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MICROBIAL DIVERSITY, FUNCTIONALITY AND METABOLIC ACTIVITY OF 

THERMAL BIOFILMS IN CROATIA 

Summary 

Geothermal sources function as natural bioreactors, enabling colonization by various 

extremophilic microorganisms that thrive at elevated temperatures. In hot springs, biofilms are 

formed as a survival strategy by microbial species to adapt to fluctuating extreme conditions by 

aggregation and attachment through secretion of extracellular polymeric substances (EPS). This 

microbial metabolic adaptability can be exploited in industrial processes and for 

biotechnological purposes. In terms of assessing metabolic capacity and functionality using 

physiological methods, geothermal biofilms have several key advantages. They are accessible 

and stable systems with a considerable amount of biomass. Their microbial composition is 

relatively simple and species richness is relatively low, but at the same time they harbor a large 

number of metabolically diverse microorganisms. However, the intricate web of interactions 

within these biofilms can pose a challenge for identifying the key parameters that determine 

community structure and biogeochemical cycling mechanisms. Moreover, the application of 

physiological methods and analyses to geothermal biofilms is often limited by the EPS matrix 

in which the microbial cells are enclosed. EPS hinders the separation of cells and matrix 

components and restricts the diffusion of large molecules. Therefore, identifying an optimal 

combination of methods to study the composition and metabolism of these microenvironments 

remains of paramount importance. 

Due to favorable geological conditions, there are many thermal phenomena in the northern and 

northeastern parts of Croatia, most of which are both poorly explored and host biofilm 

communities. To investigate the composition of these microbial communities and the factors 

influencing them, seasonal sampling of biofilms and physicochemical analyses of the 

corresponding geothermal waters were conducted at 12 sampling sites in autumn 2019, spring 

2020 and autumn 2020. After taxonomic screening, biofilms from Bizovac and Tuhelj sources 

were selected for further incubation experiments under different ecologically relevant 

conditions and substrates. In total, environmental DNA was isolated from 61 samples and the 

16S rRNA V4 region was amplified and sequenced to capture the diversity of prokaryotes. The 

sequenced 16S rRNA amplicons were bioinformatically processed and classified using the 

SILVA database. Results were statistically processed and visualized using R software and 

interpreted along with physicochemical parameters. It was found that the temperature and the 

origin of the sample had the greatest influence on the microbial composition of the thermal 



 

 

biofilms. Moreover, except for the samples from the Bizovac source, all biofilms studied were 

dominated by the phylum Cyanobacteria, while Pseudomonadota and Chloroflexota also 

accounted for a larger proportion of all biofilm samples. To investigate the metabolic activities 

of phototrophs, chemolithotrophs, and chemoorganotrophs, biofilms from Bizovac and Tuhelj 

source collected in spring 2021 were incubated for several days in sodium acetate, pyruvate, 

thiosulfate, glucose and in the presence of light. The BONCAT method was performed to 

characterize the changes in biofilm activity under the indicated substrates and conditions. 

Subsequently, the CARD-FISH method was applied to the same samples using fluorescently 

labeled oligonucleotide probes (EUBI-III mix, Gamma42a, CFX1223) to determine the 

taxonomic identity of the targeted microbial groups. The results of the BONCAT and CARD-

FISH methods were visualized microscopically, the obtained images were subjected to 

biovolume analysis, and the combination of quantitative analysis and 16S rRNA amplicon 

sequencing provided a detailed description of the active biofilm populations. In biofilms from 

both sources, the addition of acetate suppressed the metabolic activity of the 

Gammaproteobacteria class, the presence of light did not have much effect on the Chloroflexota 

phylum, while the entire bacterial population showed the highest metabolic activity when 

incubated with glucose and thiosulfate for 48 h. Biofilms from the same sources were resampled 

in autumn 2021 and incubated for several days in sodium acetate, pyruvate, thiosulfate, 

tetrathionate and potassium thiocyanate, after which changes in biofilm activity were 

characterized at single-cell resolution. Active biofilm fractions detected by the BONCAT 

method were sorted by fluorescence-activated cell sorting (FACS), DNA was extracted and the 

16S rRNA V4 region was amplified and sequenced to determine changes in community 

composition in response to incubation conditions. The addition of thiosulfate again resulted in 

the highest metabolic activity in biofilms from both sources, and the addition of all sulfur 

substrates resulted in changes in prokaryote abundance. To assign a function to the genes and 

establish a link between metabolic activity and capacity, total DNA sequencing of the initial 

biofilm samples for metagenomic analysis was also performed. Detailed analysis of genes 

involved in carbon, nitrogen and sulfur cycling was performed. Complete metabolic pathways 

of all major biogeochemical cycles were detected in both biofilms, including the SoX system 

for the disproportionation of thiosulfate as well as the possibility of metal, selenate, and arsenate 

reduction.  

In this research, the taxonomic and genetic diversity of biofilms from thermal ecosystems in 

Croatia was investigated for the first time. Since the function and productivity of microbial 



 

 

biofilms are directly related to the diversity and composition of the community, understanding 

the main processes that regulate the microbial communities of thermal biofilms enables the 

prediction of their functioning, the characterization of their metabolism and metabolic activity 

and, consequently, their biotechnological significance. 

 

Key words: geothermal biofilms, 16S rRNA amplicon sequencing, BONCAT, CARD-FISH, 

metagenomes  

 



 

 

MIKROBNA RAZNOLIKOST, FUNKCIONALNOST I METABOLIČKA 

AKTIVNOST TERMALNIH BIOFILMOVA U HRVATSKOJ 

Sažetak 

 

Geotermalni izvori funkcioniraju kao prirodni bioreaktori i omogućavaju kolonizaciju raznih 

ekstremofilnih mikroorganizama koji uspijevaju preživjeti na visokim temperaturama. 

Biofilmovi unutar termalnih izvora formiraju se kao strategija preživljavanja različitih 

mikrobnih vrsta kako bi se prilagodile fluktuirajućim ekstremnim uvjetima, pri čemu se 

agregiraju i pričvršćuju lučenjem ekstracelularnih polimernih supstanci (EPS). Ova mikrobna 

metabolička prilagodljivost može se iskoristiti u industrijskim procesima i u biotehnološke 

svrhe. Prilikom procjene metaboličkog kapaciteta i funkcionalnosti fiziološkim metodama, 

geotermalni biofilmovi posjeduju nekoliko ključnih prednosti. Oni su pristupačni i stabilni 

sustavi sa značajnom količinom biomase. Njihov mikrobni sastav je relativno jednostavan a 

bogatstvo vrsta relativno malo, ali istodobno, sadrže veliki broj metabolički raznolikih 

mikroorganizama. Međutim, složena interakcijska mreža unutar biofilmova otežava i 

razumijevanje utjecaja glavnih čimbenika na uočene strukture zajednice i mehanizme 

biogeokemijskog ciklusa. Također, primjena fizioloških metoda i analiza na geotermalne 

biofilmove često je ograničena EPS matricom unutar koje su mikrobne stanice zatvorene. EPS 

otežava odvajanje stanica i matričnih komponenti te limitira difuziju velikih molekula. 

Pronalaženje odgovarajuće kombinacije metoda za proučavanje sastava i metabolizma ovih 

mikrookoliša od iznimne je važnosti. 

Zbog povoljnih geoloških uvjeta, u sjevernom i sjeveroistočnom dijelu Hrvatske postoji veliki 

broj termalnih fenomena, od kojih je većina slabo istražena te u kojima se nalaze zajednice 

biofilmova. Sezonska uzorkovanja biofilmova i mjerenje fizikalno-kemijskih parametara 

odgovarajuće geotermalne vode provedena su tijekom jeseni 2019., proljeća 2020 i jeseni 2020. 

na 12 lokacija kako bi se istražio sastav ovih mikrobnih zajednica i čimbenici koji na njih utječu. 

Zatim, biofilmovi iz izvora Bizovac i Tuhelj odabrani su za daljnje pokuse inkubacija u 

različitim ekološki relevantnim uvjetima i supstratima. Sumarno, izolirana je okolišna DNK iz 

61 uzorka, 16S rRNA V4 regija je amplificirana i sekvencionirana kako bi se obuhvatila 

raznolikost prokariota. Sekvencirani 16S rRNA amplikoni su bioinformatički obrađeni i 

klasificirani pomoću SILVA baze podataka. Rezultati su statistički obrađeni i vizualizirani 

primjenom R software-a te interpretirani zajedno s fizikalno-kemijskim parametrima. Utvrđeno 

je da temperatura i porijeklo uzorka (mjesto uzorkovanja) imaju najveći utjecaj na mikrobni 



 

 

sastav termalnih biofilmova. Također, izuzev biofilmova iz Bizovca, u svim istraživanim 

biofilmovima dominiralo je koljeno Cyanobacteria, dok su Pseudomonadota i Chloroflexota 

koljena bila značajno zastupljena u svim uzorcima biofilmova. Kako bi se istražila metabolička 

aktivnost fototrofa, kemolitotrofa i kemoorganotrofa, biofilmovi iz izvora Bizovac i Tuhelj 

prikupljeni su u proljeće 2021. nakon čega je provedena višednevna inkubacija u natrijevom 

acetatu, piruvatu, tiosulfatu, glukozi i uz prisustvo svjetla. Zatim je provedena BONCAT 

metoda kako bi se okarakterizirala promjena aktivnosti biofilmova u navedenim supstratima i 

uvjetima. Na istim uzorcima primijenjena je i CARD-FISH metoda korištenjem fluorescentno 

označenih oligonukleotidnih probi (EUBI-III mix, Gamma42a, CFX1223) kako bi se odredio 

taksonomski identitet ciljanih mikrobnih skupina. Rezultati BONCAT i CARD-FISH metoda 

vizualizirani su mikroskopski, na ostvarenim slikama provedena je analiza biovolumena, te je 

kombinacijom kvantitativne analize i 16S rRNA sekvenciranjem dan detaljan opis aktivnih 

populacija u biofilmovima. U oba biofilma, dodatak acetata doveo je do smanjene metaboličke 

aktivnosti Gammaproteobacteria razreda, prisutnost svjetla nije imala učinak na Chloroflexota 

koljeno, dok je cjelokupna bakterijska populacija pokazala najveću metaboličku aktivnost 

prilikom 48 h inkubacije s glukozom i tiosulfatom. Biofilmovi iz istih izvora ponovo su 

uzorkovani u jesen 2021. i inkubirani nekoliko dana u natrijevom acetatu, piruvatu, tiosulfatu, 

tetrationatu i kalijevom tiocijanatu, nakon čega su promjene u aktivnosti biofilmova 

okarakterizirane na rezoluciji jedne stanice. Aktivne frakcije biofilmova detektirane BONCAT 

metodom sortirane su fluorescentno aktiviranim sortiranjem stanica (FACS), nakon čega je 

ekstrahirana DNK te 16S rRNA V4 regija amplificirana i sekvencionirana kako bi se odredile 

promjene u sastavu zajednice zbog različitih uvjeta inkubacija. Dodatak tiosulfata ponovno je 

rezultirao najvećom metaboličkom aktivnošću u oba biofilma, a dodatak svih sumpornih 

supstrata rezultirao je promjenama u prokariotskoj raznolikosti. Kako bi se genima dodijelila 

funkcija i uspostavila veza između metaboličke aktivnosti i metaboličkog kapaciteta, na 

inicijalnim uzorcima prije inkubacija također je provedeno sekvenciranje ukupne DNK. 

Provedena je detaljna analiza gena uključenih u cikluse ugljika, dušika i sumpora. Potpuni 

metabolički putevi svih glavnih biogeokemijskih ciklusa su otkriveni u oba biofilma, 

uključujući SoX sustav za disproporcioniranje tiosulfata kao i mogućnost redukcije metala, 

selenata i arsenata. 

U ovom istraživanju po prvi put je istražena taksonomska i genetička raznolikost biofilmova iz 

termalnih ekosustava u Hrvatskoj. Kako su funkcija i produktivnost mikrobnih zajednica 

izravno povezani s raznolikošću i sastavom zajednice, razumijevanje glavnih procesa koji 



 

 

utječu na mikrobne zajednice termalnih biofilmova omogućuje predviđanje njihovog 

funkcioniranja, identifikaciju njihovog metabolizma i metaboličke aktivnosti te, posljedično, 

njihov biotehnološki značaj. 

 

Ključne riječi: geotermalni biofilmovi, 16S rRNA amplikoni sekvenci, BONCAT, CARD-

FISH, metagenomi 
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1. INTRODUCTION 

Biofilms represent complex structures of microorganisms and extracellular matrix that interact 

with the surrounding environment. They are considered one of the most widespread and 

successful forms of life that thrive in a variety of environments (Stoodley et al., 2002; Hall-

Stoodley et al., 2004), including hot springs and wells. The biofilm state provides 

microorganisms in extreme environments with numerous ecological and physiological 

advantages, such as protection under stressful conditions (e.g., nutrient deprivation, extreme 

temperature and pH), metabolite exchange and horizontal gene transfer (Stewart and Franklin, 

2008; Burmølle et al., 2014; Srinivasan et al., 2021). Despite the growing literature on the 

microbial composition of hot spring biofilms, phylogenetic identification does not provide any 

details on the metabolism of the identified microorganisms (Azeredo et al., 2017; Costa et al., 

2017). Data on the ecology and ecophysiology of biofilms in hot springs and wells remain 

scarce despite the availability of numerous research methods. This study had several main 

objectives: 

1. To investigate the diversity of microbial biofilms and the influence of 

physicochemical parameters in hot springs and wells during different seasons. 

2. To analyse the changes in diversity and activity of prokaryotic communities in 

selected biofilms subjected to multiple incubation series with ecologically relevant 

substrates and conditions. 

3. To investigate the functionality of the biofilms chosen based on differences in 

temperature and community composition. 

To achieve these objectives, the following hypotheses were formulated: 

1. Microbial community composition in thermal biofilms remains stable across 

seasons and is mainly influenced by temperature. 

2. Metabolic activity of thermal biofilms from Bizovac and Tuhelj sources increases 

during incubation with organic molecules and sulfur substrates. 

3. Microbial communities in thermal biofilms from Bizovac and Tuhelj sources 

possess genes of biotechnological importance. 

This research is the first comprehensive investigation of thermal biofilm communities in 

Croatia and provides insights into their biodiversity, functional properties, and factors 

influencing them. The results provide a fundamental understanding of the metabolism of 

microbial thermal biofilms and enable further in-depth investigations. 
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2. LITERATURE OVERVIEW 

2.1. Geothermal environments 

Geothermal aquifers are permeable layers of fluid-bearing rock in which heat from the Earth's 

interior is stored (Limberger et al., 2018). Heat and pervious rock strata enable density-driven 

convection of groundwater, and depending on the heat source, various dissolved chemical 

constituents in the fluids are either released from the magma by degassing and/or are the result 

of rock interactions in the deep groundwater (Arnórsson et al., 2006). Thus, the high 

permeability enables continuous circulation of heat and fluids with dissolved chemical species 

that exit to surface through thermal springs and wells (Figure 1), cool, and form temperature, 

chemical, and redox gradients (Podar et al., 2020). Consequently, thermal springs function as 

autonomous bioreactors that allow the colonization of diverse, specially adapted microbial 

communities dominated by thermophilic and hyperthermophilic archaea and bacteria able to 

survive in a temperature range of 50-120 ºC (Debnath et al., 2019; Des Marais and Walter, 

2019). These unique properties have led some authors to refer to hot springs as "tropical 

rainforests" of microbial communities (Debnath et al., 2019) and to postulate the origin of life 

hypothesis (Damer and Deamer, 2015; Damer and Deamer, 2020) or the possibility of 

extraterrestrial life (Lederberg and Sagan, 1962; Des Marais and Walter, 2019), in which 

fluctuating hot springs play a central role. 

 

Figure 1. Formation of hot spring (URL1). 

Thermal springs are geographically widespread and occur in numerous regions worldwide, 

including New Zealand (Power et al., 2018), the United States (Spear et al., 2006; Boomer et 
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al., 2009), Chile (Alcamán-Arias et al., 2018), Japan (Martinez et al., 2019), India (Sahay et al., 

2017) and Malaysia (Hidayat et al., 2017). They have been extensively researched, especially 

for their notable medicinal properties. Hot springs have been used for healing and regeneration 

since ancient times. In Greece and Japan, for example, there is a long cultural tradition of using 

hot springs for the purpose of sanitation and treatment of various conditions such as skin 

diseases, stomach ailments, and rheumatic complaints (Serbulea and Payyappallimana, 2012; 

Gianfaldoni et al., 2017). Geothermal sources, due to their temperature and chemical 

composition, are considered both a therapeutic factor and a source of energy for heating and 

cooling systems (Ćuković Ignjatović et al., 2021; Vondra et al., 2023). As an environmentally 

friendly socioeconomic resource, geothermal energy can be used directly in balneology or 

agriculture, while indirect use is possible through geothermal power plants for electricity 

generation or through space heating and cooling by heat pumps (Vondra et al., 2023). Apart 

from the exploited health benefits, physiochemical and thermal properties, ecological studies 

of microbial communities in terrestrial hot springs have reshaped the view of microbial 

diversity, composition, structure, and functioning (Ward et al., 1998). Although cultivation 

methods are essential for objective analysis of populations in natural communities, their 

limitations cannot be denied (Brock, 1987; Ward et al., 1992; Boughner and Singh, 2016). 

Molecular methods, such as 16S rRNA gene sequencing, have allowed observation of the 

occurrence patterns of individual populations on which microbial community structure is based 

(Ward et al., 1998). The microbial communities of terrestrial hot springs were among the first 

to be studied using this technology (Stahl et al., 1985; Ward et al., 1990), revealing the 

impressive diversity of uncultured microbial populations in nature. 

 

2.1.1. Hot springs and wells in Croatia 

Thermal waters are defined as discharges with temperatures higher than the average 

temperature in the surrounding area (Marković et al., 2012; Tamburello et al., 2022). The 

northern and northeastern regions of Croatia are characterized by favourable geological 

conditions such as a high average geothermal gradient (49 °C/km), surface heat flow (76 

mW/m2), and a shallow Mohorovičić discontinuity, which leads to the occurrence of numerous 

thermal phenomena with large geothermal potential (Marković et al., 2012; Marković et al., 

2022). According to (Novak, 1968; Ivanišević; 2008), these thermal waters are classified 

(among others) based on temperature, gasses and ionic content (Table 1). 
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Table 1. Classification of thermomineral waters in Croatia (Novak, 1968; Ivanišević, 2008). 

Characteristic Value Name 

Total 

mineralisation 

> 1 g/L mineral 

Ions in traces 

Fe > 10 mg/L iron 

I > 1 mg/L iodine 

As > 0.7 mg/L arsenic 

F > 2 g/L fluorine 

Gases 

CO2 > 1 g/L carbon dioxide 

S, H2S > 1 mg/L sulfur 

Temperature 

< 20 °C cold 

20 – 34 °C hypothermic 

34-38 °C isothermic 

> 38 °C hyperthermic 

Dominant ions 

Cl (Na, Ca, 

Mg) 

> 20 mval % chloride (sodium, 

calcium, 

magnesium) 

HCO3 (Na, Ca, 

Mg) 

> 20 mval % hydrogen carbonate 

(sodium, calcium, 

magnesium) 

CO3 > 20 mval % carbonate (very rare) 

SO4 (Na, Ca, 

Mg, Fe, Al) 

> 20 mval % sulfate (sodium, 

calcium, magnesium, 

iron, aluminium) 

Cl (Na) > 240 mval % salt 

 

Most thermal sources in Croatia are used for balneological, recreational and medicinal 

purposes, while Bizovačke Toplice, for example, are used for multiple, cascading purposes, 

including energy utilization (Dekanič, 2008; Kolbah et al., 2009; Bačan, 2012). Bizovac is 

located in the Slavonia region and contains several springs of mineral, Na-HCO3-Cl, 

hyperthermal water, which led to the establishment of health resort and rehabilitation clinic. 

Other sites in the Slavonia region include sulfur, Ca-Mg-HCO3 Đakovačka Breznica with 

several cold water springs and one thermal spring, and Daruvar (Daruvarske toplice) with 

several Ca-Mg-HCO3, hyperthermal and mineral peloid springs used for medical purposes since 

Roman times. Thermal findings, used as health resorts since ancient times, are also found in the 

Banovina region, such as the Ca-Mg-HCO3-SO4, hyperthermal waters and the peat of Topusko 

(Topusko Toplice). Thermal findings in Hrvatsko zagorje include Krapinske toplice (several 
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springs of Ca-Mg-HCO3, hyperthermal water) and Varaždinske toplice (several springs of 

mineral, sulfur, Ca-Mg-HCO3-Cl, hypothermal water and peloid) with established special 

clinics for medical rehabilitation, as well as Šemnica and Tuhelj (Tuheljske toplice) with Ca-

Mg-HCO3, hypothermal waters and peloid. In the Prigorje region, Kreča Ves near Sveti Ivan 

Zelina is a finding site of Na-HCO3, hyperthermal water, while in the Pokuplje region, a mineral 

water spring Janino Vrelo, classified as Ca-HCO3, CO2 cold water, is used for drinking water. 

There is a different legislative framework depending on whether thermal aquifers are used for 

balneological, medicinal and commercial purposes such as bottling and marketing, or for 

electricity and heat production (Marković et al., 2022). In both cases, current regulations only 

require daily reporting of pumped water and thermal wastewater volumes, with no requirement 

for monthly or annual monitoring of chemical parameters and groundwater levels/yields 

(Marković et al., 2022). Consequently, there is a lack of systematic data on these vital aspects 

for exploited geothermal sites. Moreover, their ecological aspect and biodiversity are largely 

unexplored (Mitrović et al., 2022; Kostešić et al., 2023). All previously mentioned geothermal 

sites contain extremophilic microbial biofilms (Kostešić et al., 2023) and therefore offer a 

valuable opportunity to uncover their immense potential. 

