
Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third 
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate‑
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:// 
creat iveco mmons. org/ licen ses/ by/4. 0/.

REVIEW

Bregnard et al. Geothermal Energy           (2023) 11:28  
https://doi.org/10.1186/s40517-023-00269-z

Geothermal Energy

Unveiling microbial diversity in deep 
geothermal fluids, from current knowledge 
and analogous environments
Danaé Bregnard1*  , Alessio Leins2, Guillaume Cailleau1, Andrea Vieth‑Hillebrand2, Florian Eichinger3, 
Joy Ianotta3, Richard Hoffmann4, Joerg Uhde4, Saskia Bindschedler1, Simona Regenspurg2 and Pilar Junier1* 

Abstract 

Extreme environments on Earth host a large diversity of microbial life. Bacteria, 
archaea, and fungi are able to survive under one or several extreme conditions includ‑
ing extreme ranges of temperature, pressure, pH or salinity. Despite extensive research 
on extremophilic microorganisms, a relatively unexplored frontier within the study 
of the deep biosphere is the survey of the diversity of microorganisms inhabiting deep 
geothermal reservoirs used for energy production. These sites offer unique access 
to investigate life in the deep biosphere. The conditions in these reservoirs are often 
within the range of the known limits of life, which makes them a suitable habitat 
for various extremophilic microorganisms. Moreover, microbial‑driven processes 
such as microbially induced scaling or corrosion can decrease the efficacy of geo‑
thermal power plant systems. The present review summarizes the current knowl‑
edge and uncertainties surrounding microbial life in deep geothermal reservoirs. As 
the knowledge in deep geothermal fluids is still scarce, the microbial diversity in analo‑
gous environments, such as surface geothermal springs, deep‑sea hydrothermal vents 
or deep subsurface environments, is also summarized here. The high diversity of micro‑
organisms inhabiting these analogous environments suggests that deep geothermal 
fluids may host an unsuspected microbial diversity. Moreover, the challenges associ‑
ated to the study of microorganisms in geothermal fluids are reviewed. These include 
notably challenges linked to sampling, DNA extraction from low biomass samples, 
DNA amplification and sequencing of unknown communities, and biases induced 
by comparison of the sequences obtained to reference databases. Such biases are 
even stronger concerning fungi and archaea, as specific databases are less extensive 
than those for bacteria. A broader knowledge on microorganisms in deep geothermal 
fluids may not only allow to reduce the negative impact of microbial activity in geo‑
thermal power plants, but could also provide new insights into the evolution of micro‑
organisms and their survival in extreme environments.
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Introduction
The productivity of geothermal systems depends not only on the rock properties of the 
reservoir but also on the fluid-chemical composition and physical properties (Finster 
et al. 2015). Despite the worldwide use of geothermal fluids, the complexity of these sys-
tems makes them hard to characterize precisely. One additional factor that is becom-
ing increasingly relevant is the diversity of life (mostly microbial) hosted in geothermal 
waters (Gniese et  al. 2014). Microbial life in such fluids is often ignored, despite the 
growing evidence of the presence of microorganisms in geothermal power plant systems 
(Inagaki et al. 2003; Filippidou et al. 2016; Westphal et al. 2019). The impact of micro-
bial diversity associated with geothermal energy production is a two-way road. Indeed, 
microorganisms (or microbial activity) are known to be involved in the formation of 
scales (e.g. silica scales), thus decreasing the power plant’s efficacy (Inagaki et al. 2003). 
At the same time, the exploitation of a geothermal reservoir might change the environ-
mental conditions, resulting in changes on the composition and metabolic processes of 
deep geothermal microbial communities. These changes could set off new metabolic 
reactions, for instance leading to silica precipitation or hydrogen sulphide production 
(Hao et al. 1996; Inagaki et al. 2003).

To date, the knowledge on the microbial diversity present in deep geothermal fluids 
is extremely scarce. Deep geothermal reservoirs can be considered more generally as a 
combination of the deep biosphere, which encompasses any ecosystem located below 
the seafloor or the terrestrial surface, from 1 m depth and beyond (Edwards et al. 2012; 
Shu and Huang 2021) and geothermal systems. Therefore, this review presents not only 
the limited number of studies performed in deep geothermal systems, but also an over-
view of the known microbial diversity present in other environments from the deep 
biosphere and in extreme environments that share some of the key environmental con-
strains with deep geothermal fluids used for electricity production. This comparison is 
intended as a source of baseline information for the identification of the potential diver-
sity of microbial life to be found in deep geothermal fluids. The parallels made are meant 
to underline the probability to find diverse microorganisms in deep geothermal fluids, 
but cannot replace microbial diversity studies on deep geothermal fluids. Moreover, it 
is important to highlight that even though microorganisms may be found in an environ-
ment, this does not necessarily mean that they are metabolically active, as they can also 
be present in a dormant state. Hence, one needs to establish the metabolic state of the 
observed microorganisms at the time of investigation, which can be aided, for instance, 
by hydrochemical and isotopic investigations. In addition to this diversity overview, we 
highlight the potential impacts of microorganisms on the functioning of geothermal 
power stations and the challenges to study them in these specific settings.

Generalities about bacteria, archaea and fungi

By definition, microorganisms consist of all living forms with a cellular state that is invis-
ible to the naked eye. This term includes prokaryotes (organisms lacking a nucleus), such 
as Archaea and Bacteria, as well as eukaryotes (organisms having their DNA encapsu-
lated into a nucleus inside the cells) such as fungi, protists and micro-algae, and non-
cellular life forms such as viruses or prions. Current knowledge on the diversity of life 
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in geothermal environments indicates that the microorganisms potentially present in 
geothermal power plants could belong to all these microbial groups (Ghozzi et al. 2013; 
Inskeep et al. 2013; Strazzulli et al. 2017; Oliverio et al. 2018; Prieto-Barajas et al. 2018) 
However, the focus of this review is on the archaeal and bacterial domains, as well as 
on the fungal kingdom. Archaea and bacteria are prokaryotic organisms, usually uni-
cellular, and their size ranges from 0.2 to 50  µm. Fungi are eukaryotic organisms and 
may either be unicellular, such as yeasts or chytrids, or pluricellular, such as filamentous 
fungi, for which the vast majority of the organism is represented by a mycelium that is 
within microbial size range.

Many bacteria and most fungi are able to form resistant cells, such as spores, which 
allow them to survive under conditions unsuitable for active growth (Kües and Fischer 
2006; Setlow 2010). In bacteria, known types of resistant cells include endospores (Fir-
micutes) (Nicholson et al. 2002), exospores (Actinobacteria) (Beskrovnaya et al. 2021), 
myxospores (Myxococcales) (Bui et al. 2009), cysts (Azotobacter) (Whittenbury, Davies 
and Davey 1970) or akinetes (Cyanobacteria) (Kaplan-Levy et al. 2010). Fungi can also 
form multiple types of spores, which can either be asexual (clones of the parental cell) 
or sexual (produced by sexual reproduction, which involves the fusion of two parental 
nuclei and the return to a haploid state through meiosis, including genetic recombina-
tion through crossing-overs). In addition to the formation of spores, some fungal extre-
mophiles may adapt their cell wall morphology or composition to extreme conditions by 
increasing its thickness or by including melanin and mycosporins. This is typically the 
case of black-fungi, which are considered as poly-extremophilic fungi (Gostinčar, Mug-
gia and Grube 2012). Archaea are not known to form spores, but they are highly resist-
ant to extreme conditions thanks to, for instance, the unique lipid structure of the cell 
membrane (Siliakus, van der Oost and Kengen 2017). The ability to produce resistant 
structures and to resist to diverse environmental conditions allow archaea, bacteria and 
fungi to colonise all known environments, including extreme environments.

Extreme environments and the known limits of life

Extreme environments can be defined in different ways. However, the factors usually 
used to define extreme environments are salinity, pH, temperature, pressure, radiation, 
water activity, and energy and nutrient limitations (Rothschild and Mancinelli 2001; 
Merino et al. 2019). Other factors, such as the presence of heavy metals or electric cur-
rents may also create extreme conditions (Rothschild and Mancinelli 2001). Organisms 
thriving and requiring extreme conditions to complete their life cycles are called extrem-
ophiles, while extremotolerant organisms only tolerate them (Rampelotto 2013). The dif-
ferent categories of extremophiles of interest for this review are summarized in Table 1. 
So far, in surface extreme environments, the main driver of microbial biogeography is 
either temperature (in environments with temperature above 70 °C) or pH (in environ-
ments with a temperature below 70 °C) (Power et al. 2018). However, such biogeographic 
considerations are currently unknown for deep geothermal environments.

The true limits of life are likely still unknown today but our knowledge on microor-
ganisms thriving or surviving under extreme conditions is constantly increasing (Merino 
et al. 2019). Additionally, the presence of dormant resistant structures might push even 
further the presence of microbial life in extreme environments, especially pushing the 
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limits of environments inhabited by dormant bacteria and fungi, two microbial groups 
for which the limits of active growth are below those reported so far for archaea. 
Accordingly, nearly all Earth’s environments studied so far do host life (Cottin et  al. 
2017). As shown in Table 2, which illustrates the currently known limits of life, extremo-
philic or extremotolerant microorganisms can withstand temperatures of up to 122 °C 
(the archaeon Methanopyrus kandleri) (Takai et al. 2008), pressures of up to 125 MPa 
(the archaeon Thermococcus piezophilus) (Dalmasso et  al. 2016), or a pH from 0 (the 
archaea Picrophilus oshimae, Picrophilus torridus, Acidiplasma aelicum) (Schleper et al. 
1995; Golyshina et al. 2009; Merino et al. 2019) to 14 (the fungus Penicillium spp.) (Dha-
kar et al. 2014). For all of the above, even though archaea hold many of the most extreme 
records, bacteria and fungi are not far behind.  Radiation requires particular mention 
in the subsurface, where microorganisms may be exposed to alpha-, beta- and gamma-
radiation due to the decay of different radioactive elements (uranium-238, thorium-232 
and potassium-40) (Blair et al. 2007; Lollar et al. 2014; Sauvage et al. 2021). Members of 
the archaeal, bacterial and fungal kingdom are known to resist to radiation, going as up 
as 30kGy of gamma radiation for the archaea Thermococcus gammatolerans EJ3 and the 
bacteria Deinococcus hohokamensis and 6kGy for the fungus Exophila dermatitis (Jolivet 
et al. 2003; Rainey et al. 2005; Romsdahl et al. 2021).

Characteristics of deep geothermal fluids and potential energy sources for microbial life

Properties of deep geothermal fluids vary greatly from site to site (Finster et al. 2015). 
Deep geothermal fluids present various parameters that are often considered as extreme 
for life, such as high temperature, high pressure or high salinity (main parameters sum-
marized in Table 3). Moreover, the presence of radioactive elements, heavy metals, dis-
solved gas, wide ranges of pH in geothermal reservoirs (Bertani 2005; Finster et al. 2015; 
Regenspurg et al. 2016; Moya et al. 2018), as well as the flow induced by the use of the 
fluids for energy or heat production, are all expected to constrain microbial life (Simões 
et al. 2010). Nevertheless, these parameters often fall within the known limits of micro-
bial life (see Table 2). Moreover, the presence of diverse organic carbon sources in geo-
thermal fluids suggests once more that such environments may not be as hostile to life as 
previously thought (Leins et al. 2022). Indeed, organic compounds in deep geothermal 
fluids, in particular dissolved organic carbon (DOC), may be used as a nutrient source 
for microorganisms, allowing their survival in such environments. Moreover, it was 

Table 1 Different categories of extremophiles and their respective limits of the concerned 
parameters

Adapted from (Merino et al. 2019). Salinity is only represented by NaCl concentration, however other salts could be 
considered.

Parameters Category Limits

High temperature [°C] Thermophile 45–80 °C

High temperature [°C] Hyperthermophile  > 80 °C

Pressure [MPa] Barophile (or piezophile) 10–50 MPa

Pressure [MPa] Hyperbarophile  > 50 MPa

Salinity Halophile NaCl (w/v) > 8.8%

High pH Alkaliphile pH > 9

Low pH Acidophile pH < 5
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shown that in geothermal fluids used for heat storage, the presence of DOC and sulphate 
 (SO4

2−) can provide enough electron donors and acceptors to allow microbial respiration 
(Vetter et al. 2012). It is thus imaginable that similar processes happen in higher temper-
ature fluids as well. More generally speaking, in the terrestrial subsurface, the presence 
of sulphate, which can originate from the oxidation of pyrite for instance, can sustain 
the metabolism of sulphate-reducing organisms (Lau et al. 2016). On the contrary, low 
amounts of DOC in low temperature geothermal fluids (< 80 °C) may not necessarily be 
due to low concentrations in the original fluids, but to the degradation of organic carbon 
by microorganisms (Leins et al. 2022). The presence and origin of organic compounds 
in deep geothermal fluids is extensively discussed in (Leins et  al. 2022). Furthermore, 
the presence of  CO2 in deep geothermal fluids (Alt-Epping et al. 2013; Canbaz, Ekren 
and Aksoy, 2022), may also serve as a carbon source for autotrophic microorganisms 
(Saini et al. 2011), further sustaining life in these extreme environments. The presence 
of hydrogen  (H2) in some geothermal fluids (Leila et al., 2021) is another energy source 
that can sustain microbial life. In the deep biosphere,  H2, which can come from tectonic 
activity, serpentinization or water radiolysis, can serve as an energy source for chemo-
lithotrophic growth (Freund et al. 2002; Blair et  al. 2007; Colman et al. 2017; Sauvage 
et al. 2021).

Microbial life in deep geothermal fluids and other related extreme 
environments
Diversity of microorganisms in environments analogous to geothermal power plants

Deep geothermal fluids display several extreme parameters, which are at the interface 
between environments from the deep biosphere and geothermal environments, making 
possible formulating parallels between these environments (Fig. 1). In fact, the microbial 
diversity found in systems with some of the same extreme conditions defined for deep 
geothermal fluids can provide hints on the microbial life that can be expected in the 
latter.

