodies. It is impor-
tant to note that the diversity studies of water blooms shed 
light on the significant differences in microbial community 
composition of the different soda pans. This can be partly 
due to the different physical (e.g., temperature, specific elec-
trical conductivity) and water chemistry (e.g., salt composi-
tion, phenolic concentrations) of the studied water bodies 
and partly due to differences in the microbiological methods 
used (e.g., different medium composition, molecular cloning 
vs. NGS) (Borsodi et al. 2013, 2016; Korponai et al. 2019).

The effect of the drying‑wetting cycle 
on the diversity of extremophilic bacterial 
communities in the rhizosphere of different alkali 
vegetation types

Solonetz is the typical genetic soil type, but mosaics of other 
saline soils (solonchak-solonetz and solonchak) can also 
occur around Apajpuszta (KNP) (Kuti et al. 2003). Changes 

in microtopography (up to a few 10 cm) play a decisive role 
in the differences of the near-surface salt concentration and 
thus in the development of typical mosaic plant communities 
(Molnár and Borhidi 2003; Borhidi 2007). There is a very 
close relationship between the specific characteristics of 
saline soils (e.g., the length of time they have been covered 
by water, the amount of salinity near the surface, and the rel-
ative height of the land surface) and the natural vegetation. 
Accordingly, the following zonation can be distinguished 
from each other, moving away from the water bodies and 
from the bottom up: Lepidio crassifolii—Champhorosme-
tum annuae (bare spot), Lepidio crassifolii—Puccinellietum 
limosae (Puccinellia sward), Artemisio santonici—Festuce-
tum pseudovinae (Artemisia alkali steppe), and Achilleo 
setacea—Festucetum pseudovinae (Achillea alkali steppe) 
(Molnár and Borhidi 2003). The extremely variable weather 
conditions, such as drying-wetting cycles, can cause signifi-
cant and sometimes dramatic changes in these saline soils. 
Previous botanical surveys have shown that changes in spe-
cific electrical conductivity and soil moisture content have 
had the strongest influence on the micromosaic structure of 
alkali vegetation during drying–wetting cycles (Molnár and 
Borhidi 2003; Zalatnai et al. 2007).

The effect of extreme weather conditions on the meta-
bolic activity and taxonomic diversity of the bacterial com-
munities in the rhizosphere soil of typical Kiskunság saline 
plant communities was studied in two end states of a natural 
drying–wetting cycle. The 0–10 cm horizon, considered the 
most microbiologically active soil horizon, was sampled 
in June and September 2014 near Apajpuszta (47° 05′ N; 
19° 06′ E). At the beginning of summer, the daily mean 
temperature (25 °C) was 5 °C above the long-term aver-
age. After an unusually dry spring, June saw only around 
30 mm of rainfall. This was just over half the long-term aver-
age, making it the 11th driest June since 1901. The weeks 
of drought caused the soil surface to dry out and crack. At 
the end of summer, however, the weather was much wet-
ter than average. September rainfall was almost 180 mm, 
more than double the long-term average. Due to several 
days of intense rainfall, the ground surface in the bare spot 
and in the Puccinellia sward areas was covered with water 
at a height of about 10–20 cm. The average monthly tem-
perature was 16–18 °C. According to the weather condi-
tions, the soil moisture content during the June drought was 
on average 0.16 ± 0.02 m/m%, while in September it was 
34.12 ± 2.35 m/m% on average. During the extreme drought 
in June, the soil pH decreased from strongly alkaline to 
near neutral in the bare spot, Puccinellia sward, Artemisia, 
and Achillea alkali steppe sampling direction. During the 
extreme rainfall sampling in September, soil pH values were 
alkaline at all sampling locations, with much smaller differ-
ences between sampling locations compared to June. Spe-
cific electrical conductivity values showed the same trend 
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as soil pH, while soil organic matter content values showed 
the opposite trend (Borsodi et al. 2021).