 

2.2. Thermal biofilms 

Microorganisms inhabit different microenvironments in thermal springs such as sediments, 

water columns, stromatolites, microbial mats and biofilms (Schuler et al., 2017). Biofilms are 

defined as associations of microbial cells, either of a single or multiple species, that have formed 

a community in an aggregated manner, attaching themselves to each other or to a surface by 

secreting extracellular polymeric substances (EPS, Ward et al., 1989; Donlan and Costerton, 

2002; Prieto-Barajas et al., 2018). These types of biological organization are formed as a 

microbial strategy to enhance survival and adapt to fluctuating extreme conditions, and can 

range from simple, monospecific biofilms to several meter thick complex microbial mats 

(Donlan and Costerton, 2002; Msarah et al., 2018; Prieto-Barajas et al., 2018). 

There is an extensive literature describing the development of biofilms and the different stages 

of their formation (Costerton, 1995; Costerton et al., 1995; Marić and Vraneš, 2007; Msarah et 

al., 2018; Prieto-Barajas et al., 2018; Kour et al., 2019; Rana et al., 2019). The formation 

process (Figure 2) is complex and consists of different phases including reversible and 

irreversible attachment, development of microcolonies, establishment of a mature, three-

dimensional biofilm and dispersion of bacterial cells to initiate the formation of a new biofilm 
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(Msarah et al., 2018; Prieto-Barajas et al., 2018; Kour et al., 2019). Development begins with 

surface acclimation, during which organic and inorganic substances accumulate, altering 

surface properties and making it more favorable for microbial colonization (Zheng et al., 2021). 

The process is mediated by Brownian motion and gravitational forces, with both surface and 

microbial cell properties as key parameters (Kour et al., 2019). Microorganisms adhere to the 

surface through weak Van der Waals interactions and some of them detach within a few 

minutes, a phase referred as reversible adsorption (Donlan and Costerton, 2002; Marić and 

Vraneš; 2007). Those that remain undergo a series of morphological changes that lead to 

permanent, irreversible binding through stronger hydrophobic-hydrophilic interactions, making 

them tolerant to shear forces and similar conditions. (Kour et al., 2019; Rana et al., 2019; 

Krsmanovic et al., 2021). Being in a stable position with other cells, they form homogeneous 

and mixed microcolonies (Costerton et al., 1995). A prerequisite for microcolony formation is 

motility facilitated by fimbriae, differencing motility facilitated by flagella essential for the cell 

attachment to surface (Marić and Vraneš; 2007). As microcolonies form, cells commence the 

production of an EPS matrix that accounts for 90 % of the biofilm mass and consists of hexose, 

pentose, pyruvate, cellular components of lysed cells and non-cellular components (e.g., 

minerals), which, in addition to aggregation and protection, simultaneously enables inter-

species substrate exchange and elimination of undesirable products from the matrix (Costerton, 

1995; Kour et al., 2019; Rana et al., 2019). Different species respond to specific 

microenvironmental conditions with different growth patterns, and gradually a structurally 

more complex mature biofilm develops (Costerton et al., 1995). In the mature biofilm, 

microorganisms characteristic for all developmental stages exists simultaneously and form 

mushroom like clumps to allow efficient nutrient flow (Marić and Vraneš, 2007). When 

exposed to pressure, friction, or rapid water flow, the rigid structure of the biofilm begins to 

disintegrate, and cells, either individually or in clusters, begin to float in search of new niches 

(de los Ríos et al., 2007; Krsmanovic et al., 2021). 

Biofilm grows naturally wherever there is a source of nutrients, heat and moisture, making 

thermal springs an ideal environment for its formation. Extreme temperatures and pH have been 

identified as the primary factors limiting microbial diversity in thermal spring biofilms (Msarah 

et al., 2018; Prieto-Barajas et al., 2018; Li and Ma, 2019), although other environmental factors, 

such as light quality (Nishida et al., 2018) and spring geochemistry (D'Imperio et al., 2007; 

Hamilton et al., 2019; Houghton et al., 2019), also have a strong influence on community 

composition. 
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Figure 2. Schematic representation for bacterial species biofilm formation on a solid surface 

(Guzmán-Soto et al., 2021). 

 

The process of ecological succession is carried out by cyanobacteria to colonize and modify the 

microenvironment for subsequent colonization by specialized bacteria (Boomer et al., 2009). 

As biogeochemical cycles and biochemical processes are linked within the biofilm (Figure 3), 

photosynthesis, nitrogen fixation, denitrification, sulfate reduction, metal reduction, and 

methanogenesis are enabled (Paerl and Pinckney, 1996; Paerl et al., 2000; Woebken et al., 

2015). Therefore, the wide metabolic diversity of microorganisms coexisting in a biofilm 

(Figure 3) consists of primary producers that perform photosynthesis, anoxygenic 

photosynthetic bacteria represented mainly by green non-sulfur bacteria, green sulfur bacteria, 

purple bacteria, aerobic heterotrophs and anaerobes, sulfur oxidizing (SOB) and sulfate 

reducing (SRB) bacteria, and methanogenic archaea (Baumgartner et al., 2006; Severin et al., 

2010; Klatt et al., 2016). In terms of taxonomy, the most represented phyla in thermal biofilms 

are Cyanobacteria, Chloroflexota, Chlorobiota, Pseudomonadota, Bacteroidota, and 

Deinococcota, while Planctomycetota, Bacillota, Acidobacteriota, Verrucomicrobiota, 

Actinomycetota, Synergistota and Armatimonadota are less abundant (Portillo et al., 2009; 

Huang et al., 2011; Coman et al., 2013; Mackenzie et al., 2013). 
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Figure 3. Metabolic structure of photosynthetic biofilm (Prieto-Barajas et al., 2018). 

 

Described as temporally and spatially heterogeneous (Donlan and Costerton, 2002), biofilms 

exhibit the coexistence of diverse phenotypes, cross-feeding interactions, and defense 

mechanisms, resulting in a microbial community structure that is distinctly different from those 

found in water from the same thermal source (e.g., Urbieta et al., 2015). Therefore, the 

exploration of these ecological niches requires the utilization of various specialized tools and 

molecular methods. 

 

2.2.1. Sequencing methods for studying thermal biofilms 

Research focused on understanding the structure, function, and contributions of individual 

microbial species to natural biological systems and their dynamics is hampered by the lack of 

a coherent definition of prokaryotic 'species' (Gevers et al., 2005; Achtman and Wagner, 2008), 

the enormous diversity of microorganisms, many of which are currently uncultivable (Locey 

and Lennon, 2016), and the cognition of horizontal gene transfer (Acar Kirit et al., 2022). In 

general, microbial identification methods are divided into phenotypic techniques based on 

metabolic profiling and genotypic techniques based on profiling of genetic material (Emerson 

et al., 2008). Phenotypic methods provide more direct information about functionality and 

metabolic activity, while genotypic methods are independent of the physiological state of the 
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microorganisms and the cultivation conditions (Emerson et al., 2008; Franco-Duarte et al., 

2019; Berg et al., 2020). Genotypic methods are further divided into fingerprint-based 

techniques, which are more reliable for distinguishing species and strains, and sequence-based 

techniques such as 16S rRNA gene analysis, which are more effective at establishing broader 

phylogenetic relationships (Vandamme et al., 1996). However, this division of methods is 

historical. Different techniques complement each other and are now more often combined to 

achieve a polyphasic approach that overcomes the limitations in identifying the structure and 

diversity of mixed microbial communities (Gillis et al., 2001). 

2.2.1.1. 16S rRNA gene amplicon sequencing 

Nucleic acid-based methods allow the discovery of genetic material by amplifying targeted 

parts of a species-specific gene region using synthetic oligonucleotides (Monis and Giglio, 

2006; Hollister et al., 2015; Duman et al., 2022). Generally, three functional gene regions of 

ribosomal RNA - 5S, 16S/18S, and 23S rRNA - are used for identification (Ludwig and 

Schleifer, 1994; Gürtler and Stanisich, 1996; Jiang et al., 2019), with analysis of the 16S rRNA 

gene being the most commonly used method for classification of prokaryotes (Clarridge, 2004; 

Janda and Abbott, 2007; Kim et al., 2012). The 16S rRNA gene is a highly conserved 

component of the transcription machinery (Cox et al., 2013), making it well suited as a target 

gene for DNA sequencing of samples containing thousands of different species. Key to the 

success of 16S rRNA sequencing is its applicability to entire bacterial and archaeal domains 

(Woese, 1987; Janda and Abbott, 2007; Krieg et al., 2015; Jiang et al., 2019): 

• The 16S rRNA gene is universally present in all prokaryotes in which it has the same 

function. 

• The 16S rRNA gene consists of a (partially) conserved region that allows universal 

amplification, and variable/hypervariable regions that enable discrimination between 

different microorganisms. 

• The common appropriate length of the sequence (1500 bp) allows relatively simple 

sequencing (e.g., Sanger sequencing) and provides sufficient information for 

identification of prokaryotes down to the genus level and determination of their 

phylogenetic position. 

However, the 16S rRNA gene sequencing approach suffers from variable gene copy number 

(Stoddard et al., 2015; Louca et al., 2018; Starke et al., 2021) and primer efficiency (Albertsen 

et al., 2015; Brown et al., 2015), while metabolic functions are exclusively predictive in nature, 
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derived from previous taxonomic knowledge (Morrissey et al., 2016). Sequence analysis of a 

smaller region compared to the whole genome, combined with the higher mutation rate in this 

region and its approximately 99 % similarity among closely related species, leads to the 

conclusion that genetic analyses based solely on the 16S rRNA gene amplicon sequencing are 

less specific in microbial identification (Janda and Abbott, 2007; Petti et al., 2008; Adams and 

Thompson, 2011). 

2.2.1.2. Metagenomic sequencing 

Shotgun sequencing and pyrosequencing techniques have enabled the mapping of entire 

genomes (Cardenas and Tiedje, 2008; Singh et al., 2009; Vieites et al., 2009), and 

metagenomics has emerged as a powerful tool for studying the structural, evolutionary, and 

metabolic properties of complex microbial communities (Schmeisser et al., 2003; Tyson et al., 

2003; Venter et al., 2004; Tringe et al., 2005; López-López et al., 2013; Biller et al., 2018; 

Keller-Costa et al., 2022). Genome sequencing involves several essential steps, including 

quality control, sequence assembly, sequence binning, taxonomic profiling, gene prediction, 

and function annotation (Zhang et al., 2021). Quality control processes, such as removing low-

quality reads and filtering out contaminants, ensure the reliability and accuracy of sequencing 

data, while sequence assembly reconstructs the complete genome by piecing together 

fragmented sequencing reads (Mende et al., 2013; Schmieder et al., 2011). Sequence binning 

helps classify sequences into different genomes, and taxonomic profiling helps determine the 

origin of sequences with respect to taxonomy (Truong et al., 2015). Gene prediction focuses on 

identifying and annotating genes within the genome (Hyatt et al., 2010), while function 

annotation, as the name implies, assigns potential functions to these genes (Huson et al., 2016). 

Each of these steps brings different advantages and disadvantages and contributes to the overall 

complexity of genome analysis. For effective data analysis, continuous improvement of existing 

databases and analysis software is critical to increase the accuracy and efficiency of the analysis 

process (Yang et al., 2021; Zhang et al., 2021). In the context of metagenome-assembled 

genomes (MAGs) analysis, ensuring high-quality drafts is of paramount importance. This 

includes specific criteria such as maintaining gene integrity above 90 %, limiting contamination 

to below 5 %, and including essential genes such as 16S and 23S rRNA genes, and other highly 

conserved genes in the assembly set (Bowers et al., 2017). These criteria serve as a benchmark 

to gain more robust insights from metagenomic data. By comparing gene or protein sequences 

in a particular functional database and assigning a gene or protein to a specific function, 

information about a particular metabolic pathway can be obtained (Yang et al., 2021; Zhang et 



11 

 

al., 2021; Zeller and Huson, 2022). In this way, metagenomics technology has identified 

microbial species overlooked by other approaches and discovered many genes, including 

antibiotic resistance genes (ARGs, Riesenfeld et al., 2004; Yong et al., 2009), polyketide 

synthase-encoding genes (Ginolhac et al., 2004) and biocatalyst genes (Voget et al., 2003; 

Uchiyama et al., 2005; Tirawongsaroj et al., 2008). This has been particularly true for 

extremophiles, their target genes or active products, whose cultivation and extraction are 

limited by their living conditions. An example is the discovery of a novel thermophilic 

bacterium, Candidatus Kryptonia, from a hot spring (Eloe-Fadrosh et al., 2016). The bacterium 

could not be detected due to SSU rRNA primer biases but was identified by metagenome 

sequencing and single-cell sequencing (Eloe-Fadrosh et al., 2016). However, metagenomes can 

contain free DNA and DNA from dead microbes, which can lead to misinterpretation (Quince 

et al., 2017), while microorganisms with low abundance can be overlooked during analysis 

(Hazen et al., 2013). Also, identified genes are not necessarily active and a substantial number 

of newly identified open reading frames (ORFs, portion of a DNA sequence between start and 

stop codons) lack homology to well-characterized genes awaiting functional assignment (Zhang 

et al., 2021). Due to the imperfection of the microbial database (Smith et al., 2022), many 

sequencing data cannot be analyzed, both in terms of species annotation and functional analysis. 

Therefore, for a comprehensive understanding of the composition and genomic potential of hot 

spring biofilms (and other natural microbial communities), sequencing data should be 

complemented with additional approaches, such as fluorescent in situ hybridization (FISH) to 

assess community composition, single-cell approaches, and, when possible, phenotypic 

characterization techniques. 

2.2.2 Ecophysiological methods for studying thermal biofilms 

Biofilms in hot springs have been the subject of numerous in-depth studies, but interest in their 

exploration continues to grow. They are accessible, stable, high biomass systems that have 

enormous biotechnological potential (Dobretsov et al., 2011; Tripathi et al., 2016; Strazzulli et 

al., 2017). Their composition is usually simple enough to be evaluated by traditional methods 

such as microscopy (Ward and Cohan, 2015). However, because they form at redox interfaces 

with well-defined environmental gradients, they harbor a variety of metabolically diverse 

microorganisms (e.g., Swingley et al., 2012; Schubotz et al., 2013; Venturi et al., 2022). 

Although a substantial proportion of biofilm-dwelling microorganisms can be isolated in pure 

cultures, the activities in pure cultures do not reflect in situ activities and interactions within the 

biofilm community (Møller et al., 1998). Despite the comparatively low species richness 
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(Weiland-Bräuer, 2021), complex microbial interaction networks form in hot spring biofilms, 

hindering the comprehension of the drivers behind the observed community structure and 

biogeochemical cycling mechanisms. Although the number of studies on the genomic 

landscape of hot spring biofilms continues to increase, the use of post-genomic methods to 

study the ecophysiology of microbiomes, such as metagenomics, does not provide single-cell 

resolution (Du and Behrens, 2021). Also, despite the diverse suit of available methods to study 

the ecology and ecophysiology of microbial biofilm communities, such data are scarce for 

biofilms in hot springs.  

To track microbial metabolic activity, incorporation of radio or stable isotope- labeled 

substrates or analogous substrates into microbial biomass is a widespread practice in microbial 

ecology (Braissant et al., 2022). Such substrate tracking approaches have been used in assessing 

the activities of mixed biofilm communities (e.g., Schuler et al., 2017). The same principle has 

also been used to link specific metabolic activities to certain groups of (micro)organisms within 

hot spring biofilms (e.g., using lipid biomarkers, Schubotz et al., 2013; Schubotz et al., 2015) 

or to connect substrate utilization to an individual cell via single-cell approaches (Wagner, 

2009; Hatzenpichler et al., 2020; Alcolombri et al., 2022). Microbial cells that form hot springs 

(and other) biofilms are enveloped in an EPS matrix that restricts the diffusion of large 

molecules and complicates the separation of cells and matrix components often required for 

downstream analyses, leading to the challenging application of some physiology-targeted 

single-cell methods (Azeredo et al., 2017). Nevertheless, there are numerous studies 

investigating biofilm communities at single-cell resolution (e.g., Kindaichi et al., 2004; 

Hatzenpichler et al., 2014; Musat et al., 2016). Therefore, it is unexpected that single-cell 

ecophysiological methods have hardly been applied to geothermal biofilms: only a few 

microautoradiography (MAR) experiments performed on photosynthetic biofilms from various 

hot springs in Yellowstone have been published to date (Brock, 1969; Brock and Brock, 1969; 

Bauld and Brock, 1973; Doemel and Brock, 1977). MAR visualizes the incorporation of 

radiolabeled isotopes into microbial cells and can be combined with FISH to identify active 

microorganisms, but it requires time consuming sample processing as well as specialized 

laboratory equipment and radioactive waste management (Leizeaga et al., 2017; Braissant et 

al., 2020; Hatzenpichler et al., 2020). Another technique, nanoscale secondary ion mass 

spectrometry (nanoSIMS), enables visualization of stable isotope incorporation, circumventing 

the waste and safety issues associated with radioisotopes, but low throughput and the 

requirement for sophisticated instrumentation have limited its practical application (Braissant 
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et al., 2020; Hatzenpichler et al., 2020; Leizeaga et al., 2017). Furthermore, nanoSIMS only 

examines the surface of the sample, and although tomography is possible (Renslow et al., 2016; 

Nuñez et al., 2018), it is not practical for biofilms. Notably, both MAR and nanoSIMS are 

destructive methods that preclude further downstream analyses, such as genome sequencing or 

culturing (Hatzenpichler et al., 2020). 

2.2.2.1. Bioorthogonal noncanonical amino acid tagging 

Bioorthogonal noncanonical amino acid tagging (BONCAT), which can be used to visualize a 

large diversity of translationally active cells and can reveal under which conditions cells and 

cell populations are active (Samo et al., 2014; Hatzenpichler et al., 2016), has fewer drawbacks 

than other currently available single-cell methods. Albeit being a relatively novel method, it 

has been successfully applied to several types of environmental samples, including biofilms 

(Samo et al., 2014; Hatzenpichler et al., 2014; Babin et al., 2017; Leizeaga et al., 2017; Lindivat 

et al., 2020).  

As shown in Figure 4 A, BONCAT is based on the incorporation of alkyne containing l-

methionine analogue l-homopropargylglycine (HPG), whereupon newly synthesized proteins 

can be detected using azide-alkyne CLICK chemistry (Hatzenpichler and Orphan, 2015). Due 

to its structural similarity, HPG is incorporated into the growing polypeptide chains during 

translation instead of methionine (Saleh et al., 2019). The cells are then treated with a labeling 

reagent containing an azide functional group (dye). This reagent reacts specifically with the 

terminal alkyne group of HPG through a bioorthogonal azide-alkyne CLICK chemical reaction 

(Figure 4 A), leading to the formation of a stable covalent bond between the azide group of the 

dye and the terminal alkyne group of HPG (Bird et al., 2021). The CLICK reaction is highly 

specific and occurs under mild conditions (Nwe and Brechbiel, 2009), allowing efficient and 

selective labeling of HPG-containing proteins. However, the CLICK reaction requires a catalyst 

to proceed at a reasonable rate under physiological conditions. Copper ions are known to be 

particularly valuable catalysts for facilitating azide-alkyne cycloaddition (Bird et al., 2021; Nwe 

and Brechbiel, 2009; Hein and Fokin, 2010). Copper facilitates the formation of a reactive 

species known as the copper(I)-acetylide complex, which then reacts with the azide group in a 

1,3-dipolar cycloaddition, leading to the formation of a triazole bond (Figure 4 A). To maintain 

the Cu (I) state and prevent precipitation and oxidation of copper ions, tris-

hydroxypropyltriazolylmethylamine (THPTA) is introduced as a copper chelating agent, while 

sodium ascorbate is used as a reducing agent (Hein and Fokin, 2010). Since aldehydes can be 

generated as byproducts of cellular metabolism or chemical reactions, aminoguanidine 
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hydrochloride is used in the CLICK reaction to prevent the nonspecific reaction of aldehydes 

with fluorescently labeled azides and to suppress the generation of false positive signals (Hein 

and Fokin, 2010; Izquierdo and Delgado, 2018). This approach ensures that the CLICK reaction 

occurs exactly where it is intended and leads to accurate and reliable results of the BONCAT 

method. The introduction of a noncanonical amino acid and a biorthogonal labeling reagent 

integrates unique chemical functionalities into proteins synthesized by microbial cells that are 

not present in the natural microbial proteome (Saleh et al., 2019). In summary, only proteins 

synthesized during the BONCAT experiment are selectively labeled, without disrupting natural 

biological processes in active cells (Ma and Yates, 2018). These labeled proteins can then be 

detected and visualized using fluorescence microscopy. 

 

 

Figure 4. Concept for the visualization, identification, and sorting of translationally active 

cells (Hatzenpichler et al., 2016). 