Table 3 General characteristics of fluids inside reservoirs of geothermal power plants used for 
energy production

DOC dissolved organic carbons, TDS total dissolved solids

Geothermal power plants used for electricity production

Parameters Typical ranges References

Temperature [°C] 73°–450 °C (Zarrouk and Moon 2014; Khare et al. 2019)

Depth 300 m–5000 m (Sanjuan et al. 2016; Moya et al. 2018)

Pressure [MPa] Up to 48 Mpa (Árpási, Lorberer and Pap 2000)

Cl− Up to 160 g/L (Leins et al. 2022)

TDS 95–280′000 mg/L (Finster et al. 2015)

pH 0.9–11.8 (Finster et al. 2015)

Radioactivity  > 200 pCi/L (equal to > 7.4 Bq/L) (Finster et al. 2015)

DOC Up to 25.9 mg C/L (Leins et al. 2022)

Formate Up to 40.4 mg/L (Feldbusch 2015)

Acetate Up to 47.6 mg/L (Leins et al. 2022)

Propionate Up to 2.64 mg/L (Leins et al. 2022)
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The microbial diversity currently known in the deep biosphere and in geothermal 
environments is summarized in Additional file 1: Table S1. From this information, the 
overlap of the reported microbial genera found in these different environments was rep-
resented graphically in Fig. 2. Despite the scarcity of knowledge on the microbial diver-
sity in deep geothermal fluids used for electricity production, it is noteworthy to see that 
the known diversity at the genus level largely overlaps with the diversity reported for 
each analogous environment considered here. The overlap underlines the fact that the 
microbial diversity present in other extreme analogous environments can provide useful 
hints on the microbial diversity that can be expected in deep geothermal fluids used for 
electricity production (Additional file 2).

The deep biosphere

Deep geothermal fluids are part of the deep biosphere, which includes all environ-
ments from 1 m below the surface (Edwards et al. 2012; Shu and Huang 2021). This 
includes the terrestrial subsurface, the marine subseafloor and all kinds of deep-sea 
environments. Generally speaking, the deep biosphere is known to host a large diver-
sity of microorganisms. Indeed, it is estimated that most prokaryotic life on Earth 
is located in the deep biosphere (Bar-On et al. 2018; Magnabosco et al. 2018; Drake 
and Reiners 2021) and the discoveries of life in such extreme habitats challenge our 
understanding of the limits of life (Inagaki et  al. 2003; Orsi, Biddle and Edgcomb 
2013; Ivarsson et  al. 2018; Zain Ul Arifeen et  al. 2020). These deep environments 

Fig. 1 Overlap in environmental conditions between deep geothermal fluids used for electricity production 
and other extreme environments. The parameters shown are temperature [°C], salinity [NaCl in g/L], and 
depth [m]. The presence of hydrocarbons is marked by an Asterix (*). For depth, the following abbreviations 
are used: meters below sea floor (mbsf ), meters below soil surface (mbss).
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are characterized by their high pressure and some, such as deep-sea hydrothermal 
vents, also involve geothermal fluids. The pressure in the deep biosphere, whether it 
is below water or below the Earth surface, increases gradually. Under water, the pres-
sure increases by 10 MPa per km against 30 MPa per km underground (Jebbar et al. 
2015). Besides pressure, organisms inhabiting the deep biosphere may have to deal 
with temperature extremes (high or low), high salinity, low concentrations of nutri-
ents, anaerobic conditions or the presence of toxic compounds (Rastogi et  al. 2010; 
Zain Ul Arifeen et al. 2020). Despite these harsh conditions, various prokaryotic and 
eukaryotic microorganisms have been frequently found in the deep biosphere (Schip-
pers et al. 2005; Orsi, Biddle and Edgcomb 2013; Borgonie et al. 2015; Zain Ul Arifeen 
et  al. 2020). Interestingly, fungi are the dominant group among eukaryotes in such 
environments (Orsi, Biddle and Edgcomb 2013; Rédou et  al. 2015; Zain Ul Arifeen 
et al. 2020).

The subsurface, which is part of the deep biosphere, is one of the largest microbial 
environments on Earth (McMahon and Ivarsson 2019). In subsurface environments, 
temperature is one of the most important parameters limiting life (Hoehler 2004). 
The temperature gradient in the continental subsurface is 25  °C   km−1 and thus, the 
habitable zone is theoretically limited to 5  km below the surface (Takai et  al. 2008; 
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Fig. 2 Main bacterial, archaeal and fungal genera reported so far in deep geothermal fluids and the 
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Jebbar et  al. 2015). Life has been detected in waters, sediments or crust samples at 
various depths below the sea floor (Schippers et al. 2005; Mason et al. 2010; Inagaki 
et  al. 2015; Ivarsson, Bengtson and Neubeck 2016; Liu et  al. 2017; Purkamo et  al. 
2020; Quemener et al. 2020; Zain Ul Arifeen et al. 2020; Merino et al. 2022). Bacte-
ria detected in a 4.4 km deep crystalline bedrock correspond to the deepest evidence 
of microbial life in the subsurface (Purkamo et  al. 2020). Beside direct detection of 
microorganisms in the subsurface, the microbial degradation of hydrocarbons in fos-
sil fuel reservoirs up to 4 km below the seafloor further support the presence of active 
microbial life in the deep subsurface (Head et  al. 2003; Jones et  al. 2008). However, 
in fossil fuel reservoirs, microorganisms were found to be present only in reservoirs 
with a maximum temperature of 80  °C (Head et  al. 2003). The search for fossils in 
the subsurface or subseafloor can also give some hints on the presence and diver-
sity of microorganisms in such environments. In fact, fossils of bacteria, fungi, and 
prokaryotic microorganisms have been found in deep subseafloor basalts (Ivarsson 
et al. 2012; Bengtson et al. 2014), notably pointing out to the importance of this envi-
ronment for fungi (Ivarsson 2012). Biogeographical patterns of microbial communi-
ties are still not completely understood for the deep subsurface, and probably differ 
from one type of environment to another. For instance, it has been shown that the 
observed changes in microbial communities can be driven by advection in fractured 
rock aquifers (Zhang et  al. 2022) or a combination between nutrients, connectivity 
to the surface and geological processes in subsurface aquifers (Hubalek et al. 2016). 
Moreover, in some subsurface aquifers, it was shown that microbial communities are 
more similar to each other if environmental conditions are similar, and if they are 
in close geographic proximity (Magnabosco et al. 2014). Thus, changes in microbial 
communities could also be used to track changes in fractures systems and connec-
tivity between wells or to the surface (Magnabosco et  al. 2014; Hubalek et  al. 2016; 
Zhang et  al. 2022). This is something that can be of relevance in the planning and 
management of deep geothermal drilling projects.

Beside terrestrial subsurface and deep subseafloor, deep-sea environments are habi-
tats in which microorganisms proliferate. In these deep-sea environments, some of 
the most diverse microbial hotspots can be found in hydrothermal areas. Indeed, 
microorganisms can thrive in such environments, whether in the hydrothermal flu-
ids, around hydrothermal vents or in surrounding sediments and numerous bac-
teria, archaea, and fungi have been found there (Blöchl et  al. 1997; Edgcomb et  al. 
2002; López-García et  al. 2003; López-García et  al. 2007; Calvez et  al. 2009; Con-
nell et  al. 2009; Anantharaman et  al. 2016; Ding et  al. 2017; Dick 2019) (Additional 
file 1: Table S1). Deep-sea hypersaline anoxic basins (DHABs), such as the L’Atalante 
basin in the Mediterranean sea, can be considered as some of the most hostile envi-
ronments on Earth (anoxic and sulfidic conditions, combined with high salinity, 
high hydrostatic pressure, presence of toxic compounds such as hydrogen sulphide, 
manganese, and ammonium, as well as the complete absence of light) (Barone et al. 
2019). Nevertheless, communities of archaea, bacteria, and fungi has been discov-
ered recently in several DHABs, including some metabolically active fungi (Alexander 
et al. 2009; Stock et al. 2012; Bernhard et al. 2014; Steinle et al. 2018).
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Geothermal environments outside of the deep biosphere

The best characterized geothermal environments in terms of their microbiology cor-
respond to surface geothermal systems. Therefore, the microbial diversity present 
in such systems can also provide important indications as to the diversity of microor-
ganisms that can be found in deep geothermal fluids. Geothermal environments other 
than deep geothermal fluids or hydrothermal vent systems include all sorts of geother-
mal surface waters, such as hot springs and geothermal lakes, which can be subjected 
to extremes in temperatures and pH. In these geothermal surface waters, the microbial 
diversity is driven mainly by temperature but also by pH, and in-situ chemistry (Sharp 
et  al. 2014; Iacono et  al. 2020). The best-known example of surface geothermal hot 
springs are the manifestations of Yellowstone National Park (USA). Since the pioneering 
studies by Brock in 1978 (Brock 1978), the archaeal and bacterial communities of this 
area have been extensively studied through molecular analyses and isolation of organ-
isms, notably underlying the presence of Aquificales, Thermodesulfobacteriales, Cald-
iserica, Crenarchaea, Desulphurococcales and Thermoproteales in hot springs (Sand 
2003; Meyer-Dombard et al. 2005; Inskeep et al. 2013; Colman, Lindsay and Boyd 2019). 
Studies on archaea and bacteria in geothermal environments are numerous, not only 
in Yellowstone, but in various geothermal waters and soils (Power et  al. 2018; Prieto-
Barajas et al. 2018). Moreover, in the last decade, fungi have been also found in several 
geothermal environments including alkaline and acidic surface thermal hot springs and 
their surrounding soil. This studies have shown the dominance in one case of Penicil-
lium, Entyloma, Cladosporium, Engyodontium and Schizophyllum and in the other case 
of Ascomycota, with Thermomyces lanuginosus (34.78%) and Scytalidium thermophilum 
(28.26%) as dominant species (Pan et al. 2010; Liu et al. 2018). Fungi have been reported 
also in acidic geothermal lakes (Ascomycota, including Aspergillus, Paecilomyces, Ochro-
conis, Acidomyces, Penicillium, Cladosporium and Phialophora) (Ervin 2014; Wolfe et al. 
2014), hot springs of soda lakes (mainly Ascomycota (83.3%), followed by Basidiomycota 
(15.8%) and Glomeromycota (0.02%)) (Salano et al. 2017) or surface geothermal water 
sources (Chytridiomycota: Batrachochytrium dendrobatidis) (Forrest and Schlaepfer 
2011).

Diversity studies in deep geothermal fluids used for energy production

In terms of sustainability, one of the major challenges for the exploitation of geothermal 
resources is assessing the role of geothermal systems as a biodiversity reservoir. Geo-
thermal systems provide a unique set of environmental conditions that will result in very 
specialized ecosystems often harbouring a unique set of living organisms well adapted 
to survive under those conditions. Therefore, as part of the development of geother-
mal projects, understanding the biodiversity associated with each individual system is 
required to assess its impact. Moreover, as for any other ecosystem on Earth, the organ-
isms within a geothermal ecosystem can have a direct impact on the efficiency of the use 
of the energy resource. These two elements combined make the assessment of biodiver-
sity an important component of studies aiming at improving geothermal energy develop-
ment. There is a risk of contamination of geothermal fluids during drilling (Regenspurg 
et al. 2018), fluid sampling, or enhanced geothermal systems (EGS) stimulation (which 
stimulates the rock reservoir to increase the efficacy of the power plant) (Blöcher et al. 
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2016) and therefore, microorganisms detected in geothermal power plants may not all 
come directly from the fluids or the reservoir (Dahle et al. 2008). However, the consist-
ent detection of microorganisms in diverse geothermal environments suggest that some 
of them are indigenous to these environments.

The diversity of microorganisms detected or isolated in geothermal fluids used for 
electricity production is summarized in Table 4. It is interesting to note that all of these 
studies concern Archaea and Bacteria, but not Fungi. Even though the knowledge of the 
microbial diversity present in deep geothermal fluids is still scarce, some studies have 
shown the presence of microorganisms in fluids of up to 250 °C (in situ) and at 4200 m 
depth (Takai, Komatsu and Horikoshi 2001; Filippidou, Jaussi, et al. 2015). However, the 
active metabolic state of microorganisms under these extreme conditions was not dem-
onstrated. In fact, biomarkers of bacteria and archaea have been detected in different 
types of geothermal fluids (Takai and Horikoshi 1999; Takai, Komatsu and Horikoshi, 
2001; Fardeau et al. 2009; Alawi et al. 2011; Lerm et al. 2011; Morozova, Alawi et al. 2011; 
Lerm et  al. 2013; Westphal et  al. 2019; Kalwasińska et  al. 2020; Purkamo et  al. 2020). 
Moreover, biofilms (i.e., organised form of multispecies collective growth of organisms 
on surfaces) are common as deposits inside geothermal power plant pipes (Inagaki et al. 
1997; Inagaki et al. 2003; Fujino et al. 2008; Filippidou, Jaussi, et al. 2015; Filippidou et al. 
2016). In addition to the detection of biomarkers and biofilms, several bacterial strains 
have been isolated from geothermal fluids (Table 4). Those include Anoxybacillus geo-
thermalis (Filippidou, Jaussi, et  al., 2015; Filippidou et  al. 2016), Hydrogenobacter sub-
terraneus (Takai, Komatsu and Horikoshi 2001), Thermotoga elfii (Fardeau et al. 2009), 
Bacillus paralicheniformis (Kalwasińska et al. 2020), and other bacteria belonging to the 
Thermus and Hydrogenobacter genera (Inagaki et al. 2003). The archaeon Archaeoglobus 
fulgidus was also isolated from deep geothermal fluids (Fardeau et al. 2009). The absence 
of fungi in these studies does not necessarily derive from their true absence from the flu-
ids, but rather from the fact that most studies did not even consider investigating fungi. 
However, the discovery of numerous fungal extremophiles during the last decades shows 
the equal importance of searching for fungi in extreme environments (see for instance 
Nagano and Nagahama 2012).

A broad range of metabolically distinct bacteria and archaea has been detected in 
geothermal fluids, such as sulphate-reducing bacteria (ex. Desulfatomaculum and Des-
ulfococcus) (Alawi et  al. 2011), hydrogen-oxidizing bacteria (Hydrogenophaga spp., 
Acidovorax spp., Ralstonia spp., Pseudomonas spp.), thiosulfate-oxidizing bacteria (Dia-
phorobacter sp.) or biocorrosive strains (Morozova, Zettlitzer et al. 2011). Additionally, 
the archaeal and bacterial community of some saline geothermal fluids were shown to be 
dominated by Firmicutes, but the heat extraction or the addition of scaling inhibitors or 
nitrate changed this community to a community dominated by Firmicutes and Proteo-
bacteria (Westphal et al. 2019).