The bare spots with the highest specific conductivity and 
pH values (i.e., the most extreme) showed the lowest values 
of catabolic activity and operational taxonomic unit (OTU) 
numbers of the soil samples taken near Apajpuszta. These 
values gradually increased in the direction of the Puccinellia 
sward, Artemisia, and Achillea alkali steppe samples (i.e., 
in line with the decrease in extremity). Plant-associated, 
alkalophilic, and halophilic species of Actinobacteria (e.g., 
Arthrobacter, Microbacterium, Micrococcus, Nesteren-
konia, Streptomyces) and Firmicutes (e.g., Bacillus) with 
high tolerance and a wide range of metabolic capabilities 
were identified by cultivation. Using 16S rRNA gene-based 
amplicon sequencing, significant changes in the relative 
abundance of phylotypes belonging to the dominant phyla 
of Proteobacteria, Actinobacteria, Acidobacteria, Gemma-
timonadetes and Bacteroidetes were revealed. Representa-
tives of the phyla Acidobacteria and Actinobacteria were 
the most affected by the drying–wetting cycle in the saline 
soils of the KNP. Compared to the extremely dry early sum-
mer, the relative abundance of the phylum Acidobacteria 
significantly increased at the extremely wet late summer, 
while the relative abundance of the phylum Actinobacte-
ria largely decreased. The relative abundance values of the 
phylum Acidobacteria, however, varied not only with the 
extreme weather but also with vegetation type; their propor-
tion increased with increasing soil organic matter content 
and decreasing specific electrical conductivity, i.e., toward 
bare spot, Puccinellia sward, Artemisia, and Achillea alkali 
steppe plant communities. The proportion of the phylum 
Gemmatimonadetes (especially at rewetting) was much 
higher in the bare spot and Puccinellia sward samples than 
in the Artemisia and Achillea alkali steppe samples. The 
number of operational taxonomic units, species richness 
values, and diversity indices showed a positive correlation 
with higher plant coverage and lower alkalinity and salin-
ity. These results have shown that different alkali vegetation 
types, in accordance with the different specific electrical 
conductivities of the saline soils, had a stronger impact on 
the metabolic activity and taxonomic composition of bacte-
rial communities than the weather extremities, despite the 
small geographical distance among the sampling sites (Bor-
sodi et al. 2021).

Thermophiles and hyperthermophiles

Hungary's geothermal potential is exceptional due to the 
high surface heat flux, which is about one and a half times 
the world average, and the presence of good aquifers. The 
temperature of the water stored in the rocks and their pores 
is on average 60 °C at a depth of 1 km and 110 °C at a depth 

of 2 km due to the high geothermal gradient. The production 
of these thermal waters has increased significantly in recent 
decades. There are currently almost 1000 thermal wells 
(wells supplying water above 35 °C) in Hungary, mainly in 
North-East Hungary (Egerszalók, Tura), in the south-eastern 
part of the Great Plain (Szentes, Hódmezővásárhely, Sze-
ged, Szarvas), as well as in Western Hungary (Zalakaros, 
Hévíz, Bősárkány, Kapuvár) and Budapest. Of the operating 
thermal wells, 220 are used for balneological purposes, a 
further 200 are used for domestic water supply, and around 
200 wells, half of which have a temperature above 70 °C, 
are used for heating purposes in crop or livestock production 
(Szanyi and Kovács 2010; Szanyi et al. 2021).