 

BONCAT requires a simple infrastructure available to most laboratories, and it is a rapid and 

nondestructive method compatible with many other approaches such as (meta)genomics, 

(meta)proteomics, nanoSIMS, FACS (Figure 4 C), and FISH (Landgraf et al., 2015; Braissant 

et al., 2020; Hatzenpichler et al., 2020; Lindivat et al., 2020; Reichart et al., 2020; Steward et 

al., 2020). 
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2.2.2.2. Fluorescence in situ hybridization and catalyzed reporter deposition 

FISH has become one of the most routinely used molecular techniques in environmental 

microbiology for the detection, identification, and enumeration of environmental 

microorganisms bypassing the need for cultivation (Kubota, 2013). In this technique, 

fluorescently labeled DNA or RNA probes are bound to specific target sequences of microbial 

DNA in the sample (Shakoori, 2017). To improve detection of microorganisms, the tyramide 

signal is amplified using a technique known as catalyzed reporter deposition (CARD – FISH, 

Kubota, 2013). In CARD-FISH, the short DNA or RNA sequences are conjugated with the 

enzyme horseradish peroxidase (HRP probes). Their selection is based on prior taxonomic 

screening of the environmental sample to detect the presence of the targeted microbial groups 

and it represents a crucial step in the implementation of the method (Kubota, 2013). Prior to 

hybridization, the cells must be fixed, and the cell wall must be permeabilized (Amidzadeh et 

al., 2014). Fixation of the cells is usually performed with ethanol or paraformaldehyde to 

preserve the cell structure. Paraformaldehyde is a cross-linking fixative that creates covalent 

bonds between cell components ("freezing" the cells in their current state) to preserve cell 

morphology and structure and prevent loss of cells during washing and staining (Rocha et al., 

2018). Permeabilization of the cell wall refers to the process of creating temporary openings or 

pores in the cell membrane to allow penetration of a probe and binding to a target nucleic acid 

sequence (Bidnenko et al., 1998; Amidzadeh et al., 2014). Enzymes such as lysozyme and 

achromopeptidase are particularly useful for permeabilization of bacterial cells with a rigid cell 

wall (Amidzadeh et al., 2014). After permeabilization, the sample is immersed in hybridization 

buffer to bind the HRP probes to the complementary nucleic acid sequences of the target 

microorganisms (Figure 4 B). The CARD step involves a catalyzed chemical reaction that 

amplifies the fluorescent signal generated by the binding of the tyramide-fluorophore conjugate 

(dye) and the HRP probe (Bobrow and Moen, 2001; Ferrari et al., 2006). HRP acts as a catalyst 

and leads to multiple deposition of tyramide, resulting in a stronger fluorescent signal, even for 

the low abundant microorganisms in the sample (Bobrow and Moen, 2001; Ferrari et al., 2006). 

The results are visualized using fluorescence microscopy. The analysis of the results can be 

qualitative or quantitative, depending on the specific experimental hypothesis and the 

implementation of the method.  

Several challenges such as limited sensitivity, probe permeability, and hybridization efficiency 

have been encountered (Amann et al., 1995), nevertheless, various strategies have been 

developed to overcome these limitations (reviewed in Wagner et al., 2003; Amann and Fuchs, 
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2008; Wagner and Haider, 2012). The combination of BONCAT with CARD-FISH (Figure 4 

B) allows direct linkage of the microbial identity and activity by fluorescence microscopy 

(Hatzenpichler et al., 2014), which can be applied to hot spring biofilms. 

 

2.2.2.3. Fluorescence activated cell sorting 

The identity and activity linkage of microbial biofilms in hot springs can be acquired at single-

cell resolution through combination of BONCAT and flow cytometry. Compared to 

microscopic detection and counting analysis, flow cytometry offers enhanced reliability and 

reproducibility by reducing the potential for operator-induced bias, providing faster results at 

lower operational costs, and enabling significantly higher sample throughput (Lindivat et al., 

2020). More importantly, flow cytometry enables the application of fluorescence activated cell 

sorting (FACS). This approach is based on light scattering and fluorescence emission from 

fluorescently labeled cells as they pass through a laser beam and allows sorting of specific 

microbial subpopulations of interest (Lindivat et al., 2020; Reichart et al., 2020; Du and 

Behrens, 2021). By integrating BONCAT with FACS (Figure 4 C), viable, active, or inactive 

cells can be sorted based on the fluorescence of CLICKED proteins. The sorted samples can 

then be subjected to sequencing and analysis (BONCAT-FACS-seq), allowing identification of 

metabolically active community members (Reichart et al., 2020; Du and Behrens; 2021; Trexler 

et al., 2023). There are numerous applications of this approach. Because activity shifts indicate 

microbial preferences for specific growth conditions in response to substrate changes or altered 

physicochemical conditions, the results of BONCAT-FACS-seq studies could aid in the 

development of cultivation media for specific enrichment of uncultured microbes (Reichart et 

al., 2020). In addition, this rapid and robust approach provides information on the physiological 

properties of uncultured microorganisms by replicating their in situ conditions as closely as 

possible within experimental limitations (Reichart et al., 2020; Trexler et al., 2023). Lastly, 

BONCAT-FACS-seq allows monitoring of microbial activity and contributes to the 

characterization of microbial functional potential (Lindivat et al., 2020; Du and Behrens, 2021). 

Although often constrained by biofilm properties, the investigation of hot spring biofilms relies 

on a diverse array of techniques, ranging from advanced imaging methods for visualizing their 

structure to molecular approaches for understanding their metabolic activities. As these 

techniques continue to evolve, detection of potential applications of thermal biofilms 

functionality is growing. 
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2.2.3. Biotechnological potential of thermal biofilms 

The ability to discover new chemical substances from microbial sources relies on the 

uniqueness of their habitat. Environments that are unexplored, taxonomically distant from the 

human microbiome, and exist under extreme conditions often exhibit all three characteristics 

simultaneously (Tanner et al., 2017). Exploration of the extreme biosphere in search of new 

bioactive compounds is based on the premise that harsh abiotic conditions favor the selection 

of microorganisms that possess unique chemistry, adaptive mechanisms, and variations in the 

structure, flexibility, charge, and hydrophobicity of their enzymes (Mahajan et al., 2017). In 

adapting to high temperature, microorganisms contain higher content of polyamines, can adjust 

the ratio of saturated to unsaturated lipids in their cell membranes to maintain fluidity, possess 

ability to reduce the length of surface loops, and evolve proteins that can function effectively 

by increased ion pair content and formation of higher order oligomers (Siliakus et al., 2017). In 

addition to elevated temperature, hot springs are often characterized by other extreme 

conditions, such as low pH, high salinity, and elevated metal concentration. Therefore, 

adaptation to the extreme conditions in hot springs requires genomic plasticity and metabolic 

flexibility of microorganisms, making thermal biofilms promising candidates for the discovery 

of bioactive molecules of industrial and biotechnological interest (DeCastro et al., 2016; 

Strazzulli et al., 2017). A well-known example is the discovery and isolation of the species 

Thermus acquaticus from hot spring biofilms in Yellowstone (Brock and Freeze, 1969) and its 

heat-resistant enzyme implementation in the polymerase chain reaction (Chien et al., 1976), 

which rapidly increased interest in studying the microbial diversity and functionality of these 

microenvironments. Applications of thermal biofilms in different fields are listed in Table 2. 

Biofilms in hot springs have shown potential for bioremediation of xenobiotic and organic 

contaminants (Shukla and Singh, 2020). Microorganisms found in hot spring biofilms have 

enzymatic capabilities to degrade recalcitrant organic compounds, including alkanes, aromatic 

and polycyclic aromatic hydrocarbons (PAHs), which can be used to remove organic and 

petroleum pollutants from contaminated environments (Cui et al., 2012). Their ability of phenol 

degradation and dye decolorization could be employed in effective removal of these recalcitrant 

contaminants from industrial wastewater (Barathi et al., 2022; Cui et al., 2012; Shukla and 

Singh, 2020). The presence of genes associated with isoquinoline degradation detected in the 

strain Lampropedia cohaerens from biofilms of arsenite thermal springs in the Himalayas 

indicated its potential application in bioremediation of oil-polluted sites (Tripathi et al., 2016). 

Thermal biofilms are also capable of efficiently removing heavy metals through biosorption, 
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precipitation, and microbial reduction (Jardine, 2022; Najar et al., 2022). Through ammonia-

oxidizing, denitrifying and sulfate-reducing capabilities (Lee et al., 2014; Zhang et al., 2019), 

thermal biofilms could be used as natural biofilters that metabolize and reduce excess nutrients, 

helping to mitigate eutrophication and improve water quality in receiving environments. 

Table 2. List of potential applications of biofilms from hot spring. 

Industries and 

biotechnology 

areas 

Applications References 

Bioremediation Degradation of pollutants and xenobiotic 

compounds in contaminated environments 

Cui et al., 2012 

Waste Treatment 

and Resource 

Recovery 

Anaerobic digestion, composting and 

wastewater treatment processes that contribute 

to resource recovery and environmental 

sustainability 

Tripathi et al., 

2016 

 

Enzyme production Sources of extremophilic enzymes with unique 

properties that have applications in biocatalysis 

and various industries 

Dumorné et al., 

2017 

Biofuel and 

Renewable Energy 

production 

Production of biogas, ethanol, butanol and 

hydrogen by anaerobic digestion, fermentation, 

and microbial fuel cells 

Narihiro et al., 

2019 

(Bio)pharmaceutical 

Industries 

Production of bioactive compounds with 

pharmaceutical applications, such as 

antimicrobial agents, enzymes, and secondary 

metabolites 

Dobretsov et al., 

2011 

Bioplastic and 

Biomaterials 

Ability to synthesize biopolymers such as 

polyhydroxyalkanoates (PHAs) 

Kourmentza et al., 

2017 

Mining and Mineral 

Recovery 

Biomineralization, contribution to the recovery 

of metals and minerals from mining sites, 

efficiency improvement of metal extraction 

processes 

Kochar et al., 

2022 

Food and Beverage 

Industries 

Used in the production of fermented foods and 

beverages such as cheese and wine 

Salas-Jara et al., 

2016 

Agriculture and 

Plant Growth 

Promotion 

Improvement of crop productivity and nutrient 

uptake in agricultural systems 

Haque et al., 2020 

Environmental 

Monitoring and 

Research 

Indicators of environmental conditions, impact 

on nutrient and biogeochemical cycling, 

climate change research 

Guerrieri et al., 

2022 
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Hot spring biofilms are also a rich source of extremophilic enzymes like protease, cellulase, 

amylase, and lipase, with unique properties such as excellent stability and activity at elevated 

temperatures and tolerance to extreme pH (Debnath et al., 2019). Thermophilic cellulases are 

used in bioremediation, biofuel, and textile industries for efficient degradation of cellulose, 

which enables the production of bioethanol and biobased fibers (Debnath et al., 2019; Dumorné 

et al., 2017; Khadka et al., 2022). Amylases from thermal spring biofilms can be used in the 

starch and food industries for saccharification and production of glucose syrups, brewing, and 

in detergents formulation for starch stains removal (Gupta et al., 2003). Thermophilic proteases 

are also suitable for detergent formulation, leather, and food processing (Gupta et al., 2002). 

Thermolysin, a metalloproteinase enzyme derived from thermophilic bacteria, including those 

found in hot spring biofilms, is used for protein hydrolysis, peptide synthesis, and meat 

tenderization (Cheng et al., 2021; Vermelho et al., 2013). Thermophilic lipases can also be used 

in food processing and for detergent formulation, as well as in biodiesel production (Ali et al., 

2023; Rabbani et al., 2013; Vermelho et al., 2013). In addition to the mentioned heat-stable 

enzymes used in various food processing applications, hot spring biofilms produce extracellular 

polysaccharides such as xanthan gum and pullulan, which can be used as thickeners, stabilizers, 

and gelling agents in food formulations (Waoo et al., 2023). Thermal biofilms are also suitable 

candidates for the development of probiotic products (Salas-Jara et al., 2016), their 

antimicrobial compounds, bacteriocins and antimicrobial peptides, could serve as natural food 

preservatives (Rai et al., 2016), while pigments such as carotenoids and melanins could be used 

as natural food colorants and antioxidants (Di Salvo et al., 2023). 

The ability of microorganisms in hot spring biofilms to produce hydrocarbons enables the 

synthesis of renewable biofuels with comparable properties to petroleum fuels. Their 

cellulolytic, fermentative, and hydrogen-producing capabilities allow the conversion of 

lignocellulosic biomass into bioethanol, biobutanol, and hydrogen at elevated temperatures 

(Salim et al., 2015; Sekoai et al., 2022). Furthermore, thermophilic biofilms could also be 

employed in the conversion of organic waste into methane-rich biogas through anaerobic 

digestion (Narihiro et al., 2019). Also, they possess lipolytic capabilities that enable the 

enzymatic conversion of lipids into fatty acid methyl ester (FAME), a feedstock for biodiesel 

production (Sahoo et al., 2017), and have been used in microbial fuel cells where they serve as 

bioanodes or biocatalysts for the conversion of organic material into electricity (Santoro et al., 

2017).  
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In addition to biofuel and energy production, hot spring biofilms have also been explored as a 

source of novel bioactive compounds with pharmaceutical potential (Mahajan et al., 2017). A 

study of biofilms from hot springs in Oman showed that these microbial communities produce 

antimicrobial compounds under natural conditions (Dobretsov et al., 2011). Geobacillin, an 

antibiotic compound produced by the thermophilic bacterium found in hot spring biofilms, 

exhibits antimicrobial activity against a variety of bacteria and has potential applications in the 

treatment of infectious diseases (Zebrowska et al., 2022). In addition to antimicrobial activity, 

other unique secondary metabolites, such as anticancer and antiviral compounds, could also 

serve as valuable drug leads. Bioactive compounds from thermal biofilms such as terpenoids 

and polyketides have also shown promising pharmacological activities and therapeutic potential 

(Nandagopal et al., 2021).  

Due to the ability to accumulate polyhydroxyalkanoates (PHAs), the use of hot spring biofilms 

in the production of biodegradable bioplastics is another investigated application (Kourmentza 

et al., 2017). Moreover, since they can induce precipitation of (bio)minerals like calcium 

carbonate (Li et al., 2015) and cellulose with high crystallinity and mechanical strength (Cheng 

et al., 2009; Nguyen and Nguyen, 2022), they can be used for the synthesis of biomaterials with 

specific properties and improved functionality. In addition to inducing precipitation, hot spring 

biofilms possess acid-tolerant, sulfur-oxidizing, metal-binding, and metal-resistant genes and 

enzymatic activities. As a result, they are excellent candidates for various applications in the 

mining and mineral extraction industries (Kochar et al., 2022), including the recovery of 

precious metals such as gold and silver and rare earth elements (REEs), bioleaching of sulfide 

minerals, biomineralization, bioremediation of heavy metal-contaminated environments and 

acid mine drainage (Castro et al., 2021; Ibáñez et al., 2023; Kochar et al., 2022; Wheaton et al., 

2015). 

Lastly, biofilms produce growth-promoting substances, including phytohormones (e.g., auxins, 

cytokinins), siderophores, and solubilizing enzymes that could enhance plant growth, nutrient 

uptake, and stress tolerance in agricultural systems (Haque et al., 2020; Mehta et al., 2016). 

Through nitrogen-fixing and phosphate-solubilizing abilities, they could be applied in the 

production of biofertilizers and bioinoculants (Chaudhary et al., 2022; Seenivasagan and 

Babalola, 2021).  

Extensive amount of literature on hot spring bioprospecting supports the notion that thermal 

biofilms are important and unexplored sources of new compounds with unique properties and 

exploitation in various industries.   
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3. EXPERIMENTAL METHODS AND MATERIALS 

3.1. Sample collection, environmental measurements and DNA extraction 

Parts of chapter 3 (3.1. - 3.3.) are published in (Kostešić et al., 2023). 

3.1.1. Biofilm sampling and in situ measurements of physicochemical parameters of geothermal 

waters 

Seasonal sampling of biofilms was conducted in autumn 2019, spring 2020, and autumn 2020 

from 12 springs and wells at 10 geothermally active sites in northern and northeastern Croatia 

(Figure 5 a). Additional biofilms from Bizovac well and Tuhelj spring were collected in spring 

2021 for screening of activity patterns. Biofilms from the same sampling sites were resampled 

in autumn 2021 for a single-cell resolution activity experiment and metagenomic analysis. 

Depending on the presence and location of biofilms (Figure 5 b - e), samples were collected 

using a sterile spatula and forceps at a depth range from the air-water interface to 0.5 m water 

depth. The biofilm samples were stored in sterile 50-mL tubes and submerged in the 

corresponding geothermal water. If multiple biofilms of distinct colors were present at a site 

(e.g., Figure 5 b), they were sampled separately. Similarly, multilayered biofilms were 

separated according to the color of the layer and processed separately. 

After sampling, electrical conductivity (EC), dissolved oxygen (O2) concentration, pH, and 

temperature of geothermal spring waters were measured in situ using a WTW multiparameter 

probe (WTW, Germany). Sampling of biofilms and in situ measurements of physicochemical 

parameters in the geothermal spring waters were conducted as close to the spring source as 

possible, and the measured parameters reflect the geochemistry experienced by the sampled 

biofilms. Hydrogen sulfide (H2S) concentrations in geothermal waters were determined using 

Reagent sulfide 1 and Reagent sulfide 2 following the USEPA Methylene Blue Method with a 

HACH DR3900 spectrometer, as described in DR manual 1 (URL2). If necessary, the samples 

were diluted for the measurement of H2S concentration. 
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Figure 5. a Locations of thermal sites. b Close-up of different colored biofilms formed in the 

Topusko spring. c Biofilms in D. Breznica well. d Close-up of green and white biofilms in 

Tuhelj spring. e Tuhelj spring. 

 

3.3.2. Chemical analysis of geothermal waters and DNA extraction of biofilm samples 

For further chemical analysis in the laboratory, water samples were collected in 50-mL tubes 

and 500-mL plastic bottles and brought to the laboratory within a few hours of collection. 

Chemical analyses were performed at the Croatian Geological Institute. Concentrations of 

cations (sodium, potassium, calcium, ammonium, and magnesium) and anions (chloride, 

nitrate, and sulfate), alkalinity, SiO2 concentrations, and dissolved organic (DOC) and inorganic 

(DIC) carbon concentrations were determined the same evening after returning from the field 

site. Concentrations of cations and anions were measured by an ion chromatographic method 

using the Dionex ICS-6000 DC instrument (Thermo Fisher Scientific Inc., Waltham, 

Massachusetts). Alkalinity was measured by a titration method using 1.6 N H2SO4 and 

phenolphthalein and bromocresol green methyl red indicators, while SiO2 concentrations were 

determined by a colorimetric method using a HACH DR3900 spectrophotometer (Danaher, 

Loveland, Colorado). DOC and DIC measurements were performed with a HACH QbD1200 

liquid carbon analyzer (Danaher, Loveland, Colorado). 
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After excess water was removed from the collected biofilms by decanting and pipetting, 0.5 g 

of each biofilm sample was weighed into bead-beating tubes for DNA extraction. According to 

the manufacturer’s guidelines, total genomic DNA was extracted using the DNeasy PowerSoil 

Kit (Qiagen GmbH Hilden, Germany). 

 

3.2. 16S rRNA gene amplicon sequencing and analysis of sampled biofilms  

The hypervariable V4 region of the 16S rRNA gene was amplified using primer pairs 515F (5'- 

GTG YCA GCMGCC GCG GTAA -3, Parada et al., 2016) and 806R (5'- GGA CTA CNVGGG 

TWT CTAAT -3, Apprill et al., 2015). Samples were then barcoded, purified, normalised, and 

prepared for sequencing as described (Pjevac et al., 2021). Sequencing was performed in pair-

end mode (v3 chemistry, 2 × 300 bp) on an Illumina MiSeq instrument (Illumina, Inc., San 

Diego, California) at the Joint Microbiome Facility of the Medical University of Vienna and 

the University of Vienna (project IDs JMF-2005-3, JMF-2007-4, JMF-2103-13, JMF-2110-16). 

Amplicon pools were extracted from raw sequencing data using standard FASTQ workflow 

parameters (BaseSpace; Illumina) and then filtered for PhiX contamination using BBDuk from 

the BBtools packages (Bushnell, 2014; Callahan et al., 2016a). Demultiplexing was performed 

using the Python package demultiplex (URL3), allowing one mismatch per barcode and two 

mismatches for linker and primer sequences. FASTQ reads were trimmed at 220 and 150 nt, 

respectively, with an error of 2 allowed for forward and reverse reads. Amplicon sequence 

variants (ASVs) were inferred in pooled mode in the DADA2 R package version 1.20.0 (R 

4.1.1, Callahan et al., 2016a; Callahan et al., 2016b) using default settings. ASVs were further 

classified using the SILVA reference database (SILVA release 138, 2019) with the SINA 

classifier, version 1.6.1 (Pruesse et al., 2012). 

Prior to downstream analysis, ASVs classified as eukaryotes, mitochondria, or chloroplasts, as 

well as unclassified ASVs were removed from the dataset, as were singletons and doubletons. 

After filtering, samples with less than 3000 sequence reads were excluded from the dataset. The 

final ASV table contained 4496 ASVs and 61 samples with read counts greater than 3000. All 

statistical analyzes were performed in the R environment (v. 4.2.0) using the Bioconductor 

v3.15 packages TreeSummarizedExperiment (Huang et al., 2021), phyloseq (McMurdie et al., 

2013), mia (Ernst et al., 2022), and microViz (Barnett et al., 2021) and visualized using the 

package ggplot2 (Wickham, 2009). Prokaryotic community similarity between biofilm samples 

as a function of environmental parameters was evaluated using non-metric multidimensional 

scaling (NMDS) based on the Bray-Curtis dissimilarity distance. Permutational multivariate 
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analysis of variance (PERMANOVA) was used to assess the extent to which microbial 

communities were affected by sampling seasons, locations, selected environmental parameters, 

and biofilm color. 

