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Abstract 

Mineral waters represent unique limnological ecosystems with stable physicochemical conditions 
and specialised microbial communities adapted to extreme environments. Bulgarian mineral waters 
remain comparatively underexplored despite their considerable ecological and biotechnological 
significance. This review analyses current knowledge on the diversity, ecological functions, and 
biotechnological potential of microbial communities from Bulgarian mineral springs. A 
comprehensive literature survey covers studies published between 1990 and 2026. The study 
integrates hydrogeological, limnological, microbiological, and biotechnological data and 
encompasses both culture-dependent methods and molecular approaches. The available evidence 
demonstrates that microbial communities in Bulgarian mineral waters include diverse bacteria, 
archaea, cyanobacteria, microalgae that adapt to broad thermal and geochemical gradients. These 
microorganisms actively participate in element cycles, form complex biofilms, and show numerous 
physiological adaptations to oligotrophic and extreme conditions. Many taxa produce thermostable 
enzymes, antimicrobial compounds, exopolysaccharides with potential applications in medicine, 
industrial biotechnology, environmental remediation, and cosmeceutical technologies. The review 
identifies significant research gaps and emphasises the importance of integrated multi-omics 
approaches for future exploration of Bulgarian mineral water ecosystems. 

Keywords: Bulgarian mineral waters; microbial diversity; extremozymes; EPS; antimicrobial 
compounds; biotechnology 
 

1. Introduction 

Natural mineral waters represent unique limnological environments characterised by stable 
geochemical conditions, elevated mineralisation, and, in many cases, extreme temperatures [1,7–10]. 
These systems occur worldwide and have considerable ecological and biogeochemical importance, 
as they support specialised microbial communities adapted to oligotrophic and physicochemically 
extreme conditions [11–21]. In addition, they can be regarded as subsurface aquatic systems with 
distinct hydrogeological isolation and long-term environmental stability. Such environments are 
increasingly recognised as natural laboratories that enable the study of microbial adaptation, 
ecosystem functioning, and the evolution of metabolic diversity [12,17,22–25]. 

Microorganisms play a central role in the ecological functioning of mineral water systems, as 
their metabolic activity regulate key biogeochemical cycles of C, N, S, Fe, and Si [21,26–28]. As a 
result, they exert a strong influence on water chemistry, mineral precipitation, and overall ecosystem 
stability. Microbial communities also form complex biofilms and microbial mats, which enhance 
survival under stress conditions and enable functional interactions between phototrophic and 
heterotrophic populations [17,20,28–32]. These adaptations are important under conditions of low 
oxygen availability, high temperature, and elevated concentrations of dissolved gases, which are 
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typical for many mineral and thermal waters [7–10,17–19]. Furthermore, natural environmental 
habitat of mineral waters often possesses unique physiological and metabolic capabilities with 
recognised potential for applications in biotechnology, environmental processes, and industry 
[14,17,22–24,33–35]. 

Despite their ecological and applied significance, Bulgarian mineral waters remain relatively 
underexplored in a global context [11,22,26,36–39]. Existing studies demonstrate considerable 
microbial diversity and biotechnological potential; however, research remains fragmented and 
geographically uneven, and it rarely integrates ecological and functional perspectives [13,14,18,22–
24,26,27,40–42]. Cold springs and less-studied regions are particularly insufficiently characterised, 
which limits a comprehensive understanding of microbial distribution, community dynamics, and 
metabolic activity [11,26,41,43]. In addition, most investigations have focused primarily on sanitary 
microbiology and do not provide detailed taxonomic or functional analyses of indigenous microbial 
communities [11,44–50]. In the context of the growing interest in extremophilic microorganisms and 
sustainable biotechnological resources, the need for a systematic synthesis of available data has 
become increasingly evident. 

This review aims to analyse current knowledge on the diversity, ecological roles, and 
biotechnological potential of microbial communities in Bulgarian mineral waters. It emphasises their 
functional significance in limnological systems and examines the relationships between 
environmental conditions and microbial composition. The review also outlines perspectives for 
future research in this field. 

2. Materials and Methods 

This review is based on a comprehensive analysis of published scientific literature that addresses 
microbial diversity and functional characteristics of microorganisms in mineral and thermal waters, 
with particular emphasis on Bulgaria. Data were collected from major scientific databases Scopus, 
Web of Science, and Google Scholar. The analysis covers studies published between 1990 and 2026. 
Additional sources, monographs, regional microbiological surveys, and technical reports, were also 
included when necessary. These sources ensured adequate representation of Bulgarian studies that 
are not widely indexed. 