The bacterial and archaeal community structures of 
thermal waters from karstic bedrock with similar tempera-
ture (62 °C and 74 °C) and specific electrical conductivity 
(1080 and 1655 µS cm−1) values, low organic matter con-
tent (1.8 mg l−1), and nearly neutral water chemistry (7.0 
and 6.2), supplying water to two distant thermal spas were 
compared (Miseta et al. 2012, 2013; Anda et al. 2015). The 
thermal water of the Harkány Thermal Spa is bicarbonate 
(476–622 mg l−1) and high in minerals (730–900 mg l−1), 
with relatively high concentrations of sulfide (11 mg l−1), 
sodium (190 mg l−1) and chloride (108 mg l−1). The ther-
mal water of the Széchenyi Thermal Bath (Budapest) con-
tains calcium—magnesium—bicarbonate (156  mg  l−1, 
35 mg  l−1, 555 mg  l−1) and relatively large amounts of 
sodium (176 mg l−1), sulfate (215 mg l−1), and chloride 
(170 mg l−1). Samples were examined using electron micros-
copy and molecular cloning methods. Thermal waters sup-
plying the spas were dominated by bacterial phylotypes 
related to the genera of the Betaproteobacteria. Only repre-
sentatives of the genus Sulfurihydrogenibium were common 
among the thermophilic, chemolithotrophic sulfur-oxidizing 
taxa. These bacteria, through their metabolism, are primarily 
involved in the sulfur cycle of the thermal water, including 
the regulation of sulfide concentrations (Miseta et al. 2012, 
2013; Anda et al. 2015). In addition to chemolithotrophic 
sulfur oxidizers (e.g., Thiobacillus), obligate anaerobic 
heterotrophs (e.g., Bellilinea) and even representatives of 
species capable of dissimilatory reduction of iron(III) (e.g., 
Thermus) were identified from the biofilm-forming com-
munities. The presence of the latter was confirmed in SEM 
images by hollow formations of bacterial origin attached to 
the surface of calcium carbonate crystals, accumulating iron 
oxyhydroxide minerals on their filamentous surface. Domi-
nance of thermophilic, chemolitho-autotrophic ammonia-
oxidizing phylotypes (e.g., Nitrosocaldus, Nitrososphaera) 
related to the phylum Thaumarchaeota was observed in both 
water and biofilm samples, as well (Anda et al. 2015).

The results revealed that the hyperthermophilic bacterial 
and archaeal community of the thermal waters of deep wells 
in the Szarvas region differed greatly from that of thermal 
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baths, mainly due to the much higher water temperature 
(> 90 °C), higher specific electrical conductivity (3770–4270 
µS cm−1), and organic matter (total phenol 10 mg l−1) con-
tent. Phylotypes of facultative anaerobic nitrate-reducing 
(e.g., Thauera, Tepidiphilus, Thermanaeromonas) and 
obligate anaerobic sulfate- and sulfur-reducing (e.g., Des-
ulfotomaculum, Thermodesulfobacterium and Thermofilum) 
bacteria, also involved in the biotransformation of aromatic 
hydrocarbons, were detected in these water samples. The 
presence of methanotrophs (e.g., Methylocystis) as well as 
thermophilic acetotrophic and hydrogenotrophic methano-
gens (e.g., Methanosaeta and Methanothermobacter) con-
firmed the existence of a local biological methane cycle 
(Németh et al. 2014).

Polyextremophiles

Oligocarbophilic, moderately thermophilic, 
radiation‑resistant, and heavy metal‑tolerant 
bacterial communities of Hungarian hypogenic 
thermal karst caves

There are more than a hundred caves in the Triassic and 
Eocene carbonate rocks of the Buda Thermal Karst (BTK) 
on the north-eastern edge of the Transdanubian Mountains 
(Leél-Őssy 2017; Leél-őssy and Virág 2018). Many thermal 
waters of different origins and temperatures come to the sur-
face through wells and springs at the boundaries of the cov-
ered and uncovered carbonate aquifers, under the populated 
area of Budapest (Erőss et al. 2012; Mádl-Szőnyi and Tóth 
2015; Déri-Takács et al. 2015; Mádl-Szőnyi et al. 2017). 
The Molnár János cave belonging to the central discharge 
area is the largest, still active, hypogenic thermal karst cave 
in Europe (Leél-Őssy 1995; Goldscheider et al. 2010). The 
mixing corrosion of upwelling thermal basinal fluids rich in 
dissolved substances and cold meteoric karst water derived 
from precipitation led to the formation of spacious cave 
systems here (Mádl-Szőnyi et al. 2017). Conversely, only 
deep hydrothermal components were found in the southern 
discharge area, where the contribution of meteoric waters 
to karstification processes is negligible. In the lens-shaped, 
small-scale spring caves, deep basinal fluids and dissolved 
gases resulted in the formation of very diverse karst forma-
tions. Several famous spas (e.g., Rác, Rudas, Gellért) are 
supplied by thermal springs at the foot of the Gellért Hill 
(Virág et al. 2013; Mádl-Szőnyi et al. 2017).