 

3.3. Activity of Bizovac and Tuhelj biofilms in different substrates 

For the screening of microbial activity patterns, fresh biofilm samples were collected in spring 

2021 from two geothermal sources with contrasting characteristics, the Bizovac well and the 

Tuhelj spring. These sources were chosen based on their distinct features, including one being 

a natural spring and the other a well with limited light availability, their geographic distance 

(Figure 6 a), as well as differences in geochemistry (e.g., double temperature difference and 

sulfide concentration) and microbial community composition observed during seasonal 

sampling. Biofilms from the Bizovac well displayed an atypical community composition, not 

dominated by phylum Cyanobacteria, and experienced moderately sulfidic, high-temperature 

conditions, while all biofilms from the low-temperature, non-sulfidic Tuhelj spring were 

dominated by phylum Cyanobacteria. 

The combination of CARD-FISH and BONCAT was applied to investigate the identity and 

activity of microorganisms inhabiting these two contrasting hot spring biofilms, supplied with 

substrates stimulating either phototrophic, chemoorganotrophic, or chemolithotrophic activity. 

To evaluate microbial activity of hot spring biofilms sustained by various reducing equivalent 

sources, a series of incubation experiments were designed with sodium acetate, pyruvate, 

glucose, thiosulfate, and in the presence of light. Standard LED light from the incubator was 

used to stimulate phototrophic activity. Since the redox gradients in the studied hot springs, 

including Bizovac well and Tuhelj spring, were partially characterized by the presence of 

sulfide-oxygen transition zones, thiosulfate was provided as a reducing equivalent source to 

stimulate chemolithotrophic activity. Unlike sulfide, thiosulfate is stable under oxic conditions, 

non-toxic at elevated concentrations, and most sulfide oxidizers can utilize thiosulfate (Kappler 

and Dahl, 2001). Since previous studies demonstrated that members of Cyanobacteria phylum 

release glucose, acetate, and pyruvate through glycogen degradation under dark and anaerobic 

conditions, and considering that a variety of bacteria from diverse taxonomic groups possess 

the essential metabolic pathways for their utilization, these substrates have been used as 

reducing equivalents to stimulate chemoorganotrophic activity (Nguyen et al., 2017; Thiel et 

al., 2017; Hagemann and Hess, 2018; Melis et al., 2020; Chuang et al., 2021). The combination 

of BONCAT and CARD-FISH was performed as presented in Figure 6. 
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Figure 6. Schematic overview of the experimental workflow applied for characterization of hot 

spring biofilms collected in spring 2021: (1) characterization of the biofilm microbial 

community composition; (2) incubation with the l-methionine analogue HPG under different 

substrate amendment for 24 h and 48 h; (4) BONCAT visualization of active cells; (3) CARD-

FISH hybridization of target populations, sample imaging and image analysis. 

 

3.3.1. Incubations of biofilms 

For each incubation setup (Figure 6), 0.5 g wet weight of biofilm material was suspended in 10 

mL of sterile filtered (0.2 μm pore size) corresponding geothermal water in glass vials and 

incubated for 48 h at source temperature. To monitor activity, l-homopropargylglycine (HPG) 

was added to the sample at a final concentration of 50 μmol L−1 along with substrates (sodium 
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acetate, glucose, pyruvate or sodium thiosulfate) at a final concentration of 1 mmol L−1. The 

acetate, pyruvate, and glucose solutions were prepared by dissolving the appropriate weight of 

substrate in autoclaved MQ water, while the thiosulfate media stock was prepared according to 

(Hidayat et al., 2017). To assess native activity, a set of incubations without substrate 

amendment was performed, only with the addition of HPG. To stimulate phototrophic activity, 

another set of incubations with HPG addition only was exposed to standard LED light of the 

incubator, while all other incubations were conducted in the dark to minimize the effects of 

additional photosynthetically produced substrates on the experiment. After 24 and 48 h, 

samples were removed from the incubator and 2 mL of 0.5 % Tween 20 (Promega) was added 

(Reichart et al., 2020). Samples were then macerated, vortexed at maximum speed for 5 min, 

sonicated (Microson XL 2000, Misonix Inc., New York) at standard instrument settings for 1 

min (Pin et al., 2021), and centrifuged at 500 × g for 5 min to separate the particles from the 

cell fraction (Reichart et al., 2020). The supernatant was sequentially filtered through 

polycarbonate filters with pore sizes of 10 μm and 3 μm to remove filamentous Cyanobacteria 

and ease microscopy. The final filtrate was fixed with paraformaldehyde at a final concentration 

of 3 % for 1 h at room temperature in the dark (Pin et al., 2021). Samples were then filtered 

onto a filter with a pore size of 0.2 μm and stained with 4′,6-diamidino-2-phenylindole (DAPI, 

10 μg μL−1). The filters were examined with inverted fluorescence microscope (ZEISS, 

Germany) and stored at −20 °C until the CLICK reaction was performed. 

 

3.3.2. BONCAT procedure 

BONCAT was performed according to (Hatzenpichler and Orphan, 2015). Briefly, filter pieces 

were placed sequentially in 50, 80, and 96 % EtOH for 3 min to dehydrate and permeabilize the 

cells. For the Cu(I)-catalyzed CLICK reaction, a dye premix was prepared, consisting of 1.25 

μL of a 20 mmol L−1 CuSO4 solution, 1 μL of a 2.5 mmol L−1 Cy5-azide dye, and 2.5 μL of a 

50 mmol L−1 THPTA chelating agent. While allowing the dye premix to react, 12.5 μL each of 

freshly prepared 100 mmol L−1 sodium ascorbate and 100 mmol L−1 aminoguanidine 

hydrochloride were added to 221 μL of sterilized phosphate-buffered saline (PBS). After 

mixing the dye premix with the remainder of the buffer, the filters were added directly to the 

CLICK mixture and incubated in the dark at room temperature for 1 h to label active microbial 

cells. Subsequently, the filters were washed three times with PBS for 3 min each to remove 

unreacted reagents, dehydrated in 50 % EtOH for 3 min, and stored at −20 °C until the CARD-

FISH procedure. 
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3.3.3. CARD-FISH procedure 

CARD-FISH was performed following the protocol (Schmidt et al., 2012). Briefly, after the 

filters thawed, they were dehydrated in a series of EtOH and embedded in 0.1 % low melting 

point agarose. To facilitate HRP probe penetration into the microbial cells, the cells were 

permeabilized with a 10 mg mL−1 lysozyme solution for 1 h and a 60 U mL−1 achromopeptidase 

solution for 30 min, both at 37 °C, followed by incubation in 0.1 mol L−1 HCl for 1 min at room 

temperature. Inactivation of endogenous peroxidases was achieved by 3 % H2O2 treatment. 

Subsequently, 1.5 μL of a 50 ng μL−1 HRP probe solution was added to 400 μL of hybridization 

buffer of the appropriate stringency (Table 3). Filters were added directly to the solution and 

hybridized overnight at 46 °C. To improve the detection of microorganisms, the fluorescence 

signal was amplified by CARD. Before amplifying the fluorescence signal, the removal of 

unbound probes was performed in a washing buffer for 10 min at 48 °C, heated in a water bath, 

followed by 5 min incubation in Triton-X–PBS. The filters were then added to a mixture of 1 

mL amplification buffer and 2 μL tyramide solution (either Cy3 or Atto-488 dye), incubated at 

46 °C for 20 min, and washed in Triton-X–PBS, MQ water, and absolute EtOH. After drying, 

filters were embedded in Citifluor-Vectashield solution containing DAPI (10 μg μL−1) on slides. 

Oligonucleotide probes for CARD-FISH were selected based on 16S rRNA gene amplicon 

analysis of biofilms from previous seasons, and the NONEUB probe served as a negative 

control for all hybridizations. 

Table 3. 16S rRNA-targeted oligonucleotide probes and hybridization conditions used for 

CARD-FISH experiments. 

Probe Specificity Sequence (5'-3') 
FA (% 

vol/vol)a 
References 

EUBI* Most Bacteria 
5'- GCT GCC TCC CGT 

AGG AGT -3' 
35 

Amann et al., 

1995 

EUBII* Planctomycetota 
5'- GCA GCC ACC CGT 

AGG TGT -3' 
35 

Daims et al., 

1999 

EUBIII* Verrucomicrobiota 
5'- GCT GCC ACC CGT 

AGG TGT -3' 
35 

Daims et al., 

1999 

Gam42a# Gammaproteobacteria 
5'- GCC TTC CCA CAT 

CGT TT -3' 
35 

Manz et al., 

1992 

CFX1223 Chloroflexota 
5'- CCA TTG TAG CGT 

GTG TGT MG -3' 
35 

Björnsson et 

al., 2002 
a FA, formamide concentration in the hybridization buffer 
*Used in equimolar mixture EUBI-III mix 
#Used without Bet42a competitor 
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3.3.4. Images Processing and Analysis 

Samples were imaged using an epifluorescence microscope (model DMi8; Leica, Germany) 

equipped with the Thunder Imaging System at a resolution of 2048 × 2048 pixels. Z-stacks of 

4–10 image fields were acquired for each sample, both in each channel individually as well as 

their overlay. The final images represent the maximum projection of all stacks. After inspection 

of the samples on the microscope, biovolume analysis was performed using daime software (v. 

2. 2. 3, Daims et al., 2006). The images were processed with 2D filter histogram stretching to 

improve signal-to-noise ratio and eliminate background noise before automatic segmentation 

in ISODATA or Custom mode. After examining the results of the different segmentation 

methods for each sample, the biovolume fractions of BONCAT positive cells/cell aggregates 

against CARD-FISH positive ones and vice versa were determined considering % congruency 

of the signals. 

 

3.4. Activity at single-cell resolution of biofilms from Bizovac and Tuhelj, their 

functionality and metabolic potential  

In autumn 2021, fresh biofilm samples were collected from two contrasting geothermal sources: 

the Bizovac well and the Tuhelj spring (Figure 6 a). To investigate the changes in activity and 

diversity at single-cell resolution, the combination of BONCAT and FACS was applied to hot 

spring biofilms, supplied with substrates stimulating either chemoorganotrophic or 

chemolithotrophic microbial activity. To evaluate the response of microorganisms to different 

sources of reducing equivalents, a series of incubation experiments were performed with 

sodium acetate, pyruvate, thiosulfate, potassium tetrathionate or thiocyanate. Incubation 

experiments with biofilms collected from the same sources in spring 2021 showed that the 

activity of certain microbial groups decreased when incubated with acetate, while the addition 

of pyruvate and glucose resulted in similar activity patterns for all investigated taxonomic 

groups. Similarly, the addition of thiosulfate resulted in a significant increase in activity for all 

taxonomic groups studied. Therefore, based on the results of the previous activity screening, 

acetate and pyruvate were selected as reducing equivalents to assess chemoorganotrophic 

activity, while other sulfur compounds were selected along with thiosulfate to determine 

chemolithotrophic substrate preferences of biofilms collected in autumn 2021. The combination 

of BONCAT and FACS was performed as presented in Figure 7. 
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 3.4.1. Incubations of biofilms 

For each incubation setup (Figure 7), 0.25 g wet weight of biofilm material was suspended in 

10 mL of sterile filtered (0.2 μm pore size) corresponding geothermal water in glass vials and 

incubated for 48 h at source temperature.  

 

Figure 7. A schematic overview of the experimental workflow to characterize hot spring 

biofilms collected in autumn 2021: microbial community composition, metabolic capacity, and 

functionality of initial biofilms were characterized by 16S rRNA gene amplicon sequencing 

and metagenomic sequencing; biofilms were incubated with the l-methionine analogue HPG 

under various substrate amendments in the dark for 24 h and 48 h, respectively; the BONCAT 

method was used to label and visualize active cells; the FACS method was used to sort the 

active biomass in different substrates, and the sorted samples were characterized by 16S rRNA 

gene amplicon sequencing. 

As described in 3.3.2., HPG was added to the sample at a final concentration of 50 μmol L−1 

along with various substrates to monitor microbial activity. Substrate solutions were prepared 
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at a final concentration of 1 mmol L−1 by dissolving the appropriate weight of substrate in 

autoclaved MQ water. In addition to the substrate amended incubations, a set of control 

incubations was conducted without the addition of any substrates, with only HPG added to 

assess native microbial activity. All incubations were performed in the dark and at source 

temperature. After 24 and 48 h, biofilms were removed from the incubator, 2 mL of 0.5 % 

Tween 20 (Promega) was added (Reichart et al., 2020) and samples were macerated, vortexed 

at maximum speed for 5 min and sonicated for 1 min (Pin et al., 2021). To separate the particles 

from the cell fractions, samples were centrifuged at 500 × g for 5 min (Reichart et al., 2020). 

The supernatant was then filtered using a 5 µm syringe filter to remove filamentous 

Cyanobacteria and ease microscopy. For sample fixation, cells were pelleted by centrifugation 

(8000 × g for 10 min), washed twice in sterile PBS, and fixed using a 50 % (v/v) ethanol/PBS 

solution for 10 min at room temperature (Sakoula et al., 2021). The fixed biomass was washed 

once with PBS and stored at -20 °C until CLICK labelling was performed. 

 

3.4.2. BONCAT procedure 

To select adequate dyes for CLICK reaction and FACS, biofilm samples were first checked for 

autofluorescence by lambda scanning on the Leica TCS Sp8x confocal laser microscope 

(CLSM; Leica Microsystems, Netherlands) equipped with a 405 nm UV diode. After staining 

with DAPI, series of fluorescence images were acquired at different wavelengths (channels) to 

create a spectral scan of the biofilm samples. For scanning, the microscope laser was used over 

the entire spectrum (415-780 nm) with a bandwidth of 40 nm, encompassing a total of 20 steps, 

and the intensity of the emitted light was measured sequentially. For each sample and channel, 

3 spectra were recorded, and the data were used to generate a plot of fluorescence intensity 

versus wavelength for each pixel or region of interest in the samples.  

Prior to CLICK labelling, samples were subjected to a series of ethanol dehydrations, washed 

with PBS, and pelleted by centrifugation for 3 min at 3000 x g (Sakoula et al., 2022). CLICK 

reaction was performed in plastic microcentrifuge tubes (1.5 ml) at a final volume of 250 μl 

following the protocols (Sakoula et al., 2022; Hatzenpichler and Orphan, 2015). The biomass 

was resuspended in 221 μl sterile PBS and mixed with 12.5 μl each of freshly prepared 100 mM 

sodium ascorbate solution and 100 mM aminoguanidine hydrochloride solution. After 3 min of 

incubation in the dark, dye premix containing 1.25 μl of a 20 mM CuSO4 solution, 1.25 μl of a 

100 mM THPTA, and 0.3 μl of a 5 mM Cy3- or Cy5- azide dye was added to the reaction tubes 

and then incubated for 60 min, at room temperature in the dark. CLICK reaction was terminated 
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by centrifuging the samples at 3000 x g for 6 min, the cell pellets were washed thoroughly three 

times with sterile PBS to eliminate unbound dye and either stored at –80 °C in Gly-TE buffer 

(10 mM Tris-HCl, 1 mM EDTA pH 8.0, 5 % v/v glycerol) or processed directly. After staining 

with DAPI, BONCAT positive cells were visualised using a fluorescence microscope with 

Thunder Imaging System (model DMi8; Leica, Germany) and manually counted to determine 

cell density and volume required for FACS (1) on a flow cytometer (BD FACSMelody, New 

Jersey, United States). 

 

TCC/BCC = 
π r2 × K × N (dapi/boncat)

A × N (grid) × V (sample)
          V (FACS) = 

WCC

TCC
                      (1) 

 

TCC/BCC – total/boncat cell count, cell mL-1 

r – filtration column radius, 9500 µm 

K – dilution factor, 1.00 

N (dapi/boncat) – number of DAPI/Boncat positive cells 

A – grid area, 15133.65 µm2 

N (grids) – number of counted grids for each sample, 10 

V (sample) - Volume of filtered sample, 0.01 mL 

V (FACS) – volume of sample for optimal cell sorting, mL 

WCC – wanted cell counts, 5×105 cell mL-1  

 

3.4.3. FACS procedure 

Sorting of active biomass was performed according to the manufacturer’s protocol (URL 4). 

Based on the initial cell density determined for FACS (1), samples were diluted with sterile 

PBS to ensure a final event rate of <10.000 events s-1. The signal from PBS was recorded to 

remove potentially generated background noise. Control incubations with HPG-only addition, 

particularly labelled with Cy3-azide dye, as well as DAPI and Cy5-azide dye were used to 

determine a gating strategy to remove artefacts and exclude populations with off-target labelling 

or passive dye accumulation. Gating was set for double positive DAPI-BONCAT cells, 

considering thresholds for forward signal scatter (FSC, approximate to cell size) and side signal 

scatter (SSC, approximate to granularity). Sorting was performed in purity mode, processing 

80 % of the events for an optimal flow rate, with sample agitation at 100 rpm. For efficient 

DNA extraction and 16S rRNA sequencing, 50 000 events per sample were sorted. Examples 

of sorting reports and gating setup can be found in Appendix 1. 
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3.4.4. 16S rRNA amplicon sequencing and analysis of sorted samples 

Amplicon sequencing of the 16S rRNA gene from the sorted samples was performed as 

described in 3.2. The hypervariable V4 region was amplified, samples were barcoded, purified, 

normalized, and prepared for sequencing as previously described (Pjevac et al., 2021). 

Sequencing was conducted in pair-end mode using the Illumina MiSeq platform (Illumina, Inc., 

San Diego, California). Raw sequencing data underwent amplicon pool extraction with standard 

FASTQ workflow parameters (BaseSpace, Illumina). PhiX contamination was removed using 

BBDuk from the BBtools package. Demultiplexing was performed using the Python package 

"demultiplex". ASVs were inferred in pooled mode using the DADA2 R package version 1.20.0 

(R 4.1.1) and further classified using the SILVA reference database (SILVA release 138) with 

the SINA classifier, version 1.6.1. Statistical analyses were performed in the R environment (v. 

4. 2. 0) using Bioconductor v 3.15 packages, including TreeSummarizedExperiment (Huang et 

al., 2021), phyloseq (McMurdie et al., 2013), mia (Ernst et al., 2022), and microViz (Barnett et 

al., 2021). Results were visualized using the ggplot2 package (Wickham, 2009). This analysis 

allowed comparison between sorted and initial samples, enabling the determination of changes 

in biofilm prokaryotic community abundance, diversity, and activity in response to addition of 

mentioned substrates. 

 

3.4.5. Metagenome sequencing and analysis 

Total DNA sequencing was performed on the initial samples before the incubation experiment. 

DNA preparation for sequencing followed the protocol described in the Ligation Sequencing 

Kit (SQK-LSK112, Oxford Nanopore Technologies). To obtain long-read data for 

metagenomic analysis, samples were sequenced using the PromethION P24 platform with 

MinKNOW operating software (v. 21.10.8) on two different flow cell types, R10.3 and R10.4 

(all versions specified by Oxford Nanopore Technologies, United Kingdom). Long-reads, 

although more error-prone, enable the assembly of long repeat regions and more complete 

genomes (Buttler and Drown, 2023).  

For the R10.4 pore, long-reads were basecalled with Guppy (v. 5.0.17) using Super Accuracy 

Mode and assembled using flye (v. 2.9-b1768) with “–nano-hq” option (Kolmogorov et al. 

2019). To ensure the extensive amounts and lengths of precise data and more complete 

genomes, the assembly underwent three rounds of polishing with minimap2 (v. 2.17, Li, 2018) 

and racon (v. 1.4.3, Vaser et al., 2017), followed by two rounds of polishing with Medaka 
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models (v. 1.4.4, URL 5). For the R10.3 specific part, long-reads were basecalled with bonito 

(v. 0.3.5) and assembled using flye (v. 2.9-b1768) with “–nano-hq” option (Kolmogorov et al. 

2019). The assembly was polished three times with minimap2 (v. 2.17, Li, 2018) and racon (v. 

1.4.3, Vaser et al., 2017) models, and finally, once with Illumina short reads (NovaSeq 6000, 

Eurofins Genomics Europe Sequencing GmbH, Germany). The R10.3+LSK112 data were 

polished with Illumina short reads because this data version has been discontinued, and Medaka 

models were never released for it.  

After the reads were mapped to the assemblies, the read mappings were converted using 

samtools (v. 1.12, Li et al., 2009) for the binning process with metabat2 (v. 2.15, Kang et al. 

2019). Contigs labelled as circular by the assembler were extracted as independent bins before 

the automatic binning process. Classification of reads was performed using kraken (v. 2.1.2). 

All generated metagenomes were co-assembled and binned into combined metagenome-

assembled genomes (MAGs). The quality of the reconstructed MAGs was assessed using 

QUAST (v. 5.0.2, Gurevich et al., 2013) and CheckM (v. 1.1.1, Parks et al., 2015), followed by 

taxonomic classification using GTDBtk (v. 1.5.1, Chaumeil et al. 2020). 

Analysis of MAGs was performed using a modified script (URL 6) with the software 

METABOLIC, a toolkit for profiling metabolic and biogeochemical traits and functional 

networks in microbial communities based on microbial genomes as described in (Zhou et al., 

2022). Prediction of genes on good quality MAGs (completeness > 50 %, contamination <10 

%) and contigs longer than 1 kbp from the entire metagenomic assembly was performed using 

Prodigal (Hyatt et al., 2010). To generate a broad range of HMM (Hidden Markov model) 

profiles of metabolic genes, three sets of HMM-based databases were integrated (Zhou et al., 

2022): KOfam containing HMM profiles for KEGG/KO with predefined score thresholds 

(release July 2019, Aramaki et al., 2019), TIGRfam (release 15.0, Selengut et al., 2007) and 

Pfam (release 32.0, Finn et al.,2014). Methods for manual curation of these HMM databases 

are described in (Zhou et al., 2022). HMM databases were used as a reference for hmmsearch 

(Finn et al., 2011) to find protein hits of input genomes. The KEGG database was used to assign 

pathways, brite, and modules of KOs (Kanehisa et al., 2023). For carbohydrate-active enzymes 

(CAZymes), dbCAN2 was used to annotate proteins with default settings (Zhang et al., 2018). 