Issues caused by microorganisms in geothermal power plants: mineral precipitation, 

corrosion and biofilm formation

Microorganisms inhabiting geothermal fluids are thought to contribute to some of the 
most important issues affecting the performance of geothermal power plants, namely 
mineral scaling and corrosion (Westphal et  al. 2019). On the one hand, any type of 
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Table 4 Diversity studies on deep geothermal fluids or deposits in side geothermal power plants

The detection of microorganisms is marked by an X. A more detailed table is presented in Additional file 2
* Geothermal power plant not used for electricity production
** Deep subsurface geothermal water not used in a power plant

Site or 
region

Temperature 
[°C]

Depth 
[m]

pH Other 
measured 
conditions

Type(s) 
of 
sample

Archaea Bacteria Fungi Reference

Molasse 
Basin (DE)

61–103 °C NA 6.6–
7.3

salinity 
600–
900 mg/l; 
DOC: 6.4–
19.3 mg C/l

Fluids X X (Alawi et al. 
2011)

Bruchsal 
(DE)

132 °C (deep‑
est drilling 
point)

2500 m 5.4–
5.8

2.2 MPa 
(inside drill‑
ing pipes)

Biofilms X (Filippidou 
et al. 2016)

Gross 
Schönebeck 
(DE)

150 °C (reser‑
voir)

4200 m 5.5 at 
25 °C

Deposits X (Filippidou, 
Jaussi, et al. 
2015; Filip‑
pidou et al. 
2016)

Bad Blumau 
(AT)

107 °C 2800 m 8 salinity 
20 g/l; 
sulfate 
500 mg/l

Fluids X X (Westphal 
et al. 2019)

Neu‑
branden‑
burg (DE)

45–54 °C or 
65–85 °C

1250–
1335 m

6 mineraliza‑
tion 131 g/l; 
DOC 3.5 g/l

Fluids 
(different 
sources) 
and filter 
samples

X (Lerm et al. 
2013)*

Berlin (DE) 6–30 °C 30–60 m 7 low salinity 
(< 1 g/l)

Fluids 
(different 
sources) 
and filter 
samples

X (Lerm et al. 
2011)*

Northest 
Germany 
(DE)

 > 120 °C 3500 m 5.5–
5.9

salinity up 
to 420 g/l; 
20 MPa

Fluids X (Morozova, 
Zettlitzer et al. 
2011)*

Otake (JP) 75–90 °C NA NA NA Silica 
scale in 
an aging 
tank of 
geother‑
mal hot 
water

X (Inagaki et al. 
1997; Inagaki 
et al. 2003)

Hatchobaru 
(JP)

In situ: 250 °C, 
collected at 
96 °C

1500 m NA NA Fluids; 
produc‑
tion well

X (Takai, 
Komatsu and 
Horikoshi 
2001)**

Hatchobaru 
(JP)

In situ: 250 °C, 
collected at 
96 °C

1500 m NA NA Fluids; 
produc‑
tion well

X (Takai and 
Horikoshi 
1999)

Otake (JP) NA NA NA NA Silica 
scale

X (Fujino et al. 
2008)

Melun‑
L’Almont 
(FR)

70 °C 2000 m 6.4 DOC 
2.3 mg/L

Fluids X X (Fardeau et al. 
2009)

Pyrzyce (PL) 61 °C 1640 m 6.2 TDS 121 g/L Fluids X X (Kalwasińska 
et al. 2020)

Stargard 
(PL)

85 °C 2578 m 5.9 TDS 140 g/L Fluids X X (Kalwasińska 
et al. 2020)

Otaniemi 
(FI)

46–76 °C 3203 m 
to 
4375 m

NA NA Fluids X (Purkamo 
et al. 2020)



Page 13 of 27Bregnard et al. Geothermal Energy           (2023) 11:28  

mineral depositions inside the pipes is problematic. Indeed, these deposits can clog 
the wells or any part of the system, thus disturbing the normal operation of geother-
mal power plants (Regenspurg et al. 2015). Beside abiotic factors contributing to it (i.e. 
temperature variations), microorganisms in geothermal environments are often involved 
in silica precipitation (Inagaki et al. 2003). Thermophilic bacteria such as Thermus ther-
mophilus are known to induce silica scaling (Fujino et al. 2008). Even though the role of 
microorganisms has not been assessed in all scaling types, such as in the case of copper-
based scaling (Regenspurg et al. 2015), their impact cannot be excluded.

On the other hand, corrosion of metals induced by microorganisms (microbially 
induced corrosion, MIC) is also common in infrastructures, such as pipelines or power 
production infrastructures (Beech et  al. 2005; Little and Lee 2007). Despite several 
examples of the highly problematic consequences of MIC in these systems (e.g., costly 
maintenance and efficacy reduction), the relation between microorganisms and corro-
sion issues is still not fully understood (Ibrahim et al. 2018). Mechanisms leading to MIC 
are still under investigation and might be multiple (Tripathi et  al. 2021). One specific 
case of MIC that has been more thoroughly investigated is the case of sulphate reducing 
bacteria (SRB), whose metabolism notably results in  H2S production, a highly corrosive 
compound (Ibrahim et al. 2018). SRB are involved in MIC in wastewater treatment, oil 
or gas facilities or other pipeline systems (Hao et al. 1996; Sherar et al. 2011; Ibrahim 
et al. 2018), or in geothermal power plants with fluids containing sulphate or another 
suitable electron acceptor, seriously affecting the power plant operation (Valdez et  al. 
2009; Lerm et al. 2013). In addition, sulfur-oxidizing bacteria (SOB) can oxidize  H2S into 
 H2SO4, which is a highly corrosive compound (Muthukumar et al. 2003; Ibrahim et al. 
2018). Bacteria producing acids, reducing or oxidizing iron or oxidizing manganese all 
have the potential to induce corrosion in infrastructures (Muthukumar et al. 2003).

The formation of biofilms inside pipes happens frequently. Indeed, biofilms are an 
important growth form (Flemming and Wuertz 2019) providing survival benefits in var-
ious environments and are thought to be a well-conserved trait throughout microbial 
evolution (Hall-Stoodley et al. 2004; Harding et al. 2009). Inside biofilms, microbial cells 
benefit of a higher protection thanks to the surrounding cells and all cells may benefit 
from compounds produced by others. Therefore, communities living in a biofilm are 
often more resistant than free-living cells to biotic (i.e., predation) or abiotic challenges. 
Moreover, an extracellular matrix, composed of extracellular polymeric substances 
(EPSs), is formed to keep the cells together (Hall-Stoodley et al. 2004). Therefore, in geo-
thermal power plants, it is not only the cells themselves that can cause issues, but the 
sticky matrix compounds may also be problematic and cause, for instance, the blocking 
of filters.

The different issues mentioned above rarely happen alone and combinations of prob-
lems are common, with microbially induced mineral precipitation,  H2S production or 
corrosion happening simultaneously (Ibrahim et al. 2018). The issues caused by microbi-
ally induced mineral precipitation and corrosion, as well as biofilm formation, are not 
specific to geothermal power plants, but are also common in the oil and gas industries 
(Ibrahim et al. 2018; Madirisha et al. 2022). Thus, a better understanding of the issues 
caused by microorganisms in one of these industries could also help to better under-
stand what happens in the others.
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Challenges and risks of studying microbial diversity in deep geothermal fluids
As for other extreme and hardly accessible environments, literature on microorgan-
isms present in deep geothermal fluids has to be evaluated carefully, notably because 
of uncertainties in sampling and data processing. In the following section, an overview 
of potential problems associated with sampling and potential biases in data analysis are 
presented.

Microbial activity produces, in some cases, a macroscopic manifestation such as a 
colour change or the appearance of an odour. However, most of the microbes remain 
undetectable without any prior amplification step or by their indirect detection using 
biomolecules or metabolic products. The presence of microorganisms in environ-
ments such as deep geothermal fluids, can be shown by the detection of biomarkers, 
such as phospholipids or phospholipid fatty acids (Vetter et  al. 2012). Such methods 
do not allow the identification of specific microorganisms present in the environment, 
but can be used to monitor changes in the microbial communities present in the flu-
ids (e.g., SRB present branched fatty acids and monoenoic fatty acids, thus the presence 
of these fatty acids in the fluids may indicate the presence of such bacteria). Therefore, 
phospholipid profiles can be useful indicators of disturbances or changes in the system 
(Vetter et al. 2012). As only a very small fraction of microorganisms is amenable to cul-
tivation in the laboratory, a very significant experimental bias is introduced in microbial 
diversity studies if only culture-dependent techniques are applied (Amann, Ludwig and 
Schleifer 1995; Amann 2000). This bias is exacerbated when extreme environments are 
considered, as the microorganisms living under extreme conditions tend to be highly 
unculturable (Lewin et al. 2013). For this reason, the advancement of technologies rely-
ing on DNA or RNA detection (also called culture-independent or molecular methods) 
has unravelled an unprecedented diversity on and within the Earth. Indeed, the use of 
genomic tools (i.e., the analysis of the genetic material present in an environment either 
through targeted sequencing or whole-genome sequencing) allows to bypass cultivation 
in order to have a better understanding of the microbial diversity in different ecosystems 
(Ye et al. 2019). These methods are therefore of particular interest for the investigation 
of microorganisms in extreme environments (Cowan et al. 2015; Garrido-Cardenas and 
Manzano-Agugliaro 2017). However, as in other extreme environments, genomic stud-
ies of microorganisms in deep geothermal fluids possess challenges at each step of the 
process: from the sampling of the fluids to the final analysis of the genomic data gener-
ated (Fig. 3).

Sampling and biomass concentration

There are multiple challenges in the sampling of geothermal fluids (Arnórsson et  al. 
2006), but one that is particularly relevant when studying microorganisms is the high 
temperature of the fluids. Since the brines will be cooled down to ambient conditions 
after extraction from the reservoir, the possibility for contamination during sampling 
is large and has to be minimized. For this, avoiding the use of open-air systems, and 
the use of pre-sterilized containers are required. In addition, maintaining conditions as 
aseptic as possible should be considered, whenever this is feasible. This might be highly 
challenging considering the set-up of the sampling site and therefore, including controls 
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Fig. 3 Summary of the steps required to analyse the microbial diversity in deep geothermal fluids using a 
culture‑independent approach based on the detection of genetic material. Challenges linked to each step of 
the analysis are mentioned in red. Figure created with BioRender.com
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for contamination is required. Contaminations that can occur at this step include all 
types of DNA contaminants, which can come from the sampling environment (air for 
instance), material or researchers themselves (Eisenhofer et  al. 2019). Moreover, dur-
ing sampling, the fluids, which are originally in an anoxic and light-deprived state, will 
be exposed to oxygen and light. Such exposure may influence the microbial community 
composition, as both oxygen and light can be toxic compound for organisms (Downes 
and Blunt 1877; Fenchel and Finlay 2008).

Collecting the fluids under sterile conditions is not the only challenge during sam-
pling, as the recovery of enough DNA for further analysis is also needed. As microbial 
biomass in geothermal fluids may be extremely low, the recovery of enough DNA (or 
other macromolecule) from low biomass samples is difficult (Barton et al. 2004; Barton 
et al. 2006; Lewin et al. 2013). One way to improve the recovery of microbial DNA from 
low biomass samples is to concentrate this biomass by filtration before DNA extraction. 
Using 0.22  µm or 0.1  µm pore size nitrocellulose filters will select microbial biomass 
(bacteria, archaea and fungi) while using 0.02 µm pore size filters would allow to capture 
viruses (Miyoshi et al. 2005; Russell, Zydney and Gomez 2023). In the case of geothermal 
fluids, filtering up to 5  L of fluids for DNA extraction only produced low amounts of 
DNA (unpublished) and thus the filtration of larger volumes (for instance 40 L) is often 
required.

DNA extraction

Once the biomass is concentrated on filters, DNA needs to be extracted. Geothermal 
fluid samples may not only contain vegetative cells but also resistant cells like spores, 
which are commonly found in extreme environments (Filippidou et  al. 2019). Thus, 
extracting DNA from both cell types is important. Extracting DNA from spores is obvi-
ously more difficult than from vegetative cells and usual DNA extraction techniques do 
not allow the efficient recovery of DNA from resistant structures (structures resistant 
to lysis) (Belgrader et al. 2000; Filippidou, Junier, et al. 2015). Therefore, an enrichment 
treatment, which will concentrate the resistant cells and maximize the extraction of their 
DNA, can be applied on the samples, for instance (Wunderlin et al. 2016; Corona Ram-
irez et al. 2023). As this additional step destroys vegetative cells, each sample needs to 
be split into two to recover DNA from the vegetative cells (direct DNA extraction) and 
from resistant cells (enrichment treatment). It is also important to keep in mind that the 
choice of different DNA extraction techniques will undeniably introduce biases (Brooks 
et al. 2015).

Another issue of DNA extractions is the unavoidable presence of contaminants in 
DNA extraction kits. Indeed, microbial contaminants are common in these kits and 
are even more problematic when working with low biomass samples (Salter et al. 2014; 
Glassing et al. 2016; de Goffau et al. 2018; Karstens et al. 2019). In fact, the DNA of con-
taminants will overpower data in samples with low DNA content, therefore hiding true 
results (Stinson et  al. 2019). Consequently, performing contamination controls during 
DNA extraction is mandatory (de Goffau et al. 2018). Moreover, the UV sterilization of 
the different components of DNA extraction kits might also help to mitigate these types 
of contamination sources (Gefrides et al. 2010).
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In addition to using the DNA present in the samples, one could also use RNA (ribonu-
cleic acid involved in the synthesis of proteins) (Madigan and Martinko 2007). The use 
of DNA allows to target all the organisms present, whether they are in an active or dor-
mant (resistant) form, while targeting RNA allows to target only the active organisms, as 
RNA is only expressed by active life forms. Different RNA sequencing technologies are 
available and allow to precisely monitor the state of the targeted cells (Finotello and Di 
Camillo 2015).

Sequencing methods and data analysis pipelines

After DNA extraction, the choice of the sequencing technology (i.e., how the DNA 
sequences of interest will be obtained and how long they will be) will induce differ-
ences in the resulting datasets. Nowadays, available technologies are numerous, allowing 
either for whole genome or marker genes analyses (i.e., analysis using selected genes as 
molecular markers, also called targeted sequencing or amplicon sequencing; Fig. 3). To 
analyse samples containing low amounts of biomass, analysis of marker genes is usually 
more feasible (Knight et al. 2018). Thus, in this review, only the method using molecular 
marker genes will be discussed in further details.