At the discharge areas of the BTK, the average water tem-
perature at the time of sampling was 31.0 ± 7.5 °C, the pH 
was around neutral, and the specific electrical conductivity 
was 1595.4 ± 331.3 µS cm−1. Sulfate and chloride were the 
dominant anions, but the values measured in the central area 
were only half/third of those in the south. Concentrations of 

ammonium, nitrate, nitrite, and phosphate ions were near 
or below the detection limit. The amount of total organic 
carbon was very low, while the amount of total inorganic 
carbon was significant but highly variable among sampling 
sites (Borsodi et al. 2018, 2022; Enyedi et al. 2019). The 
thermal waters of the BTK could be characterized by up to 
1000 Bq/L 222Rn activity (Erőss et al. 2012; Enyedi et al. 
2019). This detected radon activity is exceptionally high 
for natural thermal waters worldwide. The elemental analy-
sis showed that the main elements were Fe and Ca, which 
accumulated in the biofilms as iron oxyhydroxides and cal-
careous minerals. The element concentrations detected in 
the biofilm samples (e.g., As, Hg, Pb, Sn, Sr, and Zn) were 
1.5–60 times higher than the typical background levels of 
uncontaminated soils, indicating a high accumulation rate 
(Dobosy et al. 2016; Enyedi et al. 2019).

The morphological characteristics and taxonomic com-
position of the microbiota found in different spring cave 
habitats in the central, and southern discharge areas of the 
BTK were studied using a combined (electron microscopic, 
cultivation-based, molecular cloning, and next-generation 
sequencing) methodological approach (Makk et al. 2016, 
2019; Anda et al. 2017, 2020; Borsodi et al. 2018, 2022; 
Enyedi et al. 2019).

The detailed comparative analysis of biofilm samples 
collected from cave rock surfaces revealed a highly diverse 
taxonomic composition dominated by phylotypes belonging 
to the phyla Proteobacteria, Acidobacteria, Aquificae, Chlo-
robi, Chloroflexi, Firmicutes, Nitrospirae, Planctomycetes, 
Parcubacteria, and Thaumarchaeota, using both molecular 
cloning and pyrosequencing. In the thermal water of BTK, 
however, a highly simplified community composition, domi-
nated almost exclusively by phylotypes of Betaproteobacte-
ria (e.g., Thiobacillus) was detected. A metabolic network 
of the biogeochemical cycles of nitrogen, sulfur, and iron 
could be outlined based on the known metabolic properties 
of the species most closely related to the detected phylotypes 
(Fig. 2). Mesophilic or thermophilic, anaerobic sulfate- (e.g., 
Desulfomonile, Desulfotomaculum, Desulfovibrio, Desulfu-
romonas, Thermodesulfobium, Thermodesulfovibrio, Ther-
modesulfobacterium), nitrate- (e.g., Denitratisoma, Sul-
furicella, Sulfuritalea, Thiobacillus) and iron(III)-reducing 
(e.g., Thermolithobacter, Aciditerrrimonas, Geobacter, 
Georgfuchsia) chemoorganotrophic bacteria, as well as 
sulfur- (e.g., Sulfuricella, Sulfuritalea, Thiobacillus, Thio-
bacter), ammonia- (e.g., Nitrosoarchaeum, Nitrosocaldus, 
Nitrososphaera, Nitrosospira), and nitrite-oxidizing (e.g., 
Nitrospira) chemolithotrophic bacteria and archaea may 
be involved in these interspecific cooperations (Anda et al. 
2017; Borsodi et al. 2018, 2022).