All statistical analyses and visualization were done in the R environment (version 4. 2. 0.) using 

the packages phyloseq (McMurdie and Holmes, 2013), vegan (Oksanen et al., 2020), dplyr 

(Wickham et al., 2023) and ggplot2 (Wickham, 2016). 
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4. RESULTS 

Parts of chapter 4 (4.1. - 4.3.) are published in (Kostešić et al., 2023). 

4.1. Environmental characteristics and description of the sampling sites 

The sampled geothermal springs and wells (n = 12) differed significantly in their geochemistry 

(Tables 4 - 7). Among them, the Topusko well (TEB) and the Bizovac well (B) had the highest 

temperatures, reaching 64.8 °C each, while the Đakovačka Breznica well (DB) had the lowest 

recorded temperature, 12.9 °C. 

 

Table 4. Physicochemical properties of spring water measured in situ or collected directly above 

biofilm samples in autumn 2019. 

 

 

Autumn 2019 

Samples K DB TOP TEB T VK 

pH 7 7.2 6.82 6.76 6.99 7.16 

T °C 41.8 12.9 46.2 64.8 32.1 40.7 

DIC mg/L 60.8 114 52 52.9 74.1 101 

DOC mg/L 0.12 4.4 0.05 0.13 0.13 0.13 

TN mg/L <1 3 <1 <1 <1 3 

EC mS/cm 509 839 602 627 533 1160 

Ca2+ mg/L 52.4 114.7 78.9 83.7 66.5 123.6 

Cl- mg/L 1.7 3.2 9.1 10.6 1.5 52 

K+ mg/L 2.6 1 10.6 11.8 2 11.9 

Mg2+ mg/L 31.9 33.4 18.4 19.3 38.2 26.6 

Na+ mg/L 8.7 27 16.9 18.7 7.5 97.7 

HCO3
- mg/L 305 580 265 270 378 510 

NH4
+ mg/L 0.1 2.2 0.3 0.3 0.2 0.8 

NO3
- mg/L <0.1 4 <0.1 <0.1 <0.1 4.6 

SO4
2- mg/L 35 11.1 90.7 104.9 31.5 153.8 

O2 mg/L 0.14 0.4 1.7 0 0.08 0 

SiO2 mg/L 25.2 30.7 35.2 43.5 20.9 51.4 

H2S mg/L 0.08 15.8 0.8 1.2 0.48 1.2 
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Considering Table 1 (Novak, 1968), DB well can be classified as cold water, Jana (J), Šemnica 

(S) and Tuhelj (T) springs as hypothermic waters, and all other sampled sites (B, VK, V, TEB, 

TOP, Z, K, D) as hyperthermic waters. The pH values of the sampled water spanned from 6.3 

to 8.3, denoting a range from weakly acidic to mildly alkaline. An inversely proportional 

relationship was observed between the pH and the concentration of dissolved gasses (CO2, NH3, 

H2S), with higher gas concentration associated with lower pH and vice versa. The Bizovac well 

(B) sampled in spring 2021 had the highest concentrations of ammonia (18.4 mg L-1) and total 

nitrogen (TN, 16 mg L-1), while the DB well collected in spring 2020 had the highest H2S 

concentration (18.8 mg L-1). Concentrations of SO4 
2- ranged from 9.3 to 196.9 mg L- 1. 

 

Table 5. Physicochemical properties of spring water measured in situ or collected directly above 

biofilm samples in spring 2019. 

Spring 2020 

Samples K DB TOP T VK V D Z S J B 

pH 6.99 7.21 6.72 6.99 7.14 6.4 6.77 8.02 7.18 7.17 7.45 

T °C 42.2 13.9 46.5 32.3 40 59 45.8 45 28.7 24.3 64 

DIC mg/L 54.9 105.9 52 70.6 66.7 68.6 64.7 98 64.7 70.6 186.3 

DOC mg/L 0.11 0.11 0.11 0.11 0.7 0.07 0.23 1.88 0.13 0.14 3.77 

TN mg/L <1 <1 <1 <1 0 0 <1 6.4 <1 <1 6.5 

EC mS/cm 508 840 600 603 1197 1161 591 840 570 550 4860 

Ca2+ mg/L 50.9 114.7 78.3 64.9 123.7 121.3 75.6 4.1 65.3 64.5 32.7 

Cl- mg/L 2.6 8.6 16.9 2.1 109 105.9 2.1 3.9 2.5 2.7 1360.7 

K+ mg/L 2.7 0.3 10.6 2 12.2 12 3.4 3.3 1.6 1.7 86.5 

Mg2+ mg/L 30.9 30.3 18.1 37.1 26.2 25.7 24.5 0.5 34.9 33.1 13.3 

Na+ mg/L 8.7 25.2 16.7 7 94.4 92.4 13.2 193.2 3.8 3.2 1125.7 

HCO3
- mg/L 280 540 265 360 340 350 330 500 330 360 950 

NH4
+ mg/L 0.13 0.72 0.35 0.22 0.38 0.92 0.38 9.03 <0.01 0.02 8.82 

NO3
- mg/L 1 <0.1 <0.1 1.4 1.5 0.1 <0.1 <0.1 0.3 1 <0.1 

SO4
2- mg/L 36.9 18.3 104.1 32.5 196.9 179.2 52.5 24.3 44 9.5 10.3 

O2 mg/L 0.01 0.8 0.5 0.07 1.2 0 0.08 0.2 2.8 6.3 0 

SiO2 mg/L 23.5 31.9 37 19.8 50.8 53 40 30.5 15.6 13.6 65.3 

H2S mg/L 0.08 18.8 0.8 0.48 1.2 12 0.01 2.4 <0.01 <0.01 1.8 

 



36 

 

Ammonia and sulfate content can be attributed to natural processes such as decomposition of 

organic matter within quaternary deposits infiltrated by geothermal water, dissolution of 

hydrogen sulfide and ammonia gas in the subsurface, and weathering of sulfides (Marković et 

al., 2012). Considering Table 1 (Novak, 1968), both DB and B wells, along with Topusko well 

(TEB), Varaždin spring (VK), Varaždin well (V), and Zelina well (Z), can be classified as sulfur 

sources. The highest O2 concentration, 6.8 mg L-1
, was observed in Jana spring (J) collected in 

autumn 2020.  

Table 6. Physicochemical properties of spring water measured in situ or collected directly above 

biofilm samples in autumn 2020. 

Autumn 2020 

Samples DB TEB T VK V Z J K 

pH 7.36 6.74 6.97 7.1 6.27 8.28 7.35 7.01 

T °C 13.23 46.5 32.4 41 56.7 39.5 23.65 42 

DIC mg/L 105.5 55.2 78.2 100 100.5 115.5 80.1 65.2 

DOC mg/L 0.66 0.6 0.11 0.7 0.72 1.3 0.3 0.33 

TN mg/L 1.9 <1 <1 0 <1 5.8 <1 <1 

EC mS/cm 604 603 604 1190 1172 523 500 512 

Ca2+ mg/L 114.1 84.2 66.5 127 125.3 4.3 65.6 52.6 

Cl- mg/L 10.7 18.3 1.3 105 109.7 2.9 1.7 1.6 

K+ mg/L 0.9 10.7 1.9 12 12.2 3.2 1.6 2.6 

Mg2+ mg/L 33.1 18.5 38.2 27.1 26.8 0.6 33.3 31.9 

Na+ mg/L 27 17.9 7 97.9 95.9 202.5 2.9 8.5 

HCO3
- mg/L 512 276 378 370 380 556 380 322 

NH4
+ mg/L 2.1 0.29 0.2 0.3 0.77 7.66 0.01 0.11 

NO3
- mg/L 1.9 0.7 1.3 1.5 1.9 1.3 1.6 0.7 

SO4
2- mg/L 17.3 97.7 31.2 180.3 167.4 21.9 9.3 35 

O2 mg/L 0.72 1 0.02 1.2 0 5.19 6.8 0.02 

SiO2 mg/L 30.9 36.3 20.3 103 105.3 31.2 13.4 23.4 

 

Notably, in addition to the highest temperature, TN and ammonia concentration, the Bizovac 

well had the highest anion concentration (2580 mg L-1 HCO3
-, 1360.7 mg L-1 Cl-, 7.8 mg L-1 
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NO3
-), as well as the highest DIC and DOC concentrations among all sampled sources (Tables 

4 – 7). In general, DIC ranged from 52 to 390 mg L- 1, DOC from 0.05 to 86 mg L- 1, and 

essential cation contents were in the following ranges: Ca2+ from 4.1 to 127, Mg2+ from 0.5 to 

38.2, K+ from 0.3 to 86.5 and Na+ from 2.9 to 1826.9 mg L-1 (Tables 4 – 7). 

Table 7. Physicochemical properties of spring water measured in situ or collected directly above 

biofilm samples from the Bizovac well and the Tuhelj spring, on which incubation experiments 

were conducted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the context of seasonality, the sources showed slight variations in their geochemistry, which 

can be related to the influence of hydrological conditions and the amount of water pumped from 

deeper parts of the aquifer (Tables 4 - 7).  

Samples 

Spring 2021 Autumn 2021 

T B T B 

pH 6.99 7.6 6.98 7.75 

T °C 33 64 32.3 64.8 

DIC mg/L 75.1 390 76.2 323.3 

DOC mg/L 0.14 35.5 0.12 86 

TN mg/L <1 16 <1 12.4 

EC mS/cm 602 4830 569 8913 

Ca2+ mg/L 65.5 7.5 66.5 7.7 

Cl- mg/L 1.7 688.1 1.4 1270.9 

K+ mg/L 1.9 13.5 2 11.8 

Mg2+ mg/L 32.9 1.4 38.2 2.2 

Na+ mg/L 6.7 1147.4 7.3 1826.9 

HCO3
- mg/L 380 1950 378 2580 

NH4
+ mg/L 0.11 18.4 0.2 15.8 

NO3
- mg/L <0.1 7.8 0.7 4.9 

SO4
2- mg/L 30.8 20.4 31.4 11.2 

O2 mg/L 0 0 0.05 2.16 

SiO2 mg/L 21.8 69.3 20.6 68 

H2S mg/L 0.16 1.8 0.48 2.1 
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4.2. Taxonomic composition and diversity of biofilm prokaryotic communities through 

seasons 

Based on 16S rRNA gene amplicon sequencing, microorganisms inhabiting 61 biofilm samples 

collected over three seasonal and two additional samplings were clustered into 4496 ASVs.  

 

 

Figure 8. NMDS (Bray-Curtis dissimilarity) clustering of hot spring biofilm microbial 

communities. Samples are colored by sampling location, while shapes represent the sampling 

seasons. 
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The NMDS analysis (Bray-Curtis dissimilarity) showed that the microbial community of 

biofilms was predominantly clustered according to their spring or well of origin (Figure 8). This 

result was further verified by PERMANOVA, which confirmed the spring source as a 

significant factor influencing biofilm community composition (R2 = 0.42, p < 0.001). Among 

the measured environmental parameters, temperature (R2 = 0.8, p < 0.001) and electric 

conductivity (correlated with concentrations of sodium, potassium, and chlorine ions) (R2 = 0.5, 

p < 0.001) best explained community structure (Table 8). Season of sampling (R2 = 0.06, p = 

0.08) and biofilm sample color (R2 = 0.08, p = 0.89) did not significantly correlate with 

observed community structure at the ASV level. 

 

Table 8. Tested environmental parameters using NMDS based on Bray-Curtis dissimilarity 

distances. 

Parameters Distance r2 p-value 

pH Bray-Curtis 0.396426 0.001 

T °C Bray-Curtis 0.846393 0.001 

DIC (mg/L) Bray-Curtis 0.268837 0.001 

DOC (mg/L) Bray-Curtis 0.107403 0.055 

EC (mS/cm) Bray-Curtis 0.477058 0.001 

Ca2+ (mg/L) Bray-Curtis 0.359249 0.001 

Cl- (mg/L) Bray-Curtis 0.474361 0.001 

K+ (mg/L) Bray-Curtis 0.511882 0.001 

Mg2+ (mg/L) Bray-Curtis 0.380571 0.001 

Na+(mg/L) Bray-Curtis 0.498542 0.001 

NH4
+ (mg/L) Bray-Curtis 0.404466 0.001 

NO3
- (mg/L) Bray-Curtis 0.276962 0.001 

O2 (mg/L) Bray-Curtis 0.059064 0.189 

SiO2 (mg/L) Bray-Curtis 0.568962 0.001 

SO4
2- (mg/L) Bray-Curtis 0.503213 0.001 

H2S (mg/L) Bray-Curtis 0.074191 0.123 

 

Overall, biofilm communities were highly diverse, with ASVs affiliating with 52 bacterial and 

10 archaeal phyla. Almost all analyzed biofilms were dominated by Cyanobacteria phylum 

(Figure 9). In addition to Cyanobacteria, phyla Pseudomonadota, Chloroflexota and 
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Bacteroidota also had high relative abundances in all biofilm samples (Figure 9). The relative 

abundance of Archaea was comparatively low in all samples (7 ± 3 % on average). Unlike most 

samples, biofilms from the Bizovac well were not dominated by the Cyanobacteria phylum. 

Instead, phyla Pseudomonadota, Chloroflexota, Deinococcota, and Bacteroidota accounted for 

large fractions of the community composition in the biofilms from this site (Figure 9). At the 

family and genus level, prokaryotic community composition was highly site-specific (Figure 

10 and Figure 11). 

 

 

Figure 9. Microbial community composition clustered at phylum level. Phyla where cumulative 

relative abundance of ASVs exceeded 5 % in at least one biofilm sample are displayed, while 

the residual community is clustered as “Other.” Samples are grouped based on the color of 

biofilm samples. Sampling locations are indicated by the sampling site abbreviations, while 

shapes represent the sampling seasons. 
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Figure 10. Bubble plot of the average relative abundance (circle size) of 30 most abundant 

families, colored according to their phylum affiliation. Samples are grouped based on the color 

of biofilm samples. Sampling locations are indicated by the sampling site abbreviation, while 

shapes represent the sampling seasons. 
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Figure 11. Microbial community composition at the genus level. Bubble plot of the average 

relative abundance (circle size) of 30 most abundant genera, colored according to their phylum 

affiliation. Samples are grouped based on the color of biofilm samples. Sampling locations are 

indicated by the sampling site abbreviation, while shapes represent the sampling seasons. 

Leptolyngbyaceae and Nostocaceae were the relatively most abundant cyanobacterial families 

in all biofilms, apart from samples from the sulfidic cold spring DB, where Trychonema-related 

ASV (family Phormidiaceae, Figure 10 and Figure 11) dominated the cyanobacterial 

community. In the samples from Bizovac well, Cyanobacteria were not only less abundant 

overall, but also distinctly different from the cyanobacterial communities of the other biofilms, 

with ASVs predominantly associated with unicellular colony-forming members of the genus 
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Gloeocapsa (family Chroococcidiopsaceae; Figure 10 and Figure 11). In general, Bizovac 

biofilms exhibited high diversity, with only a few highly abundant individual genera and a 

distinct community composition compared to samples from other geothermal sites (Figures 9 - 

11). Among the thiotrophic members of the community, unicellular gammaproteobacterial 

Halothiobacillaceae family (genus Thiofaba) dominated biofilms from the Bizovac well in all 

three sampling seasons. Additionally, filamentous gammaproteobacterial populations (family 

Thiotrichaceae, genus Thiothrix, Figure 10 and Figure 11) and ASVs related to the genus 

Sulfurovum (phylum Campylobacterota, Figure 10 and Figure 11) were detected in the samples 

from all other sites. 

The initial community of freshly collected (spring 2021) biofilms from the Bizovac well used 

for the activity screening experiments was again dominated by the phyla Bacteroidota (28.1 %), 

Pseudomonadota (27.3 %), and Chloroflexota (11.1 %), while the biofilms from the Tuhelj 

spring were again dominated by the phylum Cyanobacteria (41.5 %), but the phyla 

Pseudomonadota (13.8 %) and Chloroflexota (14.7 %) were also relatively abundant (Figure 

9).  

The initial community of freshly collected (autumn 2021) biofilms from the Bizovac well used 

for the activity experiment at single-cell resolution was dominated by phyla Deinococcota (25.7 

%) and Pseudomonadota (15.7 %), Chloroflexota (11.3 %) and Bacteroidota (10.7 %). Biofilms 

from the Tuhelj spring were again dominated by phylum Cyanobacteria (53.3 %), but phyla 

Pseudomonadota (11.9 %), Bacteroidota (10.3 %) and Chloroflexota (5.4 %) were also 

relatively abundant (Figure 9). 

 

4.3. Activity patterns of Bizovac and Tuhelj biofilms detected with BONCAT-CARD-

FISH method 

By combining sequencing methods with quantitative analyses of BONCAT and CARD-FISH, 

a detailed description of community structure is provided and the taxonomic identity of active 

cells under different incubation conditions are determined. 

The microbial communities of the freshly collected biofilms in spring 2021 were characterized 

by 16S rRNA gene amplicon sequencing and confirmed compositional similarity to previously 

analyzed biofilm samples collected in 2019 and 2020 from the respective source environments 

(Figure 9 - 12). 
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Figure 12. Family-level microbial community composition of Bizovac and Tuhelj biofilms, 

collected in spring 2021, on which incubation experiments were performed. 

 

As expected, the active fraction of the bacterial biofilm community (defined as a CARD-FISH 

signal with the probe mixture EUBI-III, targeting most bacteria, and a positive BONCAT 

signal) was lowest when the biofilm samples were incubated in the dark without the substrate 

addition (i.e., HPG-only control). The active fraction of cells in the incubations without 

substrate addition was very similar in both biofilm samples: after 24 h of incubation, 33 % and 

35 % of EUBI-III positive cells displayed a BONCAT signal in Bizovac and Tuhelj biofilm 

incubations, respectively (Figure 13, Table 9). Moreover, the fraction of active cells in the HPG-

only controls did not change significantly after 48 h of incubation in either biofilm (Figure 13, 

Table 9). The result indicated that the native energy and substrate sources were nearly depleted 

or that all microorganisms capable of utilizing these under the applied experimental conditions 

became active within 48 h. The 48 h incubation time point was therefore chosen to further 

investigate the effects of different substrate additions on the fraction and identity of active 

biofilm populations. All results of BONCAT-CARD-FISH method can be found in Appendix 

2. 
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Figure 13. Biovolume of the active fraction (i.e., displaying BONCAT signal) of cells 

displaying a positive CARD-FISH signal with probes specifically targeting the Chloroflexota 

phylum (CFX1223), the Gammaproteobacteria class (Gam42a), or all bacteria (EUBI-III mix) 

after 24 h without substrate amendment (HPG-only), and 48 h without substrate amendment 

(HPG-only) and in incubations amended with glucose, pyruvate, acetate or thiosulfate and in 

the presence of light. 

The addition of glucose, pyruvate, acetate, and thiosulfate resulted in a significant increase in 

the active bacterial fraction (defined by a positive signal with the EUBI-III mix probe and a 

positive BONCAT signal) after 48 h of incubation (Figure 13). The glucose amendment resulted 

in the highest total biovolume of active cells in the Bizovac biofilms (58 %). The thiosulfate 

amendment had the greatest effect on the total active cell fraction in the Tuhelj biofilms (62.5 

%), while the activity stimulated by acetate, pyruvate and glucose additions was significantly 

lower (Figure 13, Table 9). Moreover, the activity stimulated by acetate and glucose 

supplements in the Tuhelj biofilms was lower than the activity stimulated by the same substrates 

in the Bizovac biofilms (Figure 13, Table 9). 
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Table 9. Biovolume (based on daime image analysis) of CARD-FISH-BONCAT positive cells 

in biofilm incubation experiments. 