Molecular markers correspond to genes shared by all the organisms and exerting the 
same function, allowing to appropriately compare species diversity. Ideally, a molecular 
marker should contain both, regions that are conserved (i.e., very few variations among 
the organisms in the group considered) and some that are highly variable (i.e., large dif-
ferences among the organisms in the group considered to allow to identify the organ-
isms). One of the most widely used molecular markers to study microbial diversity are 
the genes encoding ribosomal RNAs. Bacteria, archaea and fungi (and other eukaryotes) 
all have ribosomes, which are responsible for the synthesis of proteins. These ribosomes 
are composed of proteins, but also by RNA fragments (ribosomal RNA or rRNA) that 
are structural and play a key role in the synthesis of proteins. These rRNA and the genes 
coding (rDNA) for them are well conserved throughout evolution. Given their conser-
vation, common ancestry and evolution, rDNA are suitable markers to compare the 
phylogenetic distance of organisms (i.e., how organisms are related to each other) and 
are often used to define “microbial species”. Using marker genes, several amplification 
methods are available, including Polymerase Chain Reaction (PCR) and quantitative 
Polymerase Chain Reaction (qPCR). A PCR will amplify all the maker genes present in 
the sample, allowing to identify the species present. However, a PCR does not inform on 
the real abundance of species, on the contrary to qPCR, which is a real-time amplifica-
tion method. This means that a qPCR allows to follow in real time the amplification of 
the marker genes and to enumerate them, either in a relative or absolute manner. These 
methods of amplification can be also used to target RNA, but using a modified version 
(reverse transcription PCR (RT-PCR) and reverse transcription quantitative PCR (RT-
qPCR)) (Jalali, Zaborowska and Jalali 2017). To target for organisms by PCR or qPCR, 
corresponding amplification primers have to be chosen depending on the type of micro-
organism studied and the desired amplification target. The choice of primers will also 
impact the obtained results, as different regions will be amplified. For archaea and bac-
teria, different variable regions of the 16S rRNA gene are widely used in diversity studies 
and the entire gene is used as standard for identification. For fungi, the ITS (Internal 
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Transcribed Spacer) regions, which also belong to ribosomal RNA operon, are com-
monly used (Tedersoo and Lindahl 2016). However, for the analysis of specific regions of 
the 16S rRNA gene and the ITS, only partial regions are often used and selected thanks 
to different primer pairs.

Finally, following an amplification of a marker gene through a PCR, amplicons need 
to be sequenced to determine the nucleotide sequences of the initial DNA fragment. 
This can be achieved by different technologies, such as short read sequencing techniques 
(e.g. Illumina sequencing (Illumina, CA, USA)) or long read sequencing techniques 
(e.g. Pacific Biosciences (CA, USA)) (Garrido-Cardenas and Manzano-Agugliaro 2017). 
Afterwards, the sequences obtained (the amplicon sequencing data) are compared 
between them. At this step, various combination of classification algorithms and refer-
ence databases can be set up to identify the organisms present in the sample.

While processing these amplicon sequencing data, several decisions have to be made 
and those will drastically influence the results (Xue, Kable and Marco 2018; Pauvert et al. 
2019). First, raw sequencing reads have to be processed using different software and 
pipelines, such as QIIME2 or mothur (Schloss et al. 2009; Bolyen et al. 2019). Process-
ing of these raw sequencing reads will allow the removal of sequencing errors and to 
group the reads according to their sequence similarity (Callahan et al. 2017). Sequences 
above a given threshold of similarity can be grouped into Operational Taxonomic Units 
(OTUs) or kept as Amplicon Sequence Variants (ASVs; exact sequences). OTUs and 
ASVs are two different approaches to identify the number of distinct biological entities 
in the sample and to classify the sequences of a dataset. The use of OTUs or ASVs has its 
respective drawbacks and benefits and the choice of one or the other will mostly depend 
on the study objectives Recently, the benefits conferred by ASVs, such as an improve-
ment in reproducibility and a better accuracy to assess diversity in communities not well 
covered in reference databases, seem to tip the scale in their favour (Callahan et al. 2016; 
Callahan et al. 2017; Knight et al. 2018). At this stage of the analysis, the read count of 
biological entities (OTUs or ASVs) in the samples is translated into an OTUs or ASVs 
table. The next critical step is the choice of a reference database and of a classifier to add 
a taxonomic information to the sequences. Indeed, OTUs or ASVs present in the data-
set first need to be compared to known reference sequences of organisms in a database 
in order to know to which organisms these sequences initially belonged to. To do that, 
different classifiers can be used, such as RDP, UCLUST, consensus vsearch, consensus 
BLAST (basic local alignment and search tool) and scikit-learn naïve Bayes, which were 
all compared using mock (artificially produced) communities (Bokulich et al. 2018).

Various reference databases for microorganisms exist, such as Greengenes (DeSantis 
et al. 2006) and Silva (Quast et al. 2012) for the 16S rRNA gene of bacteria and archaea, 
or UNITE (Nilsson et al. 2019) and ITSoneDB (Santamaria et al. 2012) for the ITS region 
of fungi. As several databases exist and are built and curated differently, results will not 
be the same if one or the other database is used. The biases induced by different data-
bases and different extraction methods are often addressed separately, but only few 
comparative studies on combined biases exist (Abellan-Schneyder et al. 2021; Ramakodi 
2021). Actually, the database problem does not only occur when working with largely 
unknown environments, but also while working with extremely well-known microbi-
omes, such as the human gut microbiome. While mock communities (i.e., artificially 
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created communities in which all members are known) can be used to test if the study 
design is suitable to a certain type of sample (Abellan-Schneyder et al. 2021), it is not 
possible to create mock communities for environments in which the microbial diversity 
is unknown such as in the case of deep geothermal fluids.

Once a taxonomy has been assigned by a classifier in order to link OTUs or ASVs with 
organisms, the final step is the choice of correct and judicious normalisation and analy-
sis methods to ensure results of good quality (McMurdie and Holmes 2014; Weiss et al. 
2017; Knight et al. 2018; Calle 2019). In summary, various techniques can be applied to 
study microorganisms in deep geothermal fluids, including amplicon sequencing tech-
niques, and several steps imply crucial decisions. Informed decisions from the start to 
the end of the process will ensure a proper analysis of this poorly known, but nonethe-
less rich of life, extreme environment.

Conclusions
By summarizing the current knowledge on the microbial diversity present in deep geo-
thermal fluids and in analogous environments (the deep biosphere and geothermal 
environments), this review highlighted the probable habitability of deep geothermal res-
ervoirs for electricity production. Indeed, the past few decades of research demonstrate 
that microorganisms persist in geothermal ecosystems and the deep biosphere, underly-
ing an astonishing diversity of life even in the most extreme conditions (Shu and Huang 
2021). This review further underlines the scarcity of knowledge on the microorganisms, 
and in particular a large knowledge gap for fungi inhabiting deep geothermal fluids. This 
supports the need for further studies to establish the diversity of microorganisms pre-
sent in those environments and their potential impacts on geothermal power plants, to 
help mitigating MIC or microbial induced scaling inside the power plants. This knowl-
edge will impact not only the geothermal industry but will also be essential to improve 
our understanding of the evolution of life, as these ecosystems can be used as analogues 
to Early Earth environments (Rampelotto 2013; Brown and Fritz 2019; Filippidou et al. 
2019). Moreover, understanding the deep subsurface biosphere will give valuable clues 
in the search for life outside Earth (Hoehler 2004; von Hegner 2020). In fact, most, if 
not all, known exoplanets display extreme environmental conditions, hence the interest 
to study extreme microorganisms present on Earth in order to have a better knowledge 
on how to search for life elsewhere in the universe (Lal 2008; Cottin et al. 2017; Martins 
et al. 2017).

Finally, this review also illustrated the numerous challenges and biases induced while 
studying the microbial diversity in a mostly unexplored extreme environment. Careful 
attention should be given to the analytical methods used to study microorganisms in 
deep geothermal fluids and common ground between different studies should be consid-
ered before direct comparison. For instance, even though it would not be possible to use 
the same database for all diversity studies, raw sequencing data should always be made 
available with publications to allow re-analysis of data before comparison if necessary. 
Moreover, for the same samples, different treatments, such as different DNA extraction 
methods, should be applied in order to gain a better understanding of the general diver-
sity of microorganisms present in these fluids (Additional file 3).
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Definitions
Diploid cell: cell containing two exemplars of each chromosome.

Extremophile: organism that requires one or several extreme environmental param-
eters to grow.

Extremotolerant: organism that tolerates one or several extreme conditions to grow.
Genome: All genes of an organism.
Haploid cell: cell containing only one exemplar of each chromosome.
ITS (internal transcribed spacer) rRNA amplicon sequencing: amplified region of the 

ribosomal genes used to detect and identify fungi.
Marker genes: DNA regions shared by all the organisms compared; also called molec-

ular markers.
Nucleotides: the five organic molecules that compose DNA or RNA sequences. These 

nucleotides are adenine (A), thymine (T), guanine (G), cytosine (C) and uracil (U).
Sequencing: determination of one/several DNA sequences (i.e. search what is the 

order of the nucleotides (A, T, G or C) composing the DNA).
16S rRNA amplicon sequencing: amplified region of the ribosomal genes used both to 

detect and identify bacteria and archaea.

Abbreviations
Bs  Below soil surface
Bsf  Below sea floor
Bw  Below water surface
DOC  Dissolved organic carbons
NGS  Next generation sequencing
TDS  Total dissolved solids

Supplementary Information
The online version contains supplementary material available at https:// doi. org/ 10. 1186/ s40517‑ 023‑ 00269‑z.

Additional file 1: Table S1. Diversity of microorganisms in analogous environments of geothermal power plants.

Additional file 2: Table S2. Diversity of microorganisms in geothermal power plants.

Additional file 3. Additional references for table.

Acknowledgements
We acknowledge the members of the REFLECT consortium for meaningful discussions during the preparation of this 
work. We also acknowledge the participation of Isacco Darini during early discussions of literature data collection.

Author contributions
DB, AL, GC these authors made major contributions to the formatting and analysis of the literature data collected. DB, 
PJ, GC, SB, SR, FE, JI, RH, JU these authors made major contributions to the acquisition and interpretation of the literature 
data. All the authors proofread and approved the final manuscript.

Funding
This work has been funded by the European Union’s Horizon 2020 research and innovation program within the frame‑
work of the REFLECT project under the grant agreement No 850626.

Availability of data and materials
Not applicable.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 26 May 2022   Accepted: 13 September 2023

https://doi.org/10.1186/s40517-023-00269-z


Page 21 of 27Bregnard et al. Geothermal Energy           (2023) 11:28  

References
Abellan‑Schneyder I, et al. Primer, pipelines, parameters: issues in 16S rRNA gene sequencing. mSphere. 

2021;6(1):e01202‑20. https:// doi. org/ 10. 1128/ mSphe re. 01202‑ 20.
Alawi M, et al. Diversity of sulfate‑reducing bacteria in a plant using deep geothermal energy. Grundwasser. 

2011;16(2):105. https:// doi. org/ 10. 1007/ s00767‑ 011‑ 0164‑y.
Alexander E, et al. Microbial eukaryotes in the hypersaline anoxic L’Atalante deep‑sea basin. Environ Microbiol. 

2009;11(2):360–81. https:// doi. org/ 10. 1111/j. 1462‑ 2920. 2008. 01777.x.
Alt‑Epping P, et al. Reactive transport modeling of the geothermal system at Bad Blumau, Austria: implications of the 

combined extraction of heat and CO2. Geothermics. 2013;45:18–30. https:// doi. org/ 10. 1016/j. geoth ermics. 2012. 
08. 002.

Amann R. Who is out there? microbial aspects of biodiversity. Syst Appl Microbiol. 2000;23(1):1–8. https:// doi. org/ 10. 
1016/ S0723‑ 2020(00) 80039‑9.

Amann RI, Ludwig W, Schleifer KH. Phylogenetic identification and in situ detection of individual microbial cells without 
cultivation. Microbiol Rev. 1995;59(1):143–69.

Anantharaman K, Breier JA, Dick GJ. Metagenomic resolution of microbial functions in deep‑sea hydrothermal plumes 
across the Eastern Lau Spreading Center. ISME J. 2016;10(1):225–39. https:// doi. org/ 10. 1038/ ismej. 2015. 81.

Arnórsson S, et al. Sampling and analysis of geothermal fluids. Geofluids. 2006;6(3):203–16. https:// doi. org/ 10. 1111/j. 
1468‑ 8123. 2006. 00147.x.

Árpási M, Lorberer Á, Pap S. High pressure and temperature (geopressured) geothermal reservoirs in Hungary, in World 
Geothermal Congress. 2000.

Bar‑On YM, Phillips R, Milo R. The biomass distribution on Earth. Proc Natl Acad Sci USA. 2018;115(25):6506–11. https:// 
doi. org/ 10. 1073/ pnas. 17118 42115.

Barone G, et al. Marine fungi: biotechnological perspectives from deep‑hypersaline anoxic basins Diversity. MDPI AG. 
2019. https:// doi. org/ 10. 3390/ d1107 0113.

Barton HA, Taylor MR, Pace NR. Molecular phylogenetic analysis of a bacterial community in an oligotrophic cave envi‑
ronment. Geomicrobiol J. 2004;21(1):11–20. https:// doi. org/ 10. 1080/ 01490 45049 02534 28.

Barton HA, et al. DNA extraction from low‑biomass carbonate rock: an improved method with reduced contamination 
and the low‑biomass contaminant database. J Microbiol Methods. 2006;66(1):21–31. https:// doi. org/ 10. 1016/j. 
mimet. 2005. 10. 005.

Beech IB, Sunner JA, Hiraoka K. Microbe‑surface interactions in biofouling and biocorrosion processes. Int Microbiol. 
2005;8(3):157–68. https:// doi. org/ 10. 2436/ im. v8i3. 9522.

Belgrader P, et al. A microfluidic cartridge to prepare spores for PCR analysis. Biosens Bioelectron. 2000;14(10):849–52. 
https:// doi. org/ 10. 1016/ S0956‑ 5663(99) 00060‑3.

Bengtson S, et al. Deep‑biosphere consortium of fungi and prokaryotes in Eocene subseafloor basalts. Geobiology. 
2014;12(6):489–96. https:// doi. org/ 10. 1111/ gbi. 12100.

Bernhard JM, et al. Benthic protists and fungi of Mediterranean deep hypsersaline anoxic basin redoxcline sediments. 
Front Microbiol. 2014. https:// doi. org/ 10. 3389/ fmicb. 2014. 00605.

Bertani R. World geothermal power generation in the period 2001–2005. Geothermics. 2005;34(6):651–90. https:// doi. 
org/ 10. 1016/J. GEOTH ERMICS. 2005. 09. 005.

Beskrovnaya P, et al. Structural, metabolic and evolutionary comparison of bacterial endospore and exospore formation. 
Front Microbiol. 2021. https:// doi. org/ 10. 3389/ fmicb. 2021. 630573.

Bird LJ, et al. Serpentinimonas gen. nov., Serpentinimonas raichei sp. nov., Serpentinimonas barnesii sp. nov. and Serpentini-
monas maccroryi sp. Nov., hyperalkaliphilic and facultative autotrophic bacteria isolated from terrestrial serpenti‑
nizing springs. Int J Syst Evolut Microbiol. 2021;71(8):004945. https:// doi. org/ 10. 1099/ ijsem.0. 004945.

Blair CC, et al. Radiolytic hydrogen and microbial respiration in subsurface sediments. Astrobiology. 2007;7(6):951–70. 
https:// doi. org/ 10. 1089/ ast. 2007. 0150.

Blöcher G, et al. Hydraulic history and current state of the deep geothermal reservoir Groß Schönebeck. Geothermics. 
2016;63:27–43. https:// doi. org/ 10. 1016/j. geoth ermics. 2015. 07. 008.