Nearly, a hundred different bacterial species of the phyla 
Actinobacteria, Firmicutes, Proteobacteria, Bacteriodetes 
and Deinococcus-Thermus taxa were identified from the 
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rock surface biofilm of the BTK by combining cultivation-
based studies with different intensities of gamma irradiation. 
The irradiated samples were dominated by Gram-positive 
spore-forming (e.g., Bacillus) or pigment-producing bac-
terial strains showing resistance to a radiation dose of up 
to 15 kGy (e.g., Dermacoccus, Kytococcus, Marmoricola, 
Paracoccus) (Enyedi et al. 2019). Among the isolates, new 
radiation-resistant bacterial species (Deinococcus budaen-
sis sp. nov. and D. fonticola sp. nov.) were also described, 
according to polyphasic taxonomic principles (Makk et al. 
2016, 2019).

To understand the process of biofilm formation connected 
to the spring discharge sites, an in situ model system was 
set up in a southern spring cave of the BTK, where changes 
in bacterial community composition were monitored under 
natural conditions for more than a year. Based on the OTU 
number estimation and diversity index results calculated 
from the data of the 16S rRNA gene-based pyrosequencing, 
9–12 weeks were required for the development of a mor-
phologically complex mature biofilm structure in an envi-
ronment that was considered relatively stable according to 
the observed physical and chemical parameters. Although 
the phylum-level taxonomic diversity reached a maximum 
already in the third week of biofilm formation, significant 
changes in the relative abundance of some taxonomic groups 
were observed throughout the study. This indicated a con-
tinuous restructuring of the interactions within the biofilm 
bacterial community. After 1 year, the biofilm community 

structure developed on the artificial substrate showed a high 
degree of similarity to the biofilm formed naturally on the 
cave rock surface and differed significantly from the com-
position of the planktonic bacterial communities in the sur-
rounding thermal cave water (Anda et al. 2020).

The high taxonomic diversity revealed from biofilms, 
as well as the variety of potential microbial metabolic pro-
cesses, highlights the importance of biogenic karstification 
processes in these aphotic, very low autochthonous organic 
carbon, extreme hypogenic cave environments. It should be 
noted, however, that many of the prokaryotic OTUs involved 
in the biofilm structure of the BTK have not been identified 
due to the lack of described known species, which still indi-
cates a largely unknown, hidden taxonomic diversity.

Conclusions for future biology

In the past decades, research on extremophiles, including the 
results from Hungary, has significantly expanded our previ-
ous knowledge of the taxonomic diversity of extremophiles. 
It should be noted, however, that despite the increasing 
research efforts in recent years, the ecological and evolution-
ary processes that determine microbial diversity in extreme 
habitats are still largely unknown. This can be due to several 
reasons, such as the extreme accessibility of many extreme 
environments, the challenges of aseptic sampling, the diffi-
culty of ensuring adequate sample storage and preparation, 

Fig. 2   The presumed role of bacterial genera identified from the Buda 
Thermal Karst biofilm samples in the biogeochemical cycling of 
nitrogen, sulfur, and iron (Abbreviations: MJ Molnár János cave, RN 
Rác Nagy spring, RT Rudas-Török spring cave, DH Diana-Hygieia 

thermal spring, GOB Gellért spring, VL Városliget, Aq Aquificae, Ac 
Actinobacteria, F Firmicutes, N Nitrospirae, βP Betaproteobacteria, 
γP Gammaproteobacteria, δP Deltaproteobacteria, T Desulfobacte-
rota, and TA Thumarchaeota.)
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and the diversity and different selectivity of the methods 
used in surveys.

Nowadays, the large amount of data generated by modern 
“omics” methods, which are becoming more and more wide-
spread, can be analyzed in comprehensive mathematical–sta-
tistical methods. By applying these cultivation-independent, 
high-throughput methodological approaches, researchers 
may be able to explore community network structures that 
include elements of trophic interactions, community dynam-
ics, and metabolic capabilities of microorganisms. In addi-
tion, new isolation and cultivation methods will allow us to 
exploit the versatile metabolic capabilities of extremophiles 
and polyextremophiles, e.g., to study the properties of the 
bioactive compounds or extremozymes they produce and to 
use them in industrial, biotechnological, and pharmaceutical 
applications.
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