Biofilm Substrate Time point Probe Histogram stretching Segmentation method % biovolume % congruency 

Tuhelj acetate 48 Gamm42a 50-200 Custom:5-255 3.6 50 

Tuhelj glucose 48 Gamm42a 40-200 Custom:30-255 36.2 31 

Tuhelj pyruvate 48 Gamm42a 30-150  Custom:60-255 28.5 41 

Tuhelj thiosulfate 48 Gamm42a 30-200 Custom:90-255 47.9 56 

Tuhelj HPG+Dark 24 Gamm42a 20-150 Custom:5-255 9.7 37 

Tuhelj HPG+Dark 48 Gamm42a 20-150 Isodata 9.9 46 

Tuhelj HPG+Light 48 Gamm42a 50-200 Custom:5-255 16.4 24 

Bizovac acetate 48 Gamm42a 50-200 Custom:5-255 12.3 42 

Bizovac glucose 48 Gamm42a 20-150 Isodata 55.5 65 

Bizovac pyruvate 48 Gamm42a 20-150 Custom:5-255 36.9 69 

Bizovac thiosulfate 48 Gamm42a 20-150 Custom:5-255 61 71.5 

Bizovac HPG+Dark 24 Gamm42a 20-150 Custom:5-255 24.2 88 

Bizovac HPG+Dark 48 Gamm42a 30-150 Custom:20-150 24.9 48 

Bizovac HPG+Light 48 Gamm42a 20-150 Isodata 7.1 74 

Tuhelj acetate 48 CFX1223 30-150 Custom:60-255 9 57 

Tuhelj glucose 48 CFX1223 70-255 Custom:90-255 47.1 46 

Tuhelj pyruvate 48 CFX1223 60-200 Custom:5-255 25.5 41 

Tuhelj thiosulfate 48 CFX1223 30-150 Custom:5-255 37.6 29 

Tuhelj HPG+Dark 24 CFX1223 50-200 Custom:30-255 19.3 32 

Tuhelj HPG+Dark 48 CFX1223 0-10 Custom:30-255 15.1 84 

Tuhelj HPG+Light 48  CFX1223 50-200 Custom:5-255 18.2 52 

Bizovac acetate 48 CFX1223 20-150 Isodata 20.7 96 

Bizovac glucose 48 CFX1223 1-150 Isodata 29.9 95 

Bizovac pyruvate 48 CFX1223 20-150 Custom:5-255 20.1 44 

Bizovac thiosulfate 48 CFX1223 20-150 Custom:5-255 28.9 40 

Bizovac HPG+Dark 24 CFX1223 20-255 Isodata 1.8 73 

Bizovac HPG+Dark 48 CFX1223 20-150 Custom:5-255 8.9 11 

Bizovac HPG+Light 48 CFX1223 20-150 Custom:5-255 9.5 38 

Tuhelj acetate 48 EUBI-III 70-200 Custom:5-255 40.1 33 

Tuhelj glucose 48 EUBI-III 20-150 Isodata 46 95 

Tuhelj pyruvate 48 EUBI-III 30-200 Custom:5-255 48.3 29 

Tuhelj thiosulfate 48 EUBI-III 40-200 Custom:5-255 62.5 43 

Tuhelj HPG+Dark 24 EUBI-III 30-200 Custom:5-255 34.9 48 

Tuhelj HPG+Dark 48 EUBI-III 20-150 Custom:30-255 36.7 23 

Tuhelj HPG+Light 48 EUBI-III 100-200 Custom:5-255 42 19 

Bizovac acetate 48 EUBI-III 20-150 Isodata 48.8 60 

Bizovac glucose 48 EUBI-III 50-200 Isodata 58.1 53 

Bizovac pyruvate 48 EUBI-III 20-150 Isodata 40.5 80 

Bizovac thiosulfate 48 EUBI-III 20-190 Isodata 52 99 

Bizovac HPG+Dark 24 EUBI-III 30-150 Custom:30-255 33.2 40 

Bizovac HPG+Dark 48 EUBI-III 20-150 Isodata 35.3 94 

Bizovac HPG+Light 48 EUBI-III 20-190 Isodata 34.8 97 
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In contrast, the activity in Tuhelj biofilms stimulated by pyruvate amendment (Figure 13, Figure 

14 A - B) and the presence of light was higher than the activity in Bizovac biofilms stimulated 

by the same substrates (Figure 13, Table 9). Interestingly, bacterial activity stimulated by the 

presence of light in Bizovac biofilms did not differ from the substrate free HPG-only control, 

after 48 h (35.3 %; 34.8 %; Table 9, Figure 13). Because Gammaproteobacteria- and 

Chloroflexota-related ASVs were the most abundant noncyanobacterial ASVs in both biofilms 

(Figure 12), the contributions of these taxa were selected for a more detailed analysis of the 

observed responses to substrate changes using BONCAT–CARD- FISH.  

The class Gammaproteobacteria accounted for 22.8 % of the initial population in the Bizovac 

biofilms, with high relative abundances of the families Rhodocyclaceae (10.6 %), 

Hallothiobacillaceae (4.9 %), and Hydrogenophilaceae (1.8 %), which are known to harbor 

thiosulfate oxidizers (Figure 12). In the Tuhelj biofilms, Gammaproteobacteria- related ASVs 

accounted for 11.2 % of the total microbial population, with most ASVs belonging to the 

families Rhodocyclaceae (3.6 %), Chromatimaceae (1.1 %), and Beggiatoaceae (1.0 %) 

(Figure 12). The fraction of active Gammaproteobacteria cells (defined as a CARD-FISH signal 

with the Gam42a probe and a positive BONCAT signal) remained constant when comparing 

24 h and 48 h incubations without substrate amendment (HPG-only, Figure 13). Under these 

conditions, approximately 25 % of the gammaproteobacterial cells were active in the Bizovac 

biofilms, while only 10 % of the gammaproteobacterial population was active in the Tuhelj 

biofilms (Table 9, Figure 13). Glucose and thiosulfate additions resulted in very similar 

responses of the gammaproteobacterial class in the Bizovac biofilms, with 56 % and 61 % of 

translationally active cells after 48 h of incubation, respectively (Figure 13, Figures 14 C-D, 

Table 9). The addition of pyruvate resulted in a slightly less pronounced increase in 

gammaproteobacterial activity in the Bizovac biofilms over the same period (16.9 %, Table 9, 

Figure 13). In contrast, the addition of acetate and the presence of light negatively affected the 

activity of gammaproteobacterial cells in the Bizovac biofilms, with a BONCAT signal detected 

in only 12.5 % and 7.1 % of Gam42-positive cells after 48 h of incubation, respectively (Figure 

13, Table 9). In the Tuhelj biofilms, the addition of thiosulfate resulted in a significant increase 

in the active fraction of gammaproteobacterial cells with 48 % translationally active Gam42a-

positive cells after 48 h of incubation (Figure 13, Table 9). Glucose and pyruvate amendments 

also increased the activity of the gammaproteobacterial class in the Tuhelj biofilms, with 36 % 

and 28.5 % of cells displaying activity after 48 h, respectively (Figure 13, Table 9). Compared 

to the HPG-only control incubated in the dark, the presence of light slightly increased the 
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gammaproteobacterial activity (16.4 %) in Tuhelj biofilms after 48 h of incubation (Table 9, 

Figure 13). As previously observed in the Bizovac biofilms, acetate addition also suppressed 

the activity of the gammaproteobacterial class in the Tuhelj biofilms. After 48 h of incubation 

with acetate, only 3.6 % of the gammaproteobacterial cells were translationally active (Figure 

13, Table 9).  

In the Bizovac biofilms, phylum Chloroflexota had a lower relative abundance than t class 

Gammaproteobacteria. Almost all ASVs associated with Chloroflexota (11.1 %) belonged to 

the SBR1031 clade (4.4 %) or the family Anaerolineaceae (6.1 %, Figure 12). In the Tuhelj 

biofilms, Chloroflexota-related ASVs had a higher relative abundance than 

Gammaprotobacteria class and accounted for the majority of the noncyanobacterial microbial 

community (14.7 %). Most ASVs in the Tuhelj samples belonged to the families 

Chloroflexaceae (8.9 %) and Anaerolineaceae (2.9 %, Figure 12). In the Bizovac biofilms, less 

than 2 % of Chloroflexota cells (defined as a CARD-FISH signal with the CFX1223 probe and 

a positive BONCAT signal) were active after 24 h, while 9 % of cells were active after 48 h of 

incubation without substrate amendment (HPG-only, Table 9, Figure 13). In the Tuhelj 

biofilms, the activity of Chloroflexota cells was much higher in the treatments without substrate 

addition (HPG-only) than in the Bizovac biofilms, with 19 % and 15 % of active CFX1223 

positive cells after 24 h and 48 h of incubation, respectively (Figure 13, Table 9). In both 

biofilms, the presence of light did not have a major effect on the activity of Chloroflexota cells 

compared to the activity in the HPG-only control treatments. After 48 h incubation in the light, 

9.5 % of Chloroflexota cells in the Bizovac biofilm were active, while 18.2 % of CFX1223 

cells in the Tuhelj samples showed a positive BONCAT signal (Figure 13, Figures 14 E-F, 

Table 9). Like the activity in the control treatment, the response of Chloroflexota populations 

in the Bizovac biofilms to glucose and thiosulfate additions was lower than the response of the 

gammaproteobacterial population. After 48 h of incubation in these substrates, 30 % and 29 % 

of the populations were active, respectively (Figure 13, Table 9). However, unlike 

Gammaproteobacteria class, the Chloroflexota population in the Bizovac biofilms responded 

with increased activity to acetate amendment, mirroring the pattern observed during pyruvate 

incubation: 20.7 % and 20.1 % of active Chloroflexota cells after 48 h of incubation, 

respectively (Figure 13, Table 9). In contrast, incubation with acetate in the Tuhelj biofilms 

resulted in lower Chloroflexota activity compared with the control treatments. After 48 h of 

incubation with acetate addition, only 9 % of Chloroflexota cells were active (Figure 13, Table 

9). The addition of glucose resulted in the highest increase, while the addition of pyruvate 
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resulted in the lowest increase in activity and percentage of active Chloroflexota cells in the 

Tuhelj biofilms (47 % and 25.5 % after 48 h of incubation, respectively). Lastly, 37 % of the 

Chloroflexota populations in the Tuhelj biofilms were active after 48 h of incubation in 

thiosulfate amended setups (Figure 13, Table 9). 

 

Figure 14. Images of incubated biofilms labelled with Cy5 (RED) for BONCAT signal and Cy3 

(YELLOW) or Atto-488 (GREEN) for CARD-FISH signal: EUBI-III in Tuhelj biofilms 

incubated for 24 (A) and 48 (B) h in pyruvate; Gam42a in Bizovac biofilms incubated for 24 

(C) and 48 (D) h in glucose; CFX1223 in Tuhelj biofilms incubated for 24 (E) and 48 (F) h with 

light. 
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4.4. Metabolic capacity of Bizovac and Tuhelj biofilms 

4.4.1. Activity patterns of biofilms at the single-cell resolution 

By combining sequencing methods with BONCAT and FACS, a detailed description of 

community structure on a single- cell resolution is provided, as well as insights into changes in 

the taxonomic composition of the biofilms following incubation with various additives. The 

microbial communities of the freshly collected biofilms in autumn 2021 were characterized by 

16S rRNA gene amplicon sequencing. This analysis confirmed compositional similarities to 

previously analyzed biofilm samples collected in 2019 and 2020 from their respective source 

environments. The only notable difference was a higher relative abundance of phylum 

Deinococcota in the biofilms from the Bizovac well (Figure 9 - 11). 

When incubated in the dark without the addition of substrate (i.e., the HPG-only control), the 

active fraction of the biofilm community was very similar in both biofilm samples (Table 10). 

After 24 h of incubation, 18 % of the cells in the Tuhelj biofilms and 18.6 % of the cells in the 

Bizovac biofilms exhibited a positive BONCAT signal (Table 10). The percentage of active 

cells did not change significantly after 48 h of incubation in either biofilm (Table 10), indicating 

that either the native energy and substrate sources were nearly depleted or that all 

microorganisms capable of utilizing these under the applied experimental conditions became 

active within the specified time frame. 

In the Tuhelj biofilms, the addition of pyruvate, thiosulfate, and tetrathionate resulted in an 

increase in the active fraction after 48 h of incubation (Table 10). The addition of thiosulfate 

again led to the highest percentage of active cells in the Tuhelj biofilms (48.5 % after 24 h and 

58.7 % after 48 h, Table 10). The pyruvate and tetrathionate amendments led to similar 

percentage of active cells after 24 h incubation (26.1 % and 21.4 %, respectively), but differed 

at 48 h time point, with the addition of pyruvate resulting in a higher activity increase (36.9 %, 

Table 10). In contrast, the addition of acetate resulted in a lower active fraction in the Tuhelj 

biofilms compared to the HPG-only controls, with only 10.1 % active cells after 48 h of 

incubation (Table 10). The thiocyanate amendment resulted in nearly the same percentage of 

active cells as in the HPG-only controls after 24 h but decreased slightly to 15.5 % during the 

48 h incubation (Table 10). 

For the Bizovac sample, incubation with all additives resulted in increased activity compared 

to the HPG-only controls (Table 10). Like in the Tuhelj biofilms, the highest percentage of 

active cells in the Bizovac biofilms was displayed upon incubation with thiosulfate with 31.5 

% after 24 h and 56.3 % of active cells after 48 h of incubation (Table 10). In contrast to the 
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Tuhelj biofilm, the addition of acetate in the Bizovac biofilms resulted in an activity increase 

with 47.2 % of active cells after 48 h incubation (Table 10). Although acetate, thiosulfate, and 

tetrathionate amendments resulted in almost the same percentage of active cells after 24 h, the 

addition of tetrathionate in the Bizovac biofilm eventually resulted in the lowest increase in 

activity after 48 h among the substrates tested (22.5 %, Table 10). The addition of pyruvate and 

thiocyanate led to similar percentage of active cells in the Bizovac biofilms after 24 h (24.2 % 

and 25 %, respectively), but the active fraction in the incubation with pyruvate did not change 

during the 48 h, whereas the addition of thiocyanate resulted in 33.9 % of active cells after 48 

h incubation (Table 10). 

Table 10. Percentage of DAPI-BONCAT positive cells in biofilm incubation experiments and 

calculated cell density. 

Substrate DAPI Boncat TCC BCC % Boncat WCC V for FACS (mL) 

Tuhelj_24 h 

HPG 

HPG + Acetate 

HPG + Pyruvate 

HPG + Na2S2O3 

HPG + K2S4O6 

HPG + KSCN 

399 

275 

449 

656 

388 

774 

72 

35 

117 

318 

83 

140 

7.48E+07 

5.15E+07 

8.41E+07 

1.23E+08 

7.27E+07 

1.45E+08 

1.35E+07 

6.56E+06 

2.19E+07 

5.96E+07 

1.56E+07 

2.62E+07 

18.0 % 

12.7 % 

26.1 % 

48.5 % 

21.4 % 

18.1 % 

5.00E+05 

5.00E+05 

5.00E+05 

5.00E+05 

5.00E+05 

5.00E+05 

6.69E-03 

9.70E-03 

5.94E-03 

4.07E-03 

6.88E-03 

3.45E-03 

Tuhelj_48 h   

HPG 

HPG + Acetate 

HPG + Pyruvate 

HPG + Na2S2O3 

HPG + K2S4O6 

HPG + KSCN 

585 

425 

609 

774 

549 

646 

101 

43 

225 

454 

140 

100 

1.10E+08 

7.96E+07 

1.14E+08 

1.45E+08 

1.03E+08 

1.21E+08 

1.89E+07 

8.06E+06 

4.22E+07 

8.51E+07 

2.62E+07 

1.87E+07 

17.3 % 

10.1 % 

36.9 % 

58.7 % 

25.5 % 

15.5 % 

5.00E+05 

5.00E+05 

5.00E+05 

5.00E+05 

5.00E+05 

5.00E+05 

4.56E-03 

6.28E-03 

4.38E-03 

3.45E-03 

4.86E-03 

4.13E-03 

Bizovac_24 h  

HPG 

HPG + Acetate 

HPG + Pyruvate 

HPG + Na2S2O3 

HPG + K2S4O6 

HPG + KSCN 

587 

171 

339 

308 

876 

724 

109 

54 

82 

97 

275 

181 

1.10E+08 

3.20E+07 

6.35E+07 

5.77E+07 

1.64E+08 

1.36E+08 

2.04E+07 

1.01E+07 

1.54E+07 

1.82E+07 

5.15E+07 

3.39E+07 

18.6 % 

31.6 % 

24.2 % 

31.5 % 

31.4 % 

25.0 % 

5.00E+05 

5.00E+05 

5.00E+05 

5.00E+05 

5.00E+05 

5.00E+05 

4.55E-03 

1.56E-02 

7.87E-03 

8.66E-03 

3.05E-03 

3.69E-03 

Bizovac_48 h  

HPG 

HPG + Acetate 

HPG + Pyruvate 

HPG + Na2S2O3 

HPG + K2S4O6 

HPG + KSCN 

400 

544 

196 

613 

369 

540 

83 

257 

47 

345 

83 

183 

7.49E+07 

1.02E+08 

3.67E+07 

1.15E+08 

6.91E+07 

1.01E+08 

1.56E+07 

4.81E+07 

8.81E+06 

6.46E+07 

1.56E+07 

3.43E+07 

20.8 % 

47.2 % 

24.0 % 

56.3 % 

22.5 % 

33.9 % 

5.00E+05 

5.00E+05 

5.00E+05 

5.00E+05 

5.00E+05 

5.00E+05 

6.67E-03 

4.91E-03 

1.36E-02 

4.35E-03 

7.23E-03 

4.94E-03 
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Figure 15. Relative abundance of sorted biofilms from Bizovac and Tuhelj source incubated in 

different substrates. Relative abundance (RA) shown for higher taxonomic ranks are exclusive 

of the relative abundance for separately shown lower taxonomic ranks. Taxa are NOT collapsed 

if RA ≥ 1 % in at least 1 sample(s). The highest rank(s) are never collapsed.  

 

 

http://Bubbleplotsort
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After counting the cell density (Table 10), the active fraction of the biofilm samples detected 

by the BONCAT method was sorted by FACS. Subsequently, DNA of the sorted samples was 

extracted and 16S rRNA gene amplicon analysis was performed (Figure 15). After incubation 

of the Bizovac biofilms in different substrates, changes in the relative abundance of some 

microbial groups were detected (Figure 15), so these populations were selected for more 

detailed analysis of the results obtained by the BONCAT- FACS-seq method. 

As shown in Figure 15, after 24 h of incubation, the genus Fervidobacterium of the phylum 

Thermotogota was found in higher abundance only in the HPG-only control (9.5 %) and in the 

incubation with acetate addition (6 %). In contrast, after 48 h of incubation, this genus had a 

relative abundance of 6 % in the HPG-only control but exhibited a much higher relative 

abundance in the incubations with substrate additions (Figure 15). The highest relative 

abundance of this genus (23 %) was detected in the incubation with pyruvate, while higher 

relative abundances were also observed in the incubations with thiocyanate (19 %), thiosulfate 

(10 %), and acetate (12 %, Figure 15) 

The orders Thermovenabulales and Syntrophomonadales from the phylum Bacillota also had 

significantly higher relative abundances in the incubations with substrate additions compared 

to the HPG-only control, as did Thermus from the phylum Deinococcota (Figure 15). In the 

HPG-only control, the relative abundance of Syntrophomonadales was 1 % after 24 h (Figure 

15). At the same time point, the highest relative abundance of this order was observed when 

incubated with acetate (5 %), and similar abundance was observed after incubation with 

thiosulfate and tetrathionate (4 % each, Figure 15). The relative abundance of 

Thermovenabulales in the HPG-only control was 2 % at both time points (Figure 15). The 

highest relative abundance of this order was observed after 24 h of incubation with tetrathionate 

(18 %, Figure 15). Increased abundance of this order was also observed after 24 h of incubation 

with thiosulfate (at 10 %). The genus Thermus had a relative abundance of 10 % in the HPG-

only control after 24 h of incubation, which decreased with all substrate incubations except 

thiocyanate, where it increased to 31 % relative abundance after 24 h (Figure 15). After 48 h of 

incubation, this genus was detected at a relative abundance of 8 % in the HPG-only control, 

which increased significantly in the incubations with thiosulfate (12 %), tetrathionate (18 %), 

and thiocyanate (21 %, Figure 15). 

In contrast, the Hydrogenophilus and Tepidiphilus genera of the Hydrogenophilaceae family in 

the Bizovac sample had lower relative abundances in most incubations with substrate additions 
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compared to the HPG-only control at both time points (as shown in Figure 15). For the genus 

Hydrogenophilus, the relative abundance after 24 and 48 h of incubation in the HPG-only 

control was 26 % and 17 %, respectively. Addition of acetate resulted in a decrease in relative 

abundance (12 % and 9 % after 24 and 48 h of incubation, respectively), while incubation with 

pyruvate resulted in the same relative abundance of this genus at both time points (11 %, Figure 

15). Thiosulfate resulted in a relative abundance of 13 % of Hydrogenophilus after 24 h and 10 

% after 48 h of incubation, and tetrathionate resulted in 19 % and 10 % after 24 and 48 h of 

incubation, respectively (Figure 15). The addition of thiocyanate resulted in the most significant 

decrease in relative abundance of the genus Hydrogenophilus in both time points (Figure 15). 

Two ASVs related to the genus Tepidiphilus showed higher abundance when incubated with 

acetate (5 % each) than in the HPG-only control after 24 h (Figure 15). However, in all other 

incubations, lower abundance of this genus was observed after 24 h (Figure 15). After 48 h of 

incubation, genus Tepidiphilus was detected at a relative abundance of 13 % in the HPG-only 

control, which decreased significantly (no more than 5 % in all incubations), except for the 

incubation with pyruvate, where relative abundance of Tepidiphilus remained the same as in 

the HPG-only control (Figure 15). 

 

4.4.2. Metagenome analysis 

The analysis of both thermal biofilms revealed the presence of diverse metabolic processes, 

including those associated with carbohydrate metabolism, lipopolysaccharide (glycan) 

metabolism, cofactor and vitamin metabolism, xenobiotic (aromatic) degradation, biosynthesis 

of terpenoids and polyketides (specifically, terpenoid backbone biosynthesis, macrolide 

biosynthesis, and polyketide sugar unit biosynthesis), as well as various energy metabolism 

pathways. Regarding photosynthesis-related processes, the Tuhelj biofilm exhibited the 

presence of genes associated with Photosystem II, Photosystem I, and Anoxygenic Photosystem 

II. In contrast, the Bizovac biofilm only contained genes linked to Anoxygenic Photosystem II, 

indicating differences in the photosynthetic capabilities between these two biofilms. 