Blöchl E, et al. Pyrolobus fumarii, gen. and sp. nov., represents a novel group of archaea, extending the upper temperature 
limit for life to 113 °C. Extremophiles. 1997;1(1):14–21. https:// doi. org/ 10. 1007/ s0079 20050 010.

Blum JS, et al. Ecophysiology of “Halarsenatibacter silvermanii” Strain SLAS‑1T, gen. nov., sp. nov., a facultative chemoauto‑
trophic arsenate Respirer from salt‑saturated Searles Lake, California. Appl Environ Microbiol. 2009;75(7):1950–60. 
https:// doi. org/ 10. 1128/ AEM. 02614‑ 08.

Bokulich NA, et al. Optimizing taxonomic classification of marker‑gene amplicon sequences with QIIME 2’s q2‑feature‑
classifier plugin. Microbiome. 2018;6(1):90. https:// doi. org/ 10. 1186/ s40168‑ 018‑ 0470‑z.

Bolyen E, et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat Biotechnol. 
2019;37(8):852–7. https:// doi. org/ 10. 1038/ s41587‑ 019‑ 0209‑9.

Borgonie G, et al. Eukaryotic opportunists dominate the deep‑subsurface biosphere in South Africa. Nat Commun. 
2015;6(1):8952. https:// doi. org/ 10. 1038/ ncomm s9952.

Brock TD. The habitats. In: Brock TD, editor. Thermophilic microorganisms and life at high temperatures. New York: 
Springer; 1978. p. 12–38.

Brooks JP, et al. The truth about metagenomics: quantifying and counteracting bias in 16S rRNA studies. BMC Microbiol. 
2015;15(1):66. https:// doi. org/ 10. 1186/ s12866‑ 015‑ 0351‑6.

Brown SR, Fritz SC. Eukaryotic organisms of continental hydrothermal systems. Extremophiles. 2019;23(4):367–76. https:// 
doi. org/ 10. 1007/ s00792‑ 019‑ 01101‑y.

Bui NK, et al. The peptidoglycan Sacculus of Myxococcus xanthus has unusual structural features and is degraded during 
glycerol‑induced myxospore development. J Bacteriol. 2009;191(2):494–505. https:// doi. org/ 10. 1128/ JB. 00608‑ 08.

Callahan BJ, et al. Rognes. Nat Methods. 2016;13(7):581–3. https:// doi. org/ 10. 1038/ nmeth. 3869.
Callahan BJ, McMurdie PJ, Holmes SP. Exact sequence variants should replace operational taxonomic units in marker‑

gene data analysis. ISME J. 2017;11(12):2639–43. https:// doi. org/ 10. 1038/ ismej. 2017. 119.
Calle ML. Statistical analysis of metagenomics data. Genomics Inform. 2019. https:// doi. org/ 10. 5808/ GI. 2019. 17.1. e6.

https://doi.org/10.1128/mSphere.01202-20
https://doi.org/10.1007/s00767-011-0164-y
https://doi.org/10.1111/j.1462-2920.2008.01777.x
https://doi.org/10.1016/j.geothermics.2012.08.002
https://doi.org/10.1016/j.geothermics.2012.08.002
https://doi.org/10.1016/S0723-2020(00)80039-9
https://doi.org/10.1016/S0723-2020(00)80039-9
https://doi.org/10.1038/ismej.2015.81
https://doi.org/10.1111/j.1468-8123.2006.00147.x
https://doi.org/10.1111/j.1468-8123.2006.00147.x
https://doi.org/10.1073/pnas.1711842115
https://doi.org/10.1073/pnas.1711842115
https://doi.org/10.3390/d11070113
https://doi.org/10.1080/01490450490253428
https://doi.org/10.1016/j.mimet.2005.10.005
https://doi.org/10.1016/j.mimet.2005.10.005
https://doi.org/10.2436/im.v8i3.9522
https://doi.org/10.1016/S0956-5663(99)00060-3
https://doi.org/10.1111/gbi.12100
https://doi.org/10.3389/fmicb.2014.00605
https://doi.org/10.1016/J.GEOTHERMICS.2005.09.005
https://doi.org/10.1016/J.GEOTHERMICS.2005.09.005
https://doi.org/10.3389/fmicb.2021.630573
https://doi.org/10.1099/ijsem.0.004945
https://doi.org/10.1089/ast.2007.0150
https://doi.org/10.1016/j.geothermics.2015.07.008
https://doi.org/10.1007/s007920050010
https://doi.org/10.1128/AEM.02614-08
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/ncomms9952
https://doi.org/10.1186/s12866-015-0351-6
https://doi.org/10.1007/s00792-019-01101-y
https://doi.org/10.1007/s00792-019-01101-y
https://doi.org/10.1128/JB.00608-08
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/ismej.2017.119
https://doi.org/10.5808/GI.2019.17.1.e6


Page 22 of 27Bregnard et al. Geothermal Energy           (2023) 11:28 

Calvez TL, et al. Fungal diversity in deep‑sea hydrothermal ecosystems. Appl Environ Microbiol. 2009;75(20):6415–21. 
https:// doi. org/ 10. 1128/ AEM. 00653‑ 09.

Canbaz CH, Ekren O, Aksoy N. Review of wellbore flow modelling in CO2‑bearing geothermal reservoirs. Geothermics. 
2022;98:102284. https:// doi. org/ 10. 1016/j. geoth ermics. 2021. 102284.

Colman DR, et al. The deep, hot biosphere: twenty‑five years of retrospection. Proc Natl Acad Sci. 2017;114(27):6895–903. 
https:// doi. org/ 10. 1073/ pnas. 17012 66114.

Colman DR, Lindsay MR, Boyd ES. Mixing of meteoric and geothermal fluids supports hyperdiverse chemosynthetic 
hydrothermal communities. Nature Commun. 2019. https:// doi. org/ 10. 1038/ s41467‑ 019‑ 08499‑1.

Connell L, et al. Fungal diversity associated with an active deep sea volcano: Vailulu’u seamount, Samoa. Geomicrobiol J. 
2009;26(8):597–605. https:// doi. org/ 10. 1080/ 01490 45090 33161 74.

Corona Ramirez A, et al. Assessment of fungal spores and spore‑like diversity in environmental samples by targeted lysis. 
BMC Microbiol. 2023;23(1):68. https:// doi. org/ 10. 1186/ s12866‑ 023‑ 02809‑w.

Cottin H, et al. Astrobiology and the possibility of life on earth and elsewhere\ldots. Space Sci Rev. 2017. https:// doi. org/ 
10. 1007/ s11214‑ 015‑ 0196‑1.

Cowan D, et al. Metagenomics of extreme environments. Curr Opin Microbiol. 2015;25:97–102. https:// doi. org/ 10. 1016/j. 
mib. 2015. 05. 005.

Dahle H, et al. Microbial community structure analysis of produced water from a high‑temperature North Sea oil‑field. 
Antonie Van Leeuwenhoek. 2008;93(1–2):37–49.

Dalmasso C, et al. Thermococcus piezophilus sp. nov., a novel hyperthermophilic and piezophilic archaeon with a broad 
pressure range for growth, isolated from a deepest hydrothermal vent at the Mid‑Cayman Rise. Syst Appl Micro‑
biol. 2016;39(7):440–4. https:// doi. org/ 10. 1016/j. syapm. 2016. 08. 003.

de Goffau MC, et al. Recognizing the reagent microbiome. Nat Microbiol. 2018;3(8):851–3. https:// doi. org/ 10. 1038/ 
s41564‑ 018‑ 0202‑y.

DeSantis TZ, et al. Greengenes, a chimera‑checked 16S rRNA gene database and workbench compatible with ARB. Appl 
Environ Microbiol. 2006;72(7):5069–72. https:// doi. org/ 10. 1128/ AEM. 03006‑ 05.

Dhakar K, Sharma A, Pandey A. Cold, pH and salt tolerant Penicillium spp. inhabit the high altitude soils in Himalaya, India. 
World J Microbiol Biotechnol. 2014;30(4):1315–24. https:// doi. org/ 10. 1007/ s11274‑ 013‑ 1545‑4.

Dick GJ. The microbiomes of deep‑sea hydrothermal vents: distributed globally, shaped locally. Nat Rev Microbiol. 
2019;17(5):271–83. https:// doi. org/ 10. 1038/ s41579‑ 019‑ 0160‑2.

Ding J, et al. Microbial community structure of deep‑sea hydrothermal vents on the ultraslow spreading southwest 
Indian ridge. Front Microbiol. 2017. https:// doi. org/ 10. 3389/ fmicb. 2017. 01012.

Downes A, Blunt TP. Researches on the effect of light upon bacteria and other organisms. Proc Royal Soc London. 
1877;26:488–500.

Drake H, Reiners PW. Thermochronologic perspectives on the deep‑time evolution of the deep biosphere. Proc Natl Acad 
Sci. 2021. https:// doi. org/ 10. 1073/ pnas. 21096 09118.

Edgcomb VP, et al. Benthic eukaryotic diversity in the Guaymas Basin hydrothermal vent environment. Proc Natl Acad Sci. 
2002;99(11):7658–62. https:// doi. org/ 10. 1073/ pnas. 06218 6399.

Ervin B (2014) Investigation of the fungi from Boiling Springs Lake, Lassen Volcanic National Park, CA for potential applica‑
tions to lignocellulosic biofuels. California State University, Chico.

Edwards KJ, Becker K, Colwell F. The deep, dark energy biosphere: intraterrestrial life on earth. Annu Rev Earth Planet Sci. 
2012;40(1):551–68. https:// doi. org/ 10. 1146/ annur ev‑ earth‑ 042711‑ 105500.

Eisenhofer R, et al. Contamination in low microbial biomass microbiome studies: issues and recommendations. Trends 
Microbiol. 2019;27(2):105–17. https:// doi. org/ 10. 1016/j. tim. 2018. 11. 003.

Elshahed MS, et al. Haloferax sulfurifontis sp. nov., a halophilic archaeon isolated from a sulfide‑ and sulfur‑rich spring. Int J 
Syst Evol Microbiol. 2004;54(6):2275–9. https:// doi. org/ 10. 1099/ ijs.0. 63211‑0.

Fardeau M‑L, et al. Archaeoglobus fulgidus and Thermotoga elfii, thermophilic isolates from deep geothermal water of the 
Paris Basin. Geomicrobiol J. 2009;26(2):119–30. https:// doi. org/ 10. 1080/ 01490 45080 26749 70.

Feldbusch E. Geochemische Charakterisierung eines Formationsfluids im Unteren Perm : Herkunft, betriebsbedingte 
Prozesse und Rolle organischer Verbindungen im geothermischen Kreislauf. Universität Potsdam. 2015.

Fenchel T, Finlay B. Oxygen and the spatial structure of microbial communities. Biol Rev. 2008;83(4):553–69. https:// doi. 
org/ 10. 1111/j. 1469‑ 185X. 2008. 00054.x.

Filippidou S, Jaussi M, et al. ‘Genome sequence of Anoxybacillus geothermalis Strain GSsed3, a novel thermophilic 
endospore‑forming species. Genome Announc. 2015;3(3):10–1. https:// doi. org/ 10. 1128/ genom eA. 00575‑ 15. 
Copyr ight.

Filippidou S, Junier T, et al. Under‑detection of endospore‑forming Firmicutes in metagenomic data. Comput Struct 
Biotechnol J. 2015;13:299–306. https:// doi. org/ 10. 1016/j. csbj. 2015. 04. 002.

Filippidou S, et al. Anoxybacillus geothermalis sp nov, a facultatively anaerobic, endospore‑forming bacterium isolated 
from mineral deposits in a geothermal station. Int J Syst Evolut Microbiol. 2016. https:// doi. org/ 10. 1099/ ijsem.0. 
001125.

Filippidou S, et al. Adaptive strategies in a poly‑extreme environment: differentiation of vegetative cells in Serratia urei-
lytica and resistance to extreme conditions. Front Microbiol. 2019. https:// doi. org/ 10. 3389/ fmicb. 2019. 00102.

Finotello F, Di Camillo B. Measuring differential gene expression with RNA‑seq: challenges and strategies for data analysis. 
Brief Funct Genomics. 2015;14(2):130–42. https:// doi. org/ 10. 1093/ bfgp/ elu035.

Finster M, et al. Geothermal produced fluids: characteristics, treatment technologies, and management options. Renew 
Sustain Energy Rev. 2015;50:952–66. https:// doi. org/ 10. 1016/j. rser. 2015. 05. 059.

Flemming HC, Wuertz S. Bacteria and archaea on earth and their abundance in biofilms. Nat Rev Microbiol. 
2019;17(4):247–60. https:// doi. org/ 10. 1038/ s41579‑ 019‑ 0158‑9.

Forrest MJ, Schlaepfer MA. Nothing a hot bath won’t cure: infection rates of amphibian chytrid fungus correlate nega‑
tively with water temperature under natural field settings. PloS ONE. 2011;6(12):e28444–e28444. https:// doi. org/ 
10. 1371/ journ al. pone. 00284 44.

https://doi.org/10.1128/AEM.00653-09
https://doi.org/10.1016/j.geothermics.2021.102284
https://doi.org/10.1073/pnas.1701266114
https://doi.org/10.1038/s41467-019-08499-1
https://doi.org/10.1080/01490450903316174
https://doi.org/10.1186/s12866-023-02809-w
https://doi.org/10.1007/s11214-015-0196-1
https://doi.org/10.1007/s11214-015-0196-1
https://doi.org/10.1016/j.mib.2015.05.005
https://doi.org/10.1016/j.mib.2015.05.005
https://doi.org/10.1016/j.syapm.2016.08.003
https://doi.org/10.1038/s41564-018-0202-y
https://doi.org/10.1038/s41564-018-0202-y
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1007/s11274-013-1545-4
https://doi.org/10.1038/s41579-019-0160-2
https://doi.org/10.3389/fmicb.2017.01012
https://doi.org/10.1073/pnas.2109609118
https://doi.org/10.1073/pnas.062186399
https://doi.org/10.1146/annurev-earth-042711-105500
https://doi.org/10.1016/j.tim.2018.11.003
https://doi.org/10.1099/ijs.0.63211-0
https://doi.org/10.1080/01490450802674970
https://doi.org/10.1111/j.1469-185X.2008.00054.x
https://doi.org/10.1111/j.1469-185X.2008.00054.x
https://doi.org/10.1128/genomeA.00575-15.Copyright
https://doi.org/10.1128/genomeA.00575-15.Copyright
https://doi.org/10.1016/j.csbj.2015.04.002
https://doi.org/10.1099/ijsem.0.001125
https://doi.org/10.1099/ijsem.0.001125
https://doi.org/10.3389/fmicb.2019.00102
https://doi.org/10.1093/bfgp/elu035
https://doi.org/10.1016/j.rser.2015.05.059
https://doi.org/10.1038/s41579-019-0158-9
https://doi.org/10.1371/journal.pone.0028444
https://doi.org/10.1371/journal.pone.0028444


Page 23 of 27Bregnard et al. Geothermal Energy           (2023) 11:28  

Freund F, Dickinson JT, Cash M. Hydrogen in rocks: an energy source for deep microbial communities. Astrobiology. 
2002;2(1):83–92. https:// doi. org/ 10. 1089/ 15311 07027 53621 367.