The literature search relied on combinations of keywords related to mineral and thermal waters, 
extremophilic microorganisms, algae, cyanobacteria, microbial mats, biofilms, biogeochemical cycles, 
and biotechnology. The selection of studies followed criteria based on relevance to microbial ecology, 
taxonomic identification, functional activity, and biotechnological potential of microorganisms 
isolated from inland aquatic systems. Only peer-reviewed publications and validated scientific 
reports were included in the analysis. The available datasets show substantial heterogeneity. For this 
reason, the study applies a qualitative comparative approach. The extracted information is organised 
according to ecological context, microbial groups, and functional roles. This structure allows 
comparison of microbial diversity patterns and ecosystem functions across different Bulgarian 
administrative provinces. Particular attention is given to studies that report microbial communities 
in Bulgarian mineral springs, including thermal, hyperthermal, and cold waters. The analysis also 
considers limitations of culture-dependent methodologies. Therefore, it includes studies that apply 
molecular techniques such as 16S/18S rRNA gene sequencing, metagenomics, and bioinformatic 
analyses. These methods provide access to both cultivable and non-cultivable microorganisms and 
allow a more complete representation of ecosystem structure and function. 

This methodological framework provides an integrative synthesis of ecological and 
biotechnological knowledge related to microbial communities in mineral waters. It also identifies 
existing knowledge gaps and outlines insufficiently explored research directions. The appendices 
present a comprehensive compilation of physicochemical parameters for Bulgarian mineral water 
sources included in this review. This dataset serves as a reference resource that supports data 
transparency and reproducibility, while the main text focuses on the synthesis of hydrogeological, 
limnological, and microbiological patterns at the system level. 
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3. Hydroecological and Limnological Framework of Bulgarian Mineral Waters 
2.1. Hydroecological Setting and Geological Control of Microbial Habitats 

Mineral waters in Bulgaria originate from complex hydrogeological and geothermal systems 
controlled by regional tectonics and deep groundwater circulation [28,37,38,46]. Meteoric waters 
infiltrate through fractured rock formations, porous media, and fault zones. During their downward 
migration, they undergo heating along the geothermal gradient, interact with host lithologies, and 
become enriched in dissolved minerals and gases such as CO₂, H₂S, CH₄, and Rn [28,36–38]. These 
processes determine the physicochemical characteristics of mineral waters and establish the 
environmental framework for microbial colonisation and adaptation [10,26,36]. Fault-controlled 
ascent pathways regulate the emergence of cold, warm, and hyperthermal springs and ensure 
prolonged residence times within subsurface reservoirs [28,37,38]. This extended isolation 
contributes to chemical stability, geochemical equilibrium, and a high degree of natural purity, with 
minimal anthropogenic influence [28,38]. The tectonic configuration and the presence of an active 
fault network further account for the remarkable diversity of mineral waters observed within the 
country [26,37]. 

The pronounced geological heterogeneity of Bulgaria represents a key factor that controls 
hydrochemical variability and microbial habitat differentiation. The country may be broadly divided 
into two major hydrogeological regions: a northern region, associated with the Moesian Platform, 
and a southern region, characterised by complex tectonic and geothermal structures [4,26,37]. These 
contrasting geological settings determine not only water composition and temperature regimes but 
also influence microbial community assembly, metabolic potential, and ecosystem functionality [17–
21,27,28]. To provide a hydrogeochemical and functional context for the studied ecosystems, 
Bulgarian mineral waters can be classified according to their therapeutic mineral composition and 
basic physicochemical properties. This classification describes the diversity of hydrothermal systems 
and serves as a basis for interpretation of associated microbial assemblages (Figure 1), while detailed 
physicochemical characteristics of individual water sources are provided in Appendices A and B. 

 

Figure 1. Classification of mineral waters in Bulgaria according to their theurapeutic mineral composition [10]. 

Northern Bulgaria is characterised by stratified artesian systems developed within the Moesian 
Platform. These systems are associated with Paleogene sandy-clay deposits and Mesozoic carbonate 
aquifers. The waters are predominantly extracted through boreholes and are typically characterised 
by relatively low temperatures and elevated mineralisation, with total dissolved solids (TDS) in range 
from 1 to 150 g/L [4,36]. In contrast, southern Bulgaria is dominated by active fault systems and 
geological massifs composed of metamorphic, volcano-sedimentary, and sedimentary rocks. These 
conditions favour the development of hydrothermal mineral springs, located in the Sofia and Rila-
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Rhodope regions, where thermo-mineral waters exhibit relatively low mineralisation (TDS < 1 g/L) 
and elevated temperatures [36,39]. Extreme geothermal conditions are observed in Sapareva Banya 
in southwestern Bulgaria, where the hottest geyser in continental Europe has been recorded. Water 
temperatures at this site reach 101-103 °C [11,51]. Such environments provide unique ecological 
niches for thermophilic and extremophilic microorganisms and contribute to the overall diversity of 
microbial habitats in Bulgarian mineral waters [14,17,18,22–24]. These contrasting hydrogeological 
regimes create distinct ecological templates that shape microbial community structure, functional 
diversity, and metabolic specialisation. The interaction between geological setting, hydrochemistry, 
and physicochemical conditions thus represents a fundamental control on the distribution and 
activity [14,17,18,22–24of microbial