 

The Tuhelj biofilm contained a total of 83 MAGs with completeness levels exceeding 50 % and 

contamination levels below 5 %. Among these MAGs, three exhibited circular genomes, all of 

which were taxonomically classified under the phylum Cyanobacteria, specifically within the 

Microcoleaceae and Microcystaceae families. In terms of primary producers within the biofilm, 
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19 MAGs were attributed to the phylum Cyanobacteria, while 8 were associated with the 

phylum Chloroflexota, primarily within the Chloroflexaceae family. Additionally, 16 MAGs 

were linked to the phylum Pseudomonadota, with an equal distribution between Alpha- and 

Gammaproteobacteria. All gammaproteobacterial MAGs belonged to the Burkholderiaceae 

family, except for one MAG affiliated with the Xanthobacteraceae family. Furthermore, the 

biofilm exhibited a diverse microbial composition, with 3 MAGs each associated with the phyla 

Verrucomicrobiota, Planctomycetota, Armatimonadota, and Acidobacteriota, respectively. 

Additionally, 7 MAGs were identified within the Bacteroidota phylum, 4 within the 

Desulfobacterota phylum, 2 within the Myxococcota phylum, and single representatives within 

the Actinobacteriota and Campylobacterota (specifically, Sulfurovaceae family) phyla. 

The analysis of the carbon cycle in the Tuhelj biofilm (Figure 16) revealed the presence of all 

essential metabolic steps, encompassing the Calvin cycle, Crassulacean acid metabolism 

(CAM) in both dark and light conditions, the reductive citrate cycle (Arnon-Buchanan cycle), 

the phosphate acetyltransferase-acetate kinase pathway, glucogenesis, glycolysis (Embden-

Meyerhof pathway), the Entner-Doudoroff pathway, pyruvate oxidation, and all functional 

modules of the citrate cycle, along with the pentose phosphate pathway. Notably, the sole 

process absent within this cycle was methanogenesis (Figure 16). 

 

Figure 16. Microbially mediated carbon cycling in Tuhelj biofilm. Red arrows indicate 

complete pathways of respective step. 
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Figure 17. Microbially mediated nitrogen cycling in Tuhelj biofilm. Red arrows indicate 

complete pathways of respective step. 

 

In the context of the nitrogen cycle within the Tuhelj biofilm (Figure 17), all fundamental stages 

were identified, apart from the oxidation of ammonium ions to nitrite and the anammox process, 

which involves the conversion of ammonium and nitrite into dinitrogen gas in anaerobic 

conditions by autotrophic microorganisms. Furthermore, a sulfur cycle was observed in the 

Tuhelj biofilm (Figure 18) encompassing all key components, including assimilatory sulfate 

reduction, dissimilatory sulfate reduction, and thiosulfate oxidation mediated by the SoX 

complex. 
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Figure 18. Microbially mediated sulfur cycling in Tuhelj biofilm. Red arrows indicate complete 

pathways of respective step. 

 

Additionally, the genomic content of the Tuhelj biofilm included genes associated with 

diverse redox processes, such as metal reduction, arsenate oxidoreduction, and selenate 

reduction (Figure 19). 

 

 

Figure 19. Microbially mediated metal reduction, arsenate oxidoreduction and selenate 

reduction in Tuhelj biofilm. Red arrows indicate complete pathways of respective step. 
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The Bizovac biofilm contained 36 MAGs with a completeness level exceeding 50 % and 

contamination levels lower than 5 %. among which 15 were circular. Three MAGs were 

identified within the Archaea kingdom, with one circular MAG associated with the 

Methanothermobacteraceae family. Regarding the Bacteria domain, a balanced distribution of 

MAGs was observed across various phyla. Specifically, six MAGs were attributed to the 

phylum Bacteroidota, with two of these exhibiting circular structures and affiliations with the 

Schleiferiaceae and Ignavibacteriaceae families. Similarly, six MAGs were linked to the 

phylum Chloroflexota, three of which were circular, and associated with the A4b, EnvOPS12, 

and Caldilineaceae family. The phylum Pseudomonadota was also represented with 6 MAGs 

among which one circular MAG was associated with the Immundisolibacteraceae family. 

Moreover, two MAGs each were associated with the phyla Acidobacteriota, Plantomycetota, 

and Nitrospirota (among which one circular MAG belonged to the Thermodesulfovibrionaceae 

family). Additionally, single MAGs were attributed to the Desulfobacterota and Cyanobacteria 

phyla. The remaining MAGs, all of which were circular, were affiliated with the 

Actinobacteriota, Armatimonadota, Bipolaricaulota, Deinococcota, Dictyoglomota, WOR-3, 

and Aquificota phylum. 

Within Bizovac microbial community, a diverse array of carbon fixation pathways was 

identified (Figure 20). These encompassed both dark and light Crassulacean Acid Metabolism 

(CAM), the Reductive Acetyl-CoA Pathway (Wood-Ljungdahl pathway), as well as the 

Embden-Meyerhof and Entner-Doudoroff pathways, which facilitate the conversion of glucose 

into pyruvate. Furthermore, citrate cycle (TCA cycle, Krebs cycle) and various processes within 

the pentose phosphate pathway were also detected, as well as methanogenesis and 

formaldehyde assimilation pathways (Figure 20).  
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Figure 20. Microbially mediated carbon cycling in Bizovac biofilm. Red arrows indicate 

complete pathways of respective step. 

 

 

Figure 21. Microbially mediated nitrogen cycling in Bizovac biofilm. Red arrows indicate the 

complete pathways of respective step. 
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In terms of nitrogen cycling, a comprehensive suite of pathways was identified in the Bizovac 

biofilm, as illustrated in Figure 21. These encompassed the complete pathways for 

Dissimilatory Nitrate Reduction to Ammonium (DNR), Assimilatory Nitrate Reduction (ANR), 

denitrification, and nitrogen fixation. Notably, the genes responsible for nitrogen fixation were 

affiliated with three distinct groups: Nitrospirota (specifically, the Thermodesulfovibrio genus), 

Aquificota, and Cyanobacteria, as illustrated in Figure 22. Similarly, ANR genes were detected 

in MAGs associated with Gammaproteobacteria, Cyanobacteria, Actinobacteriota and 

Desulfobacterota (Figure 22). 

 

 

Figure 22. Distribution of sulfur and nitrogen cycling genes detected in Bizovac biofilm. 

In the context of the sulfur cycle, the Bizovac biofilm displayed complete assimilatory sulfate 

reduction process, as depicted in Figure 22 and Figure 23. Notably, this process was primarily 

associated with the phylum Pseudomonadota (Figure 22). Dissimilatory sulfate reduction 

process was mainly associated with ASVs belonging to phyla Chloroflexota and Nitrospirota 

(Figure 22). Additionally, within this biofilm, two MAGs from the alphaproteobacterial class 

contain genes linked to thiosulfate oxidation, as presented in Figure 22. These findings 

underscore the multifaceted nature of sulfur cycling within the microbial community 

originating from the Bizovac source. Notably, MAG associated with Aquificaceae family 

revealed genes associated with all steps involved in both sulfur and nitrogen cycling (Figure 

22).  
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Figure 23. Microbially mediated sulfur cycling in Bizovac biofilm. Red arrows indicate the 

complete pathways of respective step. 

 

 

Figure 24. Microbially mediated metal reduction, Arsenate oxidoreduction and Selenate 

reduction. Red arrows indicate the complete pathways of respective step. 

Like observations in the Tuhelj biofilm, the Bizovac biofilm featured the presence of genes 

involved in processes such as metal reduction, arsenate oxidoreduction, and selenate reduction, 

as illustrated in Figure 22. 
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5. DISCUSSION 

5.1. Influence of seasonality and physiochemical parameters on geothermal biofilms 

The microbial composition of hot spring biofilms has often been described as influenced by the 

elevated temperature in these environments (e.g., Sompong et al., 2005; Purcell et al., 2007; 

Msarah et al., 2018; Prieto-Barajas et al., 2018). However, a recent study of 925 hot springs in 

New Zealand showed that temperature has a significant effect on microbial beta diversity only 

at values above 80 °C (Power et al., 2018). Although geothermal spring temperatures in this 

study were lower (max. 65 °C), temperature and sample origin were the main determinants of 

biofilm microbial structure. Contrary to expectations, no significant effect of sampling season 

or biofilm color on the microbial community composition was observed. The most abundant 

microbial groups in the sampled biofilms were consistent with previous studies (Portillo et al., 

2009; Huang et al., 2011; Coman et al., 2013; Coman et al., 2015; Alcamán-Arias et al., 2018; 

Mackenzie et al., 2013; Guo et al., 2020; Toshchakov et al., 2021), with Cyanobacteria 

dominating in the biofilms of all sampling sites except the Bizovac well, and Chloroflexota, 

Pseudomonadota, and Bacteroidota having high relative abundance in all biofilms.  

Cyanobacterial genera related to Leptolyngbya, which dominated most of the analyzed biofilms, 

were also found abundantly in the upper layer of alkaline microbial mats from the Garga hot 

spring (Rozanov et al., 2017). The genus Tychonema, detected in biofilms from the cold well 

DB, was also recently found abundantly in biofilms from hydrothermal systems in Italy with 

temperatures moderately above ambient (Della Porta et al., 2022). As expected, the microbial 

communities in the biofilms were significantly different from the communities of geothermal 

water in the same springs. Geothermal waters from the same sampling sites were dominated by 

ASVs affiliating to Crenarchaeota, Nanoarchaeota, Campylobacterota, and various 

Pseudomonadota lineages (Mitrović et al., 2022), while almost all biofilm samples were 

dominated by Cyanobacteria (Kostešić et al., 2023). As for thiotrophs, the genera detected in 

water samples from the same sites (e.g., Sulfuricurvum and Sulfurimonas among the 

Camplyobacterota, and Thiobacillus among the Gammaproteobacteria (Mitrović et al., 2022) 

differed from the dominant genera in the biofilm samples (Sulfovorum, Thiofaba, Thiotrix, 

Hydrogenophillus), all previously detected in hot spring biofilms at other sites with similar 

temperatures (e.g., Valeriani et al., 2018). As for Archaea, while diverse crenarchaeal, 

micrarchaeal, and nanoarchaeal lineages dominated in many water samples from the same 

springs (Mitrović et al., 2022) they were not abundant in the biofilm samples (Figure 9, Kostešić 

et al., 2023). The highest abundance of Creanarchaeota was found in the biofilm of Topusko 
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well (TEB), the sampling site with the highest temperature (64.8 °C) in this dataset. Consistent 

with this observation, comparison of mats from a geothermal spring in Romania at different 

temperature ranges revealed that the relative abundance of Archaea was low at 32 °C (< 0.5 %) 

but increased significantly at 65 °C (36 %) (Coman et al., 2015). Similarly, Alcaman et al. 

reported a temperature value of 58 °C as the turnover point for phototrophs, with Cyanobacteria 

dominating the lower temperature range and Chloroflexota being more abundant in the 58-66 

°C range (Alcamán-Arias et al., 2018). Three of high-temperature sampling sites (Topusko 

(TEB), Varazdin (V), and Bizovac (B) well) had temperatures around this tipping point (Table 

4 – 7), but only the biofilms from Bizovac well were dominated by Chloroflexota (genera 

Candidatus Chlorotrix and Chloroflexus; Figure 11) rather than Cyanobacteria. All other 

sampling sites with high and moderate temperatures were indeed dominated by Cyanobacteria 

(Figure 9), confirming that temperature is not the only driver for the previously observed 

community switch among primary producers. 

 

5.2. Activity patterns of Bizovac and Tuhelj biofilms 

Based on the differences in microbial community composition and spring geochemistry 

observed during seasonal sampling, fresh biofilms were collected from Bizovac well and Tuhelj 

spring and subjected to a series of incubation experiments to investigate the phototrophic and 

chemoorganotrophic and chemolithotrophic activity of the community members. The majority 

of the analyzed hot spring biofilms, including those from Tuhelj spring, were dominated by 

Cyanobacteria, the dominant photosynthetic primary producers in these systems. In contrast, 

primary producers in the Bizovac biofilms were mainly associated with Chloroflexota phylum. 

Therefore, the presence of light in the incubation experiments was a logical choice for assessing 

microbial activity in these samples. Subsequently, Cyanobacteria are likely a major source of 

organic carbon substrates, sustaining growth and activity of chemoorganotrophic 

microorganisms in hot spring biofilms. However, because hot spring biofilms grow at a redox 

interface, a fraction of the microbial community might also be adapted to derive energy from 

reduced inorganic substrates through chemolithotrophic metabolism, as evidenced, for 

example, by the presence of various and diverse thiotrophs in most biofilm samples (Figure 

12). Therefore, thiosulfate was selected as a substrate to evaluate chemolithotrophic activity 

related to the geochemical gradients on which the biofilms reside on. Glucose, pyruvate, and 

acetate were selected as carbon substrates to simulate the activity of chemoorganotrophs, in situ 

supplied with organic compounds via photosynthetic primary production. In the biofilms 



64 

 

recovered from both sources, the thiotrophs putatively able to oxidize the thiosulfate provided 

as substrate belonged predominantly to various gammaproteobacterial lineages. 

The Bizovac biofilm contained more ASVs affiliated with putative thiotrophs and 

Gammaproteobacteria in general compared to Cyanobacteria-dominated biofilms from the 

Tuhelj spring (Figures 9 - 12). ASVs related to Chromatiaceae and Hallothiobacillaceae were 

identified as putative thiotrophs in the Bizovac sample, whereas Chromatiaceae and 

Beggiatoaceae ASVs were found in the Tuhelj biofilms (Figure 12, Wasmund et al., 2017). 

Other abundant gammaproteobacterial families in both samples were Rhodocyclaceae and 

Hydrogenophilaceae (Figure 12). The Rhodocyclaceae family is metabolically diverse and 

consists of photoautotrophic, heterotrophic, and organotrophic members. This family has also 

been found abundantly in sulfidic hot springs in Northern Baikal (Chernitsyna et al., 2023) and 

in microbial mats of hot springs in Eritrea (Ghilamicael et al., 2017). The most abundant ASVs 

of the family Rhodocyclaceae detected in the Bizovac biofilm belonged to the genus Azoarcus 

(8 %). Although primarily classified as denitrifying chemolithoheterotrophs, numerous studies 

reported Azoarcus to be denitrifying, desulfurizing core bacteria in bioreactor experiments 

under mixotrophic conditions (Xu et al., 2014; Li et al., 2016; Zhang et al., 2019; Liu et al., 

2020; Gao et al., 2022). The only currently known sulfur-oxidizing denitrifying species, 

Azoarcus taiwanensis, was isolated from a hot spring biofilm in Taiwan (Lee et al., 2014). 

Members of the family Hydrogenophilaceae are thermophilic heterotrophs and autotrophs that 

can use hydrogen as an electron donor (Boden et al., 2017). A new species of this family was 

recently isolated from microbial mats of hot springs in Japan that can grow with thiosulfate and 

elemental sulfur under aerobic conditions and is unable to utilize hydrogen (Kawai et al., 2022). 

Almost all Hallothiobacilaceae ASVs in the Bizovac sample belonged to the genus Thiofaba 

(4.8 %; Figure 12). The type of strain of this genus, Thiofaba teidiphila, was isolated from the 

biofilm of a hot spring in Japan and characterized as an obligate chemolithoautotrophic 

bacterium that uses thiosulfate, elemental sulfur, sulfide, and tetrathionate as electron donors 

(Mori and Suzuki, 2008). In addition, a larger fraction of the microbial community in the 

Bizovac biofilms belonged to the Desulfobacterota - a phylum harboring various 

microorganisms involved mainly in the reductive but also in the oxidative sulfur cycle 

(Wasmund et al., 2017). Moreover, considerable amounts of sulfide were detectable in situ in 

the water samples from the Bizovac well, but not in the water from the Tuhelj spring (Table 4 

– 7), indicating sulfide oxidation, but also S disproportionation (Singh et al., 2019). Therefore, 

it is hypothesized that either a larger fraction of the microbial community in the Bizovac 

biofilms is capable of chemolithotrophic activity by utilizing thiosulfate as a source of reducing 
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equivalents, or that the observed changes in the activity of the non-thiotrophic fraction, despite 

the relatively short incubation time, were the result of cross-feeding interactions in which the 

activity of the putative thiotrophs led to the accumulation of hydrogen and small organic 

molecules. Contrary to expectations, the overall increase in the total active cell fraction and, in 

particular the active gammaproteobacterial fraction, was more pronounced in the thiosulfate-

amendment incubations in the Tuhelj biofilms (Figure 13), in which ASVs related to the known 

thiotrophs were less abundant (Figure 12). Because the community in the Bizovac biofilms was 

dominated by chemolithoheterotrophic Rhodocyclaceae, it is possible that the availability of 

suitable organic carbon sources limited the metabolic activity of thiotrophs in the experiments. 

In both biofilm samples, the response to glucose addition in the gammaproteobacterial cell 

fraction was in the same range of activity increase as in the incubations amended with 

thiosulfate (Figure 13). These results are consistent with the chemoorganoheterotrophy and 

mixotrophy expected for many of the community members detected here. The class 

Gammaproteobacteria contains the largest diversity of obligate and generalist 

hydrocarbonoclastic bacteria (Gutierrez, 2019), many of which are known for their implication 

in acetate assimilation (Winkel et al., 2014; Dyksma et al., 2018). However, contrary to 

expectation, incubation with acetate resulted in decreased fractions of active 

gammaproteobacterial populations in both biofilms. Compared to glucose, acetate is a low-

energy carbon source and has been shown to have an inhibitory effect on some microorganisms, 

reducing their growth rate (Kutscha and Pflügl, 2020). Nevertheless, since the overall response 

of the microbial community to acetate amendment was increased activity, the used acetate 

concentration does not appear to be inhibitory. 

In both biofilms, the increase in the active cell fraction of Chloroflexota in incubations with 

thiosulfate was almost equivalent to the activity increase in glucose treatments (Figure 13). This 

result was surprising, as the majority of Chloroflexota ASVs in both samples were not related 

to known thiotrophs. Almost all Chloroflexota ASVs in the Bizovac sample belonged to clade 

SBR1031 and family Anaerolineaceae. These were previously found to occur in microbial mats 

at temperatures of 25 – 60 °C in hot springs of the Tibetan Plateau (Wang et al., 2017), Costa 

Rica (Uribe-Lorío et al., 2019), and Saudi Arabia (Yasir et al., 2020). Most members of the 

Anaerolineaceae are known to be mesophilic or thermophilic chemoheterotrophs that grow 

mainly under anaerobic conditions and metabolize sugars fermentatively (Yamada and 

Sekiguchi, 2018). In addition to fermentative sugar metabolism, SBR1031 members also 

encode key genes for acetogenic dehydrogenation (Xia et al., 2016). Therefore, the stimulation 

of Chloroflexota by thiosulfate amendments observed in this experiment was unexpected. It is 
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possible that either members of Chloroflexota with yet undescribed metabolism are present in 

the biofilm samples or that, despite the relatively short incubation time, observed findings are 

the results of microbial interactions in which compounds produced and released by thiosulfate 

oxidizers, such as the thiotrophic gammaproteobacterial community, actually stimulated 

Chloroflexota. On the other hand, Chloroflexota ASVs from the initial Tuhelj biofilms, apart 

from the Anaerolineaceae family, were mostly associated with members of the Chloroflexaceae 

family, which are known to grow photoautotrophically, suggesting an ecological role as 

primary producers in the hot spring environment (Gupta et al., 2013), but have also been 

previously shown to utilize acetate (Nübel et al., 2002). Nevertheless, the acetate amendment 

in this biofilm resulted in slightly reduced activity of Chloroflexota, contrary to expectations. 

 

5.4. Bizovac and Tuhelj functionality and genes of biotechnological importance 

5.4.1. Activity patterns in biofilm samples 

Biofilms sampled in autumn 2021 confirmed microbial composition with seasonal sampling 

and additional sampling performed in spring 2021 (Fig 9 -11). In the Bizovac sample, the 

dominant phyla were Deinococcota (25.7 %) and Pseudomonadota (15.7 %), accompanied by 

Chloroflexota (11.3 %) and Bacteroidota (10.7 %). In contrast, the biofilms from the Tuhelj 

spring were primarily composed of Cyanobacteria (53.3 %), with notable proportions of 

Pseudomonadota (11.9 %), Bacteroidota (10.3 %), and Chloroflexota (5.4 %, Figure 9). The 

incubation experiment conducted on biofilms from Bizovac and Tuhelj sampled in autumn 

2021 aligned with results obtained in previous incubation experiment conducted on biofilms 

from the same sources sampled in spring 2021 (Figure 13, Table 9).  

In Tuhelj biofilm, acetate addition again led to decreased activity of microbial population in 

both time points (24 and 48 h) and resulted in lowest percentage of BONCAT positive cells 

among all incubation setups (Table 10). Thiocyanate addition in incubation of Tuhelj biofilms 

led to almost similar activity as the one observed in HPG-only controls (Table 10). Pyruvate 

and thiosulfate triggered the highest proportion of active cells in the Tuhelj biofilms. This, 

coupled with findings from previous experiments, strongly suggests that thiosulfate is the 

preferred substrate in biofilms from Tuhelj spring. The heightened activity observed with 

pyruvate addition aligns with expectations, as pyruvate is an intermediate product in microbial 

glucose utilization. This pattern supports the idea of chemoorganoheterotrophy and mixotrophy 

expected among many community members (Figure 9 - 11, Gutierrez, 2019).  
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In Bizovac biofilms, microbial activity was lowest upon incubation with HPG-only control for 

both time points (24 and 48 h, Table 10). Compared to HPG-control, addition of pyruvate and 

thiocyanate led to slight increase in microbial activity which stayed almost constant through 48 

h incubation (Table 10). This result was expected, as thiocyanate (SCN-) utilization is a 

specialized metabolic trait rarely observed in bacterial species, while those able to utilize 

thiocyanate grow much slower than in incubations with thiosulfate (Sorokin et al., 2001). 