Fujino Y, et al. Thermus thermophilus TMY isolated from silica scale taken from a geothermal power plant. J Appl Microbiol. 
2008;104(1):70–8. https:// doi. org/ 10. 1111/j. 1365‑ 2672. 2007. 03528.x.

Garrido‑Cardenas JA, Manzano‑Agugliaro F. The metagenomics worldwide research. Curr Genet. 2017;63(5):819–29. 
https:// doi. org/ 10. 1007/ s00294‑ 017‑ 0693‑8.

Gefrides LA, et al. UV irradiation and autoclave treatment for elimination of contaminating DNA from laboratory 
consumables. Forensic Sci Int Genet. 2010;4(2):89–94. https:// doi. org/ 10. 1016/j. fsigen. 2009. 06. 008.

Ghozzi K, et al. Screening of thermophilic microalgae and cyanobacteria from Tunisian geothermal sources. J Arid 
Environ. 2013;97:14–7. https:// doi. org/ 10. 1016/j. jarid env. 2013. 05. 004.

Glassing A, et al. Inherent bacterial DNA contamination of extraction and sequencing reagents may affect interpreta‑
tion of microbiota in low bacterial biomass samples. Gut Pathogens. 2016;8(1):24. https:// doi. org/ 10. 1186/ 
s13099‑ 016‑ 0103‑7.

Gniese C, et al. Relevance of deep‑subsurface microbiology for underground gas storage and geothermal energy 
production. In: Schippers A, Glombitza F, Sand W, editors., et al., Geobiotechnology II: energy resources, 
subsurface technologies, organic pollutants and mining legal principles. Berlin, Heidelberg: Springer; 2014. p. 
95–121. https:// doi. org/ 10. 1007/ 10_ 2013_ 257.

Golyshina OV, et al. Acidiplasma aeolicum gen. nov., sp. Nov., a euryarchaeon of the family Ferroplasmaceae isolated 
from a hydrothermal pool, and transfer of Ferroplasma cupricumulans to Acidiplasma cupricumulans comb. nov. 
Int J Syst Evolut Microbiol. 2009;59(11):2815–23. https:// doi. org/ 10. 1099/ ijs.0. 009639‑0.

Gostinčar C, Muggia L, Grube M. Polyextremotolerant black fungi: oligotrophism, adaptive potential, and a link to 
lichen symbioses. Front Microbiol. 2012. https:// doi. org/ 10. 3389/ fmicb. 2012. 00390.

Gunde‑Cimerman N, et al. Hypersaline waters in salterns—Natural ecological niches for halophilic black yeasts. FEMS 
Microbiol Ecol. 2000;32(3):235–40. https:// doi. org/ 10. 1016/ S0168‑ 6496(00) 00032‑5.

Hall‑Stoodley L, Costerton JW, Stoodley P. Bacterial biofilms: from the natural environment to infectious diseases. Nat 
Rev Microbiol. 2004;2(2):95–108. https:// doi. org/ 10. 1038/ nrmic ro821.

Hao OJ, et al. Sulfate‑reducing bacteria. Crit Rev Environ Sci Technol. 1996;26(2):155–87. https:// doi. org/ 10. 1080/ 
10643 38960 93884 89.

Harding MW, et al. Can filamentous fungi form biofilms? Trends Microbiol. 2009;17(11):475–80. https:// doi. org/ 10. 
1016/j. tim. 2009. 08. 007.

Head IM, Jones DM, Larter SR. Biological activity in the deep subsurface and the origin of heavy oil. Nature. 
2003;426(6964):344–52. https:// doi. org/ 10. 1038/ natur e02134.

Hoehler TM. Biological energy requirements as quantitative boundary conditions for life in the subsurface. Geobiol‑
ogy. 2004;2(4):205–15. https:// doi. org/ 10. 1111/j. 1472‑ 4677. 2004. 00033.x.

Hubalek V, et al. Connectivity to the surface determines diversity patterns in subsurface aquifers of the Fennoscan‑
dian shield. ISME J. 2016;10(10):2447–58. https:// doi. org/ 10. 1038/ ismej. 2016. 36.

Iacono R, et al. Spatial metagenomics of three geothermal sites in Pisciarelli hot spring focusing on the biochemical 
resources of the microbial consortia. Molecules. 2020;25(17):4023. https:// doi. org/ 10. 3390/ molec ules2 51740 
23.

Ibrahim A, et al. Review and analysis of microbiologically influenced corrosion: the chemical environment in oil and 
gas facilities. Corros Eng Sci Technol. 2018;53(8):549–63. https:// doi. org/ 10. 1080/ 14784 22X. 2018. 15113 26.

Inagaki F, et al. Microbial participation in the formation of siliceous deposits from geothermal water and analysis of 
the extremely thermophilic bacterial community. FEMS Microbiol Ecol. 1997;24(1):41–8. https:// doi. org/ 10. 
1111/j. 1574‑ 6941. 1997. tb004 21.x.

Inagaki F, Motomura Y, Ogata S. Microbial silica deposition in geothermal hot waters. Appl Microbiol Biotechnol. 
2003;60(6):605–11. https:// doi. org/ 10. 1007/ s00253‑ 002‑ 1100‑y.

Inagaki F, et al. Exploring deep microbial life in coal‑bearing sediment down to ∼2.5 km below the ocean floor. Sci‑
ence. 2015;349(6246):420–4. https:// doi. org/ 10. 1126/ scien ce. aaa68 82.

Inskeep WP, et al. The YNP metagenome project: environmental parameters responsible for microbial distribution in 
the Yellowstone geothermal ecosystem. Front Microbiol. 2013;4(MAY):1–15. https:// doi. org/ 10. 3389/ fmicb. 
2013. 00067.

Ivarsson M. Subseafloor basalts as fungal habitats. Biogeosciences Discuss. 2012;9:2277–306. https:// doi. org/ 10. 5194/ 
bgd‑9‑ 2277‑ 2012.

Ivarsson M, et al. Fossilized fungi in subseafl oor Eocene basalts. Geology. 2012;40(2):163–6. https:// doi. org/ 10. 1130/ 
G32590.1.

Ivarsson M, Bengtson S, Neubeck A. The igneous oceanic crust—earth’s largest fungal habitat? Fungal Ecol. 2016. 
https:// doi. org/ 10. 1016/j. funeco. 2016. 01. 009.

Ivarsson M, et al. Fungi in deep subsurface environments. Adv Appl Microbiol. 2018;102:83–116. https:// doi. org/ 10. 
1016/ bs. aambs. 2017. 11. 001.

Jalali M, Zaborowska J, Jalali M. Chapter 1—The polymerase chain reaction: PCR, qPCR, and RT‑PCR. In: Morteza J, 
Saldanha FYL, Mehdi J, editors. Basic science methods for clinical researchers. Boston: Academic Press; 2017. p. 
1–18. https:// doi. org/ 10. 1016/ B978‑0‑ 12‑ 803077‑ 6. 00001‑1.

Jebbar M, et al. Microbial diversity and adaptation to high hydrostatic pressure in deep‑sea hydrothermal vents 
prokaryotes. Extremophiles. 2015;19(4):721–40. https:// doi. org/ 10. 1007/ s00792‑ 015‑ 0760‑3.

Jolivet E, et al. Thermococcus gammatolerans sp. nov., a hyperthermophilic archaeon from a deep‑sea hydrothermal 
vent that resists ionizing radiation. Int J Syst Evol Microbiol. 2003;53(3):847–51. https:// doi. org/ 10. 1099/ ijs.0. 
02503‑0.

Jones DM, et al. Crude‑oil biodegradation via methanogenesis in subsurface petroleum reservoirs. Nature. 
2008;451(7175):176–80. https:// doi. org/ 10. 1038/ natur e06484.

https://doi.org/10.1089/153110702753621367
https://doi.org/10.1111/j.1365-2672.2007.03528.x
https://doi.org/10.1007/s00294-017-0693-8
https://doi.org/10.1016/j.fsigen.2009.06.008
https://doi.org/10.1016/j.jaridenv.2013.05.004
https://doi.org/10.1186/s13099-016-0103-7
https://doi.org/10.1186/s13099-016-0103-7
https://doi.org/10.1007/10_2013_257
https://doi.org/10.1099/ijs.0.009639-0
https://doi.org/10.3389/fmicb.2012.00390
https://doi.org/10.1016/S0168-6496(00)00032-5
https://doi.org/10.1038/nrmicro821
https://doi.org/10.1080/10643389609388489
https://doi.org/10.1080/10643389609388489
https://doi.org/10.1016/j.tim.2009.08.007
https://doi.org/10.1016/j.tim.2009.08.007
https://doi.org/10.1038/nature02134
https://doi.org/10.1111/j.1472-4677.2004.00033.x
https://doi.org/10.1038/ismej.2016.36
https://doi.org/10.3390/molecules25174023
https://doi.org/10.3390/molecules25174023
https://doi.org/10.1080/1478422X.2018.1511326
https://doi.org/10.1111/j.1574-6941.1997.tb00421.x
https://doi.org/10.1111/j.1574-6941.1997.tb00421.x
https://doi.org/10.1007/s00253-002-1100-y
https://doi.org/10.1126/science.aaa6882
https://doi.org/10.3389/fmicb.2013.00067
https://doi.org/10.3389/fmicb.2013.00067
https://doi.org/10.5194/bgd-9-2277-2012
https://doi.org/10.5194/bgd-9-2277-2012
https://doi.org/10.1130/G32590.1
https://doi.org/10.1130/G32590.1
https://doi.org/10.1016/j.funeco.2016.01.009
https://doi.org/10.1016/bs.aambs.2017.11.001
https://doi.org/10.1016/bs.aambs.2017.11.001
https://doi.org/10.1016/B978-0-12-803077-6.00001-1
https://doi.org/10.1007/s00792-015-0760-3
https://doi.org/10.1099/ijs.0.02503-0
https://doi.org/10.1099/ijs.0.02503-0
https://doi.org/10.1038/nature06484


Page 24 of 27Bregnard et al. Geothermal Energy           (2023) 11:28 

Kalwasińska A, et al. Microbial diversity in deep‑subsurface hot brines of northwest Poland: from community struc‑
ture to isolate characteristics. Appl Environ Microbiol. 2020;86(10):e00252‑e320. https:// doi. org/ 10. 1128/ AEM. 
00252‑ 20.

Kaplan‑Levy RN, et al. Akinetes: dormant cells of cyanobacteria. In: Lubzens E, Cerda J, Clark M, editors., et al., Dormancy 
and resistance in harsh environments. Berlin, Heidelberg: Springer; 2010. p. 5–27. https:// doi. org/ 10. 1007/ 
978‑3‑ 642‑ 12422‑8_2.

Karstens L, et al. Controlling for contaminants in low‑biomass 16S rRNA gene sequencing experiments. mSystems. 2019. 
https:// doi. org/ 10. 1128/ mSyst ems. 00290‑ 19.

Kashefi K, et al. Use of Fe(III) as an electron acceptor to recover previously uncultured hyperthermophiles: isolation and 
characterization of Geothermobacterium ferrireducens gen. nov., sp. nov. Appl Environ Microbiol. 2002;68(4):1735–
42. https:// doi. org/ 10. 1128/ AEM. 68.4. 1735‑ 1742. 2002.

Kato C, et al. Extremely barophilic bacteria isolated from the mariana trench, challenger deep, at a depth of 11,000 
meters. Appl Environ Microbiol. 1998;64(4):1510–3.

Knight R, et al. Best practices for analysing microbiomes. Nat Rev Microbiol. 2018;16(7):410–22. https:// doi. org/ 10. 1038/ 
s41579‑ 018‑ 0029‑9.

Khare V et al. ‘Chapter 1 ‑ Introduction to Energy Sources’, in V. Khare et al. (eds). Elsevier, 2019;1–39. Available at: https:// 
doi. org/ 10. 1016/ B978‑0‑ 12‑ 814881‑ 5. 00001‑6.

Kües U, Fischer R. Growth, differentiation and sexuality. Berlin Heidelberg: Springer Science and Business Media; 2006.
Lal AK. Origin of life. Astrophys Space Sci. 2008. https:// doi. org/ 10. 1007/ s10509‑ 008‑ 9876‑6.
Lau MCY, et al. An oligotrophic deep‑subsurface community dependent on syntrophy is dominated by sulfur‑driven 

autotrophic denitrifiers. Proc Natl Acad Sci. 2016;113(49):E7927–36. https:// doi. org/ 10. 1073/ pnas. 16122 44113.
Leila M, et al. Origin of continuous hydrogen flux in gas manifestations at the Larderello geothermal field, Central Italy. 

Chem Geol. 2021;585:120564. https:// doi. org/ 10. 1016/j. chemg eo. 2021. 120564.
Leins A, et al. Dissolved organic compounds in geothermal fluids used for energy production: a review. Geothermal 

Energy. 2022;10(1):9. https:// doi. org/ 10. 1186/ s40517‑ 022‑ 00220‑8.
Lerm S, et al. Influence of microbial processes on the operation of a cold store in a shallow aquifer: impact on well injec‑

tivity and filter lifetime. Grundwasser. 2011;16(2):93–104. https:// doi. org/ 10. 1007/ s00767‑ 011‑ 0165‑x.
Lerm S, et al. Thermal effects on microbial composition and microbiologically induced corrosion and mineral precipita‑

tion affecting operation of a geothermal plant in a deep saline aquifer. Extremophiles. 2013;17(2):311–27. https:// 
doi. org/ 10. 1007/ s00792‑ 013‑ 0518‑8.

Lewin A, Wentzel A, Valla S. Metagenomics of microbial life in extreme temperature environments. Curr Opin Biotechnol. 
2013;24(3):516–25. https:// doi. org/ 10. 1016/j. copbio. 2012. 10. 012.

Little BJ, Lee JS. Microbiologically influenced corrosion. Hoboken: Wiley; 2007.
Liu C‑H, et al. Exploration of cultivable fungal communities in deep coal‑bearing sediments from ∼1.3–2.5 km below the 

ocean floor. Environ Microbiol. 2017;19(2):803–18. https:// doi. org/ 10. 1111/ 1462‑ 2920. 13653.
Liu KH, et al. Unexpected fungal communities in the Rehai thermal springs of Tengchong influenced by abiotic factors. 