Conversely, thiosulfate once again led to the highest microbial activity in Bizovac biofilms 

throughout the 48 h incubation (Table 10), associated with the presence of many thiosulfate 

utilizers detected in biofilms from this source. Detailed discussions on sulfur metabolism in 

Bizovac biofilm will follow in subsequent sections. 

 

5.4.2. 16S rRNAamplicon sequence analysis of sorted samples 

Using a BONCAT-FACS -seq approach on biofilms collected in autumn 2021 and subjected to 

incubations with various substrates, significant alterations in the relative abundance of certain 

microbial populations within Bizovac biofilms were observed. These populations were further 

selected for more detailed investigation. Notably, thermophilic genera, including 

Fervidobacterium from the phylum Thermotogota, Thermosyntropha and unclassified 

Thermovenabulum from the phylum Bacillota, as well as Thermus from the phylum 

Deinococcota, all commonly associated with hot springs, displayed pronounced increases in 

relative abundance during incubations with substrate additions compared to the HPG-only 

control (Figure 15). 

The genus Fervidobacterium exhibited the highest relative abundance during incubation with 

pyruvate, with substantial increases also observed during incubation with thiocyanate, 

thiosulfate, and acetate additions (Figure 15). Members of the genus Fervidobacterium are 

typically anaerobes known for their fermentative metabolism of carbohydrates (Ravot et al., 

1995; Gumerov et al., 2011. These microorganisms have previously been identified as essential 

members of the cellulose-degrading community in Yellowstone hot springs (Vishnivetskaya et 

al., 2015). While their primary mode of carbon acquisition involves heterotrophic metabolism 

by utilizing organic compounds like glucose and pyruvate, certain Fervidobacterium species 

exhibit metabolic versatility, enabling the utilization of inorganic compounds such as 

thiosulfate under specific conditions. For instance, Fervidobacterium islandicum and strain 

SEBR 2665, isolated from an oil well, have demonstrated the ability to reduce thiosulfate to 

sulfide (Ravot et al., 1995). This highlights the adaptability of Fervidobacterium species, which 
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adapt to their local environment and develop specialized metabolic strategies to exploit 

available resources.  

The genus Thermosyntropha from the Firmicutes phylum exhibited higher relative abundance 

during incubation with acetate, thiosulfate, and tetrathionate (Figure 15). An anaerobic 

thermophilic strain, L-60T, of this genus was isolated from a Chinese hot spring (Zhang et al., 

2012). This strain was able to utilize sulfate, sulfite, thiosulfate, nitrate, fumarate, or Fe (III) as 

electron acceptors (Zhang et al., 2012). 

The highest relative abundance of the Thermovenabulum was observed during the 24 h 

incubation period in the presence of tetrathionate (Figure 15). A similar increase in abundance 

within this genus was also observed after a 24 h incubation with thiosulfate (Figure 15). 

Notably, a strain type of Thermovenabulum was isolated from microbial mats in thermal waters 

in the Great Artesian Basin, with temperatures similar to those in the Bizovac source (Ogg et 

al., 2010). In cultivation experiments, this strain showed growth in the presence of electron 

acceptors such as Fe (III), Mn (IV), thiosulfate, and elemental sulfur (Ogg et al., 2010). 

The Thermus genus exhibited significantly higher relative abundance after a 48 h incubation 

period in the presence of thiosulfate, tetrathionate, and thiocyanate (Figure 15). This observed 

increase in relative abundance is consistent with the known phenotype of thiosulfate oxidation 

in this genus. The combination of the higher relative abundance across all incubations with 

sulfur substrates and considering the physiological and genomic characteristics of strains such 

as Thermus tenuipuniceus (Zhou et al., 2018), a recently described representative isolated from 

a terrestrial geothermal spring, and Thermus thermophilus strain JL-18 (Murugapiran et al., 

2013), provides strong basis for the hypothesis that Thermus genera from Bizovac biofilm  

possesses the metabolic capability to utilize thiosulfate as an electron donor. It is also worth 

noting that several strains of the Thermus genus are known for their ability to reduce metals, 

making them valuable candidates for bioremediation applications (Ranawat et al., 2018). 

In contrast, the genera Hydrogenophilus and Tepidiphilus of the Hydrogenophilaceae family in 

the Bizovac sample exhibited lower relative abundances in most substrate incubations 

compared to the HPG-only control at both time points (Figure 15). For the genus 

Hydrogenophilus, the addition of acetate resulted in a decreased relative abundance after both 

24 and 48 h of incubation (Figure 15), whereas incubation with pyruvate resulted in a consistent 

relative abundance of this genus at both time points (11 %, Figure 15). The addition of 

thiosulfate and tetrathionate also led to lower relative abundances of this genus after 24 and 48 

h of incubation, respectively, while the addition of thiocyanate resulted in the most significant 

decrease in relative abundance of the Hydrogenophilus genus at both time points (Figure 15). 
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Two ASVs related to the genus Tepidiphilus exhibited higher abundance after 24 h of 

incubation with acetate than in the HPG-only control (Figure 15). However, lower abundances 

of this genus were observed after 24 h with all other substrate additions (Figure 15). Compared 

to the HPG-only control, the relative abundance of the genus Tepidiphilus was lower after 48 h 

in all incubations with substrate additions, except for the incubation with pyruvate, where the 

relative abundance of Tepidiphilus remained consistent with the HPG-only control (Figure 15). 

These results were rather surprising, as most species of the genera Hydrogenophilus, such as 

Hydrogenophilus thermoluteolus (Hayashi et al., 1999) and Hydrogenophilus islandicus 

(Vésteinsdóttir et al., 2011), originally isolated from a hot spring, are characterize as facultative 

chemolithoautotrophs that can use hydrogen as an electron donor, carbon dioxide as a carbon 

source and acetate and pyruvate as electron donors and carbon sources. Similarly, several 

species of the Tepidiphilus genus, isolated from terrestrial hot springs, have been primarily 

characterized as chemolithotrophic or mixotrophic microorganisms capable of utilizing 

inorganic electron donors like reduced sulfuric compounds or hydrogen (Podar et al., 2018). 

Nevertheless, the addition of acetate, pyruvate, and sulfur substrates did not result in an overall 

positive effect on the relative abundance of either of these genera (Figure 15). This outcome 

suggests that other microorganisms in the Bizovac biofilm community, stimulated by the added 

substrates, produced compounds or metabolites that negatively affected relative abundance of 

Hydrogenophilus and Tepidiphilus. Alternatively, other microorganisms in the biofilm 

community, such as members of phyla Thermotogota or Bacillota, may possess higher affinities 

or more efficient metabolic pathways for rapidly utilizing the added substrates, thus leaving 

fewer resources available for genera like Hydrogenophilus and Tepidiphilus. 

 

5.4.3. Functional annotation of genes in biofilm samples 

Both experiments with biofilm incubations showed a significant increase in metabolic activity 

when the biofilms were incubated with thiosulfate. Therefore, sulfur metabolism was selected 

for more detailed analysis. All metabolic pathways involved in the sulfur cycle (Wu et al., 2021) 

were detected in the Bizovac biofilms (Figure 22): assimilative sulfur reduction (ASR), 

dissimilative sulfur reduction (DSR) and sulfur oxidation (SoX). ASR relates to the assimilation 

of sulfur as a substrate for the synthesis of biological molecules and includes cys family genes 

(Wu et al., 2021). DSR pathway, in which sulfur compounds are used as electron acceptors, 

includes the dsr and apr genes, while SoX is mainly associated with energy processes that utilize 

sulfur compounds in processes related to electron transfer and includes the SoX family of 
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proteins involved in thiosulfate metabolism (Wu et al., 2021). The soxB gene, encoding the 

thiosulfohydrolase soxB, is the most conserved component of the sulfur-oxidizing SoX system 

and catalyzes the dissimilative oxidation of thiosulfate and other sulfur compounds (Sakurai et 

al., 2010). It has been found in several SOB including Chlorobiota, Pseudomonadota (Alpha- 

and Gamma- proteobacteria) and Acidithiobacillia members (Yamamoto et al., 2011). In the 

Bizovac biofilm, the complete set of SOX genes was detected in MAG from the family 

Aquificaceae and 2 MAGs from the class Alphaproteobacteria (families Acetobacteraceae and 

Rhodobacteraceae, Figure 22). These results, together with the results of the BONCAT-CARD-

FISH experiment and the BONCAT-FACS-seq experiment, suggest that the thiosulfate 

metabolic activity in the Bizovac biofilms is carried out by several members of the 

Pseudomonadota community. In addition to thiosulfate oxidation, MAG which belongs to the 

Aquificaceae family, also showed the ability for assimilatory and dissimilatory sulfate 

reduction, dissimilatory nitrate reduction, and denitrification (Figure 22). Members of the 

phylum Aquificota are commonly found in thermal biofilms (e.g., Malygina et al., 2023). 

Genes involved in ASR were found to be the most diverse in the Bizovac biofilm, belonging to 

many different phyla including MAGs associated with Thermodesulfovibrio (Nitrospirota 

phylum), Plantomycetota phylum, Acidobacteriota phylum, Azoarcus and Immunidisolibacter 

genera of the class Gammaproteobacteria, Anaerolineaceae family, and Cyanobacteria. Except 

for ASR, Thermodesulfovibrio MAG revealed the presence of all DSR genes (dsrAB, sat, 

aprAB, Figure 22). Moreover, all Chloroflexota MAGs from Bizovac biofilm displayed ability 

of dissimilatory sulfate reduction (Figure 22). This pathway was also mainly associated with 

the dominant primary producers in the Porcelana hot springs (Konrad et al., 2023). In this spring 

with temperature similar to the Bizovac source, Chloroflexota were the most abundant and 

active taxa for both sulfate-to-sulfite and sulfite-to-sulfide reactions (Konrad et al., 2023). The 

changes in diversity and activity of various sulfur-metabolizing bacteria in microbial biofilms 

from Bizovac demonstrated their significant role in hot spring environments. 
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6. CONCLUSIONS 

The overall research and results presented in this doctoral thesis provide insight into the 

biodiversity of the microbial community of geothermal biofilms and their ecological role, 

expanding the current knowledge of thermal ecosystems.  

The main final remarks of this thesis can be summarized in the following conclusions: 

1. Thermal biofilms are stable systems through seasons in terms of their geochemistry and 

microbial community composition. 

2. Temperature and sample origin are the main determinants of biofilm community composition 

in geothermal environments. 

3. BONCAT-CARD-FISH method can be successfully applied on geothermal biofilms and 

presents fast and straightforward way for linking taxonomic identity and metabolic activity of 

this microenvironments. 

4. BONCAT-FACS method is a non-destructive approach that allows downstream sequencing 

of active biofilm populations and can provide information on a single-cell resolution in 

relatively short period of time 

5. Addition of acetate led to lower metabolic activity for Gammaproteobacteria and 

Chloroflexota populations in incubations of biofilms from Bizovac and Tuhelj 

6. Presence of light did not affect activity od microbial populations in incubations of biofilms 

from Bizovac and Tuhelj. 

7. Glucose and thiosulfate led to the highest increased in metabolic activity in incubations of 

biofilms from Bizovac and Tuhelj sources. 

8. Both biofilms from Bizovac and Tuhelj sources possess complete biogeochemical cycles, as 

well as genes involved in metal reduction, arsenate oxidoreduction and selenate reduction. 

9. Genes involved in sulfur metabolism in Bizovac biofilms are associated with members of 

phyla Pseudomonadota and Nitrospirota as well as primary producers Chloroflexota. 
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8. SUPPLEMENTARY MATERIALS 

Appendix 1. Examples of sorting strategy for FACS with generated reports 

 

 

Figure S1. FACS report for PBS recording to identify background produced by PBS. 

 

First, a sorting tube containing only PBS is recorded to remove potential background caused by 

salts and particles in the PBS. As shown in Figure S1, the sterile PBS used in the experiment 

produces an easily detectable background in an area that is not characteristic for other types of 

events. Then, a control sample stained only with DAPI is recorded to detect an area 

characteristic only of cells stained with DAPI. Next, a control sample stained with DAPI, and 

another dye not used for the experiment is recorded using same parameters to detect unbound 

dye, changes due to CLICK staining and autofluorescence in the sample. In this experiment, 

the Cy3 azide dye was used for the control incubations (Figure S2), and no signal was detected 

in the region characteristic for signal generated with Cy5 dye. 
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Figure S2. FACS report for control incubation recording stained with DAPI and Cy3. 

 

Then, the same control sample stained with DAPI and Cy5 azide dye is recorded to detect area 

characteristic for Cy5 signal and to allow comparison between control samples and samples 

incubated with different substrate amendments. The control samples are not sorted. 
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Figure S3. Report for of Bizovac sample in 48 h incubation amendment with thiosulfate stained 

with DAPI and Cy5 recording on FACS. 

 

Finally, the sample incubated in substrate amendment, stained with DAPI and Cy5 azide dye is 

recorded (Figure S3). The sample shows the Bizovac biofilm incubated in a thiosulfate substrate 

for 48 h. In the region characteristic for double stained DAPI-Cy5 cells, the event density takes 

an exponential form, indicating reliable data obtained by the experiment. 60.6 % of all events 

are double DAPI-Cy5 stained. Considering the approximate size of the events, two groups are 

identified - P15 as smaller events and P16 as events with larger size, indicating flocs and cell 

aggregates. After setting the appropriate flow rate, desired number of sorted events, sorting 

mode, and necessary parameters for optimal sorting, both groups of events are sorted, after 

which 16S rRNA amplicon sequencing is performed. 
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Appendix 2. All results of image analysis acquired with daime software 

Table S1. All results acquired through daime software for combination of BONCAT and 

CARD-FISH methods applied on biofilm samples collected in spring 2021. 

Biofilm Substrate Time 

point 

Probe Histogram 

stretching 

Segmentation % 

biovolume 

% 

congruenc

e 

Tuhelj acetate 24 Gamm42a 30-200 (1x) Isodata 11.4 29 

Tuhelj acetate 48 Gamm42a 50-200 (1x) Custom:5-255 3.6 50 

Tuhelj glucose 24 Gamm42a 60-200 (1x) Custom:5-255 26.2 54 

Tuhelj glucose 48 Gamm42a 40-200 (1x) Custom:30-255 36.2 31 

Tuhelj pyruvate 24 Gamm42a 40-150 (1x) Custom:90-255 25.4 29 

Tuhelj pyruvate 48 Gamm42a 30-150 (1x) Custom:60-255 28.5 41 

Tuhelj thiosufate 24 Gamm42a 50-200 (1x) Custom:30-255 24.4 44 

Tuhelj thiosufate 48 Gamm42a 30-200 (1x) Custom:90-255 47.9 56 

Tuhelj HPG + 

Light 

24 Gamm42a 50-200 (1x) Custom:30-255 14.1 21 

Tuhelj HPG + 

Light 

48 Gamm42a 50-200 (1x) Custom:5-255 16.4 24 

Tuhelj HPG+Dark 24 Gamm42a 20-150 (2x) Custom:5-255 9.7 37 

Tuhelj HPG+Dark 48 Gamm42a 20-150 (1x) Isodata 9.9 46 

Bizovac acetate 24 Gamm42a 20-60 (1x) Isodata 17.5 66 

Bizovac acetate 48 Gamm42a 50-200 (1x) Custom:5-255 12.3 42 

Bizovac glucose 24 Gamm42a 20-150 (1x) Isodata 43.3 83 

Bizovac glucose 48 Gamm42a 20-150 (1x) Isodata 55.5 65 

Bizovac pyruvate 24 Gamm42a 10-150 (1x) Isodata 32.7 82 

Bizovac pyruvate 48 Gamm42a 20-150 (2x) Custom:5-255 36.9 69 

Bizovac thiosufate 24 Gamm42a 20-150 (1x) Custom:90-255 37.4 98 

Bizovac thiosufate 48 Gamm42a 20-150 (1x) Custom:5-255 61 71.5 

Bizovac HPG + 

Light 

24 Gamm42a 20-150 (1x) Custom:5-255 26 38 

Bizovac HPG + 

Light 

48 Gamm42a 20-150 (1x) Isodata 7.1 74 

Bizovac HPG+Dark 24 Gamm42a 20-150 (2x) Custom:5-255 24.2 88 

Bizovac HPG+Dark 48 Gamm42a 30-150 (1x) Custom:20-150 

(1x) 

24.9 48 

Tuhelj acetate 24 CFX1223 50-200 (1x) Custom:5-255 10.8 50 

Tuhelj acetate 48 CFX1223 30-150 (1x) Custom:60-255 9 57 

Tuhelj glucose 24 CFX1223 5-20 (1x) Custom:5-255 24 88 

Tuhelj glucose 48 CFX1223 70-255 (1x) Custom:90-255 47.1 46 

Tuhelj pyruvate 24 CFX1223 60-200 (1x) Isodata 19.4 55 

Tuhelj pyruvate 48 CFX1223 60-200 (1x) Custom:5-255 25.5 41 

Tuhelj thiosufate 24 CFX1223 50-200 (1x) Custom:90-255 23.7 28 

Tuhelj thiosufate 48 CFX1223 30-150 (1x) Custom:5-255 37.6 29 

Tuhelj HPG + 

Light 

24 CFX1223 60-200 (1x) Custom:30-255 14.2 26 

Tuhelj HPG + 

Light 

48 CFX1223 50-200 (1x) Custom:5-255 18.2 52 
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Tuhelj HPG+Dark 24 CFX1223 50-200 (1x) Custom:30-255 19.3 32 

Tuhelj HPG+Dark 48 CFX1223 0-10 (1x) Custom:30-255 15.1 84 

Bizovac acetate 24 CFX1223 20-150 (1x) Isodataa 15.1 52 

Bizovac acetate 48 CFX1223 20-150 (1x) Isodata 20.7 96 

Bizovac glucose 24 CFX1223 0-40 (1x) Custom:5-255 7.9 89 

Bizovac glucose 48 CFX1223 1-150 (1x) Isodata 29.9 95 

Bizovac pyruvate 24 CFX1223 20-150 (1x) Isodata 11.1 71 

Bizovac pyruvate 48 CFX1223 20-150 (1x) Custom:5-255 20.1 44 

Bizovac thiosufate 24 CFX1223 100-255 

(1x) 

Custom:30-255 6.4 35 

Bizovac thiosufate 48 CFX1223 20-150 (1x) Custom:5-255 28.9 40 

Bizovac HPG + 

Light 

24 CFX1223 20-150 (1x) Custom:20-150 

(1x) 

7.7 47 

Bizovac HPG + 

Light 

48 CFX1223 20-150 (1x) Custom:5-255 9.5 28 

Bizovac HPG+Dark 24 CFX1223 20-255 (1x) Isodata 1.8 73 

Bizovac HPG+Dark 48 CFX1223 20-150 (2x) Custom:5-255 8.9 11 

Tuhelj acetate 24 EUBI-III 70-200 (1x) Custom:5-255 25.2 48 

Tuhelj acetate 48 EUBI-III 70-200 (1x) Custom:5-255 40.1 33 

Tuhelj glucose 24 EUBI-III 20-150 Isodata 22.4 95 

Tuhelj glucose 48 EUBI-III 20-150 Isodata 46 95 

Tuhelj pyruvate 24 EUBI-III 30-150 Custom:5-255 34.3 25 

Tuhelj pyruvate 48 EUBI-III 30-200 Custom:5-255 48.3 29 

Tuhelj thiosufate 24 EUBI-III 50-200 (1x) Custom:5-255 53.8 36 

Tuhelj thiosufate 48 EUBI-III 40-200 (1x) Custom:5-255 62.5 43 

Tuhelj HPG + 

Light 

24 EUBI-III 40-150 (1x) Custom:5-255 36.5 27 

Tuhelj HPG + 

Light 

48 EUBI-III 100-200 

(1x) 

Custom:5-255 42 19 

Tuhelj HPG+Dark 24 EUBI-III 30-200 (1x) Custom:5-255 34.9 48 

Tuhelj HPG+Dark 48 EUBI-III 20-150 (1x) Custom:30-255 36.7 23 

Bizovac acetate 24 EUBI-III 20-150 (1x) Isodata 34.9 79 

Bizovac acetate 48 EUBI-III 20-150 (2x) Isodata 48.8 60 

Bizovac glucose 24 EUBI-III 0-150 Custom:5-255 33.7 59 

Bizovac glucose 48 EUBI-III 50-200 Isodata 58.1 53 

Bizovac pyruvate 24 EUBI-III 20-150 (1x) Custom:90-255 46.3 78 

Bizovac pyruvate 48 EUBI-III 20-150 (1x) Isodata 40.5 80 

Bizovac thiosufate 24 EUBI-III 125-255 

(1x) 

Isodata 37.4 98 

Bizovac thiosufate 48 EUBI-III 20-190 (1x) Isodata 52 99 

Bizovac HPG + 

Light 

24 EUBI-III 20-150 (1x) Isodata 32.2 96 

Bizovac HPG + 

Light 

48 EUBI-III 20-190 (1x) Isodata 34.8 97 

Bizovac HPG+Dark 24 EUBI-III 30-150 (1x) Custom:30-255 33.2 40 

Bizovac HPG+Dark 48 EUBI-III 20-150 (1x) Isodata 35.3 94 
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