Extremophiles. 2018;22(3):525–35. https:// doi. org/ 10. 1007/ s00792‑ 018‑ 1014‑y.
Lollar BS, et al. The contribution of the Precambrian continental lithosphere to global H2 production. Nature. 

2014;516(7531):379–82. https:// doi. org/ 10. 1038/ natur e14017.
López‑García P, et al. Autochthonous eukaryotic diversity in hydrothermal sediment and experimental microcolonizers at 

the Mid‑Atlantic Ridge. Proc Natl Acad Sci USA. 2003;100(2):697–702. https:// doi. org/ 10. 1073/ pnas. 02357 79100.
López‑García P, Vereshchaka A, Moreira D. Eukaryotic diversity associated with carbonates and fluid‑seawater interface 

in Lost City hydrothermal field. Environ Microbiol. 2007;9(2):546–54. https:// doi. org/ 10. 1111/j. 1462‑ 2920. 2006. 
01158.x.

Madigan M, Martinko J. ‘Brock. Biologie des micro‑organismes. 11th Edition’, Edition Person Education France. 
2007;599–601.

Madirisha M, Hack R, van der Meer F. Simulated microbial corrosion in oil, gas and non‑volcanic geothermal energy instal‑
lations: the role of biofilm on pipeline corrosion. Energy Rep. 2022;8:2964–75. https:// doi. org/ 10. 1016/j. egyr. 2022. 
01. 221.

Magnabosco C, et al. Comparisons of the composition and biogeographic distribution of the bacterial communities 
occupying South African thermal springs with those inhabiting deep subsurface fracture water. Front Microbiol. 
2014. https:// doi. org/ 10. 3389/ fmicb. 2014. 00679.

Magnabosco C, et al. The biomass and biodiversity of the continental subsurface. Nat Geosci. 2018;11(10):707–17. 
https:// doi. org/ 10. 1038/ s41561‑ 018‑ 0221‑6.

Maheshwari R, Bharadwaj G, Bhat MK. Thermophilic fungi: their physiology and enzymes. Microbiol Mol Biol Rev. 
2000;64(3):461–88. https:// doi. org/ 10. 1128/ MMBR. 64.3. 461‑ 488. 2000.

Martins Z, et al. Earth as a tool for astrobiology—a european perspective. Space Sci Rev. 2017;209(1):43–81. https:// doi. 
org/ 10. 1007/ s11214‑ 017‑ 0369‑1.

Mason OU, et al. First investigation of the microbiology of the deepest layer of ocean crust. PLOS ONE. 2010;5(11):e15399. 
https:// doi. org/ 10. 1371/ journ al. pone. 00153 99.

McMahon S, Ivarsson M. A new frontier for palaeobiology: earth’s vast deep biosphere. BioEssays. 2019. https:// doi. org/ 
10. 1002/ bies. 20190 0052.

McMurdie PJ, Holmes S. Waste not, want not: why rarefying microbiome data is inadmissible. PLOS Comput Biol. 
2014;10(4):e1003531. https:// doi. org/ 10. 1371/ journ al. pcbi. 10035 31.

Melamud VS, et al. Sulfobacillus sibiricus sp. nov., a new moderately thermophilic bacterium. Microbiology. 
2003;72(5):605–12. https:// doi. org/ 10. 1023/A: 10260 07620 113.

Merino N, et al. Living at the extremes: extremophiles and the limits of life in a planetary context. Front Microbiol. 2019. 
https:// doi. org/ 10. 3389/ fmicb. 2019. 00780.

Merino N, et al. Subsurface microbial communities as a tool for characterizing regional‑scale groundwater flow. Sci Total 
Environ. 2022;842:156768. https:// doi. org/ 10. 1016/j. scito tenv. 2022. 156768.

https://doi.org/10.1128/AEM.00252-20
https://doi.org/10.1128/AEM.00252-20
https://doi.org/10.1007/978-3-642-12422-8_2
https://doi.org/10.1007/978-3-642-12422-8_2
https://doi.org/10.1128/mSystems.00290-19
https://doi.org/10.1128/AEM.68.4.1735-1742.2002
https://doi.org/10.1038/s41579-018-0029-9
https://doi.org/10.1038/s41579-018-0029-9
https://doi.org/10.1016/B978-0-12-814881-5.00001-6
https://doi.org/10.1016/B978-0-12-814881-5.00001-6
https://doi.org/10.1007/s10509-008-9876-6
https://doi.org/10.1073/pnas.1612244113
https://doi.org/10.1016/j.chemgeo.2021.120564
https://doi.org/10.1186/s40517-022-00220-8
https://doi.org/10.1007/s00767-011-0165-x
https://doi.org/10.1007/s00792-013-0518-8
https://doi.org/10.1007/s00792-013-0518-8
https://doi.org/10.1016/j.copbio.2012.10.012
https://doi.org/10.1111/1462-2920.13653
https://doi.org/10.1007/s00792-018-1014-y
https://doi.org/10.1038/nature14017
https://doi.org/10.1073/pnas.0235779100
https://doi.org/10.1111/j.1462-2920.2006.01158.x
https://doi.org/10.1111/j.1462-2920.2006.01158.x
https://doi.org/10.1016/j.egyr.2022.01.221
https://doi.org/10.1016/j.egyr.2022.01.221
https://doi.org/10.3389/fmicb.2014.00679
https://doi.org/10.1038/s41561-018-0221-6
https://doi.org/10.1128/MMBR.64.3.461-488.2000
https://doi.org/10.1007/s11214-017-0369-1
https://doi.org/10.1007/s11214-017-0369-1
https://doi.org/10.1371/journal.pone.0015399
https://doi.org/10.1002/bies.201900052
https://doi.org/10.1002/bies.201900052
https://doi.org/10.1371/journal.pcbi.1003531
https://doi.org/10.1023/A:1026007620113
https://doi.org/10.3389/fmicb.2019.00780
https://doi.org/10.1016/j.scitotenv.2022.156768


Page 25 of 27Bregnard et al. Geothermal Energy           (2023) 11:28  

Mesbah NM, Wiegel J. Life under multiple extreme conditions: diversity and physiology of the halophilic Alkalithermo‑
philes. Appl Environ Microbiol. 2012;78(12):4074–82. https:// doi. org/ 10. 1128/ AEM. 00050‑ 12.

Meyer‑Dombard DR, Shock EL, Amend JP. Archaeal and bacterial communities in geochemically diverse hot springs of 
Yellowstone National Park, USA. Geobiology. 2005;3(3):211–27. https:// doi. org/ 10. 1111/j. 1472‑ 4669. 2005. 00052.x.

Miyoshi T, Iwatsuki T, Naganuma T. Phylogenetic characterization of 16S rRNA gene clones from deep‑groundwater 
microorganisms that pass through 0.2‑micrometer‑pore‑size filters. Appl Environ Microbiol. 2005;71(2):1084–8. 
https:// doi. org/ 10. 1128/ AEM. 71.2. 1084‑ 1088. 2005.

Morozova D, Zettlitzer M et al. Monitoring of the microbial community composition in deep subsurface saline aquifers 
during CO2 storage in Ketzin, Germany, Energy Procedia 2011;4:4362–4370. https:// doi. org/ 10. 1016/j. egypro. 2011. 
02. 388.

Morozova D, Alawi M, et al. The influence of microbial activity on rock fluid interaction: Baseline characterization of deep 
biosphere for enhanced gas recovery in the Altmark natural gas reservoir Energy Procedia 2011;4:4633–4640. 
https:// doi. org/ 10. 1016/j. egypro. 2011. 02. 423.

Moya D, Aldás C, Kaparaju P. Geothermal energy: power plant technology and direct heat applications. Renew Sustain Energy 
Rev. 2018;94(May):889–901. https:// doi. org/ 10. 1016/j. rser. 2018. 06. 047.

Muthukumar N, et al. Microbiologically influenced corrosion in petroleum product pipelines—a review. IJEB. 2003;41(9):1012.
Nagano Y, Nagahama T. Fungal diversity in deep‑sea extreme environments. Fungal Ecol. 2012;5(4):463–71. https:// doi. org/ 10. 

1016/j. funeco. 2012. 01. 004.
Nicholson WL, et al. Bacterial endospores and their significance in stress resistance. Antonie Van Leeuwenhoek. 2002;81(1):27–

32. https:// doi. org/ 10. 1023/A: 10205 61122 764.
Nilsson RH, et al. The UNITE database for molecular identification of fungi: handling dark taxa and parallel taxonomic clas‑

sifications. Nucleic Acids Res. 2019;47(D1):D259–64. https:// doi. org/ 10. 1093/ nar/ gky10 22.
Oliverio AM, et al. The ecology and diversity of microbial eukaryotes in geothermal springs. ISME J. 2018;12(8):1918–28. 

https:// doi. org/ 10. 1038/ s41396‑ 018‑ 0104‑2.
Oremland RS, et al. A microbial arsenic cycle in a salt‑saturated, extreme environment. Science. 2005;308(5726):1305–8. 

https:// doi. org/ 10. 1126/ scien ce. 11108 32.
Orsi W, Biddle JF, Edgcomb V. Deep sequencing of subseafloor eukaryotic rRNA reveals active fungi across marine subsurface 

provinces. PLoS ONE. 2013. https:// doi. org/ 10. 1371/ journ al. pone. 00563 35.
Pan W, et al. Diversity of thermophilic fungi in Tengchong Rehai National Park revealed by ITS nucleotide sequence analyses. J 

Microbiol. 2010;48(2):146–52. https:// doi. org/ 10. 1007/ s12275‑ 010‑ 9157‑2.
Pauvert C, et al. Bioinformatics matters: the accuracy of plant and soil fungal community data is highly dependent on the 

metabarcoding pipeline. Fungal Ecol. 2019;41:23–33. https:// doi. org/ 10. 1016/j. funeco. 2019. 03. 005.
Power JF, et al. Microbial biogeography of 925 geothermal springs in New Zealand. Nat Commun. 2018;9(1):2876. https:// doi. 

org/ 10. 1038/ s41467‑ 018‑ 05020‑y.
Prieto‑Barajas CM, et al. Life in hot spring microbial mats located in the trans‑mexican volcanic belt: a 16S/18S rRNA gene and 

metagenomic analysis. Geomicrobiol J. 2018;35(8):704–12. https:// doi. org/ 10. 1080/ 01490 451. 2018. 14545 55.
Purkamo L, et al. Ultradeep microbial communities at 4.4 km within crystalline bedrock: implications for habitability in a 

planetary context. Life. 2020;10(1):2. https:// doi. org/ 10. 3390/ life1 00100 02.
Quast C, et al. The SILVA ribosomal RNA gene database project: improved data processing and web‑based tools. Nucleic 

Acids Res. 2012;41(D1):D590–6.
Quemener M, et al. Meta‑omics highlights the diversity, activity and adaptations of fungi in deep oceanic crust. Environ 

Microbiol. 2020;22(9):3950–67. https:// doi. org/ 10. 1111/ 1462‑ 2920. 15181.
Rainey FA, et al. Extensive diversity of ionizing‑radiation‑resistant bacteria recovered from sonoran desert soil and descrip‑

tion of nine new species of the genus Deinococcus obtained from a single soil sample. Appl Environ Microbiol. 
2005;71(9):5225–35. https:// doi. org/ 10. 1128/ AEM. 71.9. 5225‑ 5235. 2005.

Ramakodi MP. Influence of 16S rRNA reference databases in amplicon‑based environmental microbiome research. Biotechnol 
Lett. 2021. https:// doi. org/ 10. 21203/ rs.3. rs‑ 961238/ v1.

Rampelotto PH. Extremophiles and extreme environments. Life. 2013;3(3):482–5. https:// doi. org/ 10. 3390/ life3 030482.
Rastogi G, et al. Microbial and mineralogical characterizations of soils collected from the deep biosphere of the former home‑

stake gold mine, South Dakota. Microb Ecol. 2010;60(3):539–50. https:// doi. org/ 10. 1007/ s00248‑ 010‑ 9657‑y.
Rédou V, et al. Species richness and adaptation of marine fungi from deep‑subseafloor sediments. Appl Environ Microbiol. 

2015;81(10):3571–83. https:// doi. org/ 10. 1128/ AEM. 04064‑ 14.
Regenspurg S, et al. Mineral precipitation during production of geothermal fluid from a Permian Rotliegend reservoir. Geo‑

thermics. 2015;54:122–35. https:// doi. org/ 10. 1016/j. geoth ermics. 2015. 01. 003.
Regenspurg S, et al. Fluid‑rock interactions in a geothermal Rotliegend/permo‑carboniferous reservoir (North German Basin). 

Appl Geochem. 2016;69:12–27. https:// doi. org/ 10. 1016/j. apgeo chem. 2016. 03. 010.
Regenspurg S, et al. Impact of drilling mud on chemistry and microbiology of an Upper Triassic groundwater after drilling and 

testing an exploration well for aquifer thermal energy storage in Berlin (Germany). Environ Earth Sci. 2018;77(13):516. 
https:// doi. org/ 10. 1007/ s12665‑ 018‑ 7696‑8.

Romsdahl J, et al. Adaptive evolution of a melanized fungus reveals robust augmentation of radiation resistance by abrogat‑
ing non‑homologous end‑joining. Environ Microbiol. 2021;23(7):3627–45. https:// doi. org/ 10. 1111/ 1462‑ 2920. 15285.

Rothschild LJ, Mancinelli RL. Life in extreme environments. Nature. 2001;409(6823):1092–101.
Russell KP, Zydney AL, Gomez ED. Impact of virus filter pore size/morphology on virus retention behavior. J Membr Sci. 

2023;670:121335. https:// doi. org/ 10. 1016/j. memsci. 2022. 121335.
Saini R, et al. CO2 utilizing microbes—a comprehensive review. Biotechnol Adv. 2011;29(6):949–60. https:// doi. org/ 10. 1016/j. 

biote chadv. 2011. 08. 009.
Salter SJ, et al. Reagent and laboratory contamination can critically impact sequence‑based microbiome analyses. BMC Biol. 

2014;12(1):87. https:// doi. org/ 10. 1186/ s12915‑ 014‑ 0087‑z.
Sand W. Microbial life in geothermal waters. Geothermics. 2003;32(4):655–67. https:// doi. org/ 10. 1016/ S0375‑ 6505(03) 

00058‑0.

https://doi.org/10.1128/AEM.00050-12
https://doi.org/10.1111/j.1472-4669.2005.00052.x
https://doi.org/10.1128/AEM.71.2.1084-1088.2005
https://doi.org/10.1016/j.egypro.2011.02.388
https://doi.org/10.1016/j.egypro.2011.02.388
https://doi.org/10.1016/j.egypro.2011.02.423
https://doi.org/10.1016/j.rser.2018.06.047
https://doi.org/10.1016/j.funeco.2012.01.004
https://doi.org/10.1016/j.funeco.2012.01.004
https://doi.org/10.1023/A:1020561122764
https://doi.org/10.1093/nar/gky1022
https://doi.org/10.1038/s41396-018-0104-2
https://doi.org/10.1126/science.1110832
https://doi.org/10.1371/journal.pone.0056335
https://doi.org/10.1007/s12275-010-9157-2
https://doi.org/10.1016/j.funeco.2019.03.005
https://doi.org/10.1038/s41467-018-05020-y
https://doi.org/10.1038/s41467-018-05020-y
https://doi.org/10.1080/01490451.2018.1454555
https://doi.org/10.3390/life10010002
https://doi.org/10.1111/1462-2920.15181
https://doi.org/10.1128/AEM.71.9.5225-5235.2005
https://doi.org/10.21203/rs.3.rs-961238/v1
https://doi.org/10.3390/life3030482
https://doi.org/10.1007/s00248-010-9657-y
https://doi.org/10.1128/AEM.04064-14
https://doi.org/10.1016/j.geothermics.2015.01.003
https://doi.org/10.1016/j.apgeochem.2016.03.010
https://doi.org/10.1007/s12665-018-7696-8
https://doi.org/10.1111/1462-2920.15285
https://doi.org/10.1016/j.memsci.2022.121335
https://doi.org/10.1016/j.biotechadv.2011.08.009
https://doi.org/10.1016/j.biotechadv.2011.08.009
https://doi.org/10.1186/s12915-014-0087-z
https://doi.org/10.1016/S0375-6505(03)00058-0
https://doi.org/10.1016/S0375-6505(03)00058-0


Page 26 of 27Bregnard et al. Geothermal Energy           (2023) 11:28 

Santamaria M, et al. Reference databases for taxonomic assignment in metagenomics. Brief Bioinform. 2012;13(6):682–95. 
https:// doi. org/ 10. 1093/ bib/ bbs036.

Sauvage JF, et al. The contribution of water radiolysis to marine sedimentary life. Nat Commun. 2021;12(1):1297. https:// doi. 
org/ 10. 1038/ s41467‑ 021‑ 21218‑z.

Sanjuan B et al.  Major geochemical characteristics of geothermal brines from the Upper Rhine Graben granitic base‑
ment with constraints on temperature and circulation, Chemical Geology, 2016:428:27–47. Available at: https:// 
doi. org/ 10. 1016/j. chemg eo. 2016. 02. 021.

Schippers A, et al. Prokaryotic cells of the deep sub‑seafloor biosphere identified as living bacteria. Nature. 
2005;433(7028):861–4. https:// doi. org/ 10. 1038/ natur e03302.

Schleper C, et al. Picrophilus gen. nov., fam. nov.: a novel aerobic, heterotrophic, thermoacidophilic genus and family compris‑
ing archaea capable of growth around pH 0. J Bacteriol. 1995;177(24):7050–9. https:// doi. org/ 10. 1128/ jb. 177. 24. 7050‑ 
7059. 1995.

Schloss PD, et al. Introducing mothur: open‑source, platform‑independent, community‑supported software for describing 
and comparing microbial communities. Appl Environ Microbiol. 2009;75(23):7537–41. https:// doi. org/ 10. 1128/ AEM. 
01541‑ 09.

Setlow P. Resistance of bacterial spores. In: Storz G, Hengge R, editors. Bacterial stress responses. Hoboken: John Wiley & Sons 
Ltd; 2010. p. 319–32. https:// doi. org/ 10. 1128/ 97815 55816 841. ch18.

Sharp CE, et al. Humboldt’s spa: Microbial diversity is controlled by temperature in geothermal environments. ISME J. 
2014;8(6):1166–74. https:// doi. org/ 10. 1038/ ismej. 2013. 237.

Sherar BWA, et al. Characterizing the effect of carbon steel exposure in sulfide containing solutions to microbially induced 
corrosion. Corros Sci. 2011;53(3):955–60. https:// doi. org/ 10. 1016/j. corsci. 2010. 11. 027.

Shu W‑S, Huang L‑N. Microbial diversity in extreme environments. Nature Rev Microbiol. 2021. https:// doi. org/ 10. 1038/ 
s41579‑ 021‑ 00648‑y.

Siliakus MF, van der Oost J, Kengen SWM. Adaptations of archaeal and bacterial membranes to variations in tempera‑
ture, pH and pressure. Extremophiles Life Under Extreme Condit. 2017;21(4):651–70. https:// doi. org/ 10. 1007/ 
s00792‑ 017‑ 0939‑x.

Simões M, Simões LC, Vieira MJ. A review of current and emergent biofilm control strategies. LWT Food Sci Technol. 
2010;43(4):573–83. https:// doi. org/ 10. 1016/J. LWT. 2009. 12. 008.

Steinle L, et al. Life on the edge: active microbial communities in the Kryos  MgCl2 ‑brine basin at very low water activity. ISME 
J. 2018;12(6):1414–26. https:// doi. org/ 10. 1038/ s41396‑ 018‑ 0107‑z.

Stinson LF, Keelan JA, Payne MS. Identification and removal of contaminating microbial DNA from PCR reagents: impact on 
low‑biomass microbiome analyses. Lett Appl Microbiol. 2019;68(1):2–8. https:// doi. org/ 10. 1111/ lam. 13091.

Stock A, et al. Microbial eukaryote life in the new hypersaline deep‑sea basin Thetis. Extremophiles. 2012;16(1):21–34. https:// 
doi. org/ 10. 1007/ s00792‑ 011‑ 0401‑4.

Strazzulli A, et al. Metagenomics of microbial and viral life in terrestrial geothermal environments. Rev Environ Sci Biotechnol. 
2017;16(3):425–54. https:// doi. org/ 10. 1007/ s11157‑ 017‑ 9435‑0.

Suzuki S, et al. Physiological and genomic features of highly alkaliphilic hydrogen‑utilizing Betaproteobacteria from a conti‑
nental serpentinizing site. Nat Commun. 2014;5(1):3900. https:// doi. org/ 10. 1038/ ncomm s4900.

Takai K, Horikoshi K. Molecular phylogenetic analysis of archaeal intron‑containing genes coding for rRNA obtained from a 
deep‑subsurface geothermal water pool. Appl Environ Microbiol. 1999;65(12):5586–9. https:// doi. org/ 10. 1128/ AEM. 
65. 12. 5586‑ 5589. 1999.

Takai K, Komatsu T, Horikoshi K. Hydrogenobacter subterraneus sp. nov., an extremely thermophilic, heterotrophic bac‑
terium unable to grow on hydrogen gas, from deep subsurface geothermal water. Int J Syst Evolut Microbiol. 
2001;51(4):1425–35. https:// doi. org/ 10. 1099/ 00207 713‑ 51‑4‑ 1425.

Takai K, et al. Cell proliferation at 122 °C and isotopically heavy  CH4 production by a hyperthermophilic methanogen under 
high‑pressure cultivation. Proc Natl Acad Sci. 2008;105(31):10949–54. https:// doi. org/ 10. 1073/ pnas. 07123 34105.

Tedersoo L, Lindahl B. Fungal identification biases in microbiome projects. Environ Microbiol Reports. 2016;8(5):774–9. https:// 
doi. org/ 10. 1111/ 1758‑ 2229. 12438.

Tripathi AK, et al. Gene sets and mechanisms of sulfate‑reducing bacteria biofilm formation and quorum sensing with impact 
on corrosion. Front Microbiol. 2021;12:754140. https:// doi. org/ 10. 3389/ fmicb. 2021. 754140.

Valdez B, et al. Corrosion and scaling at Cerro Prieto geothermal field. Anti‑Corrosion Methods Mater. 2009;56(1):28–34. 
https:// doi. org/ 10. 1108/ 00035 59091 09234 37.

Vetter A, et al. Fluid chemistry and impact of different operating modes on microbial community at Neubrandenburg heat 
storage (Northeast German Basin). Org Geochem. 2012;53:8–15. https:// doi. org/ 10. 1016/j. orgge ochem. 2012. 08. 008.

von Hegner I. Extremophiles: a special or general case in the search for extra‑terrestrial life? Extremophiles. 2020;24(1):167–75. 
https:// doi. org/ 10. 1007/ s00792‑ 019‑ 01144‑1.

Weiss S, et al. Normalization and microbial differential abundance strategies depend upon data characteristics. Microbiome. 
2017;5(1):27. https:// doi. org/ 10. 1186/ s40168‑ 017‑ 0237‑y.

Westphal A, et al. Change in the microbial community of saline geothermal fluids amended with a scaling inhibitor: effects of 
heat extraction and nitrate dosage. Extremophiles. 2019;23(3):283–304. https:// doi. org/ 10. 1007/ s00792‑ 019‑ 01080‑0.

Whittenbury R, Davies SL, Davey JFY. Exospores and cysts formed by methane‑utilizing bacteria. Microbiology. 
1970;61(2):219–26. https:// doi. org/ 10. 1099/ 00221 287‑ 61‑2‑ 219.

Wolfe GV et al. (2014) ‘Microbial heterotrophic production in an oligotrophic acidic geothermal lake: Responses to 
organic amendments and terrestrial plant litter’, FEMS Microbiology Ecology, 89(3), pp. 606–624. Available at: 
https:// doi. org/ 10. 1111/ 1574‑ 6941. 12360.

Wunderlin T, et al. Physical isolation of endospores from environmental samples by targeted lysis of vegetative cells. J Visual‑
ized Exp. 2016;107:e53411. https:// doi. org/ 10. 3791/ 53411.

Xu W, Pang KL, Luo ZH. High fungal diversity and abundance recovered in the deep‑sea sediments of the pacific ocean. 
Microb Ecol. 2014;68(4):688–98. https:// doi. org/ 10. 1007/ s00248‑ 014‑ 0448‑8.

Xue Z, Kable ME, Marco ML. Impact of DNA sequencing and analysis methods on 16S rRNA gene bacterial community analy‑
sis of dairy products. mSphere. 2018. https:// doi. org/ 10. 1128/ mSphe re. 00410‑ 18.

https://doi.org/10.1093/bib/bbs036
https://doi.org/10.1038/s41467-021-21218-z
https://doi.org/10.1038/s41467-021-21218-z
https://doi.org/10.1016/j.chemgeo.2016.02.021
https://doi.org/10.1016/j.chemgeo.2016.02.021
https://doi.org/10.1038/nature03302
https://doi.org/10.1128/jb.177.24.7050-7059.1995
https://doi.org/10.1128/jb.177.24.7050-7059.1995
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1128/9781555816841.ch18
https://doi.org/10.1038/ismej.2013.237
https://doi.org/10.1016/j.corsci.2010.11.027
https://doi.org/10.1038/s41579-021-00648-y
https://doi.org/10.1038/s41579-021-00648-y
https://doi.org/10.1007/s00792-017-0939-x
https://doi.org/10.1007/s00792-017-0939-x
https://doi.org/10.1016/J.LWT.2009.12.008
https://doi.org/10.1038/s41396-018-0107-z
https://doi.org/10.1111/lam.13091
https://doi.org/10.1007/s00792-011-0401-4
https://doi.org/10.1007/s00792-011-0401-4
https://doi.org/10.1007/s11157-017-9435-0
https://doi.org/10.1038/ncomms4900
https://doi.org/10.1128/AEM.65.12.5586-5589.1999
https://doi.org/10.1128/AEM.65.12.5586-5589.1999
https://doi.org/10.1099/00207713-51-4-1425
https://doi.org/10.1073/pnas.0712334105
https://doi.org/10.1111/1758-2229.12438
https://doi.org/10.1111/1758-2229.12438
https://doi.org/10.3389/fmicb.2021.754140
https://doi.org/10.1108/00035590910923437
https://doi.org/10.1016/j.orggeochem.2012.08.008
https://doi.org/10.1007/s00792-019-01144-1
https://doi.org/10.1186/s40168-017-0237-y
https://doi.org/10.1007/s00792-019-01080-0
https://doi.org/10.1099/00221287-61-2-219
https://doi.org/10.1111/1574-6941.12360
https://doi.org/10.3791/53411
https://doi.org/10.1007/s00248-014-0448-8
https://doi.org/10.1128/mSphere.00410-18


Page 27 of 27Bregnard et al. Geothermal Energy           (2023) 11:28  

Ye SH, et al. Benchmarking metagenomics tools for taxonomic classification. Cell. 2019;178(4):779–94. https:// doi. org/ 10. 
1016/j. cell. 2019. 07. 010.

Zain Ul MZ, et al. The anaerobic survival mechanism of Schizophyllum commune 20R–7‑F01, isolated from deep sediment 2 
km below the seafloor. Environ Microbiol. 2020. https:// doi. org/ 10. 1111/ 1462‑ 2920. 15332.

Zarrouk SJ, Moon H. Efficiency of geothermal power plants: A worldwide review, Geothermics, 2014;(51)142–153. Avail‑
able at: https:// doi. org/ 10. 1016/j. geoth ermics. 2013. 11. 001.

Zhang Y, et al. Geological activity shapes the microbiome in deep‑subsurface aquifers by advection. Proc Natl Acad Sci. 
2022;119(25):e2113985119. https:// doi. org/ 10. 1073/ pnas. 21139 85119.

Zhao B, et al. Natronolimnobius aegyptiacus sp. nov., an extremely halophilic alkalithermophilic archaeon isolated from the 
athalassohaline Wadi An Natrun, Egypt. Int J Syst Evol Microbiol. 2018;68(2):498–506. https:// doi. org/ 10. 1099/ ijsem.0. 
002524.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.cell.2019.07.010
https://doi.org/10.1016/j.cell.2019.07.010
https://doi.org/10.1111/1462-2920.15332
https://doi.org/10.1016/j.geothermics.2013.11.001
https://doi.org/10.1073/pnas.2113985119
https://doi.org/10.1099/ijsem.0.002524
https://doi.org/10.1099/ijsem.0.002524

	Unveiling microbial diversity in deep geothermal fluids, from current knowledge and analogous environments
	Abstract 
	Introduction
	Generalities about bacteria, archaea and fungi
	Extreme environments and the known limits of life
	Characteristics of deep geothermal fluids and potential energy sources for microbial life

	Microbial life in deep geothermal fluids and other related extreme environments
	Diversity of microorganisms in environments analogous to geothermal power plants
	The deep biosphere
	Geothermal environments outside of the deep biosphere

	Diversity studies in deep geothermal fluids used for energy production
	Issues caused by microorganisms in geothermal power plants: mineral precipitation, corrosion and biofilm formation

	Challenges and risks of studying microbial diversity in deep geothermal fluids
	Sampling and biomass concentration
	DNA extraction
	Sequencing methods and data analysis pipelines

	Conclusions
	Definitions
	Anchor 19
	Acknowledgements
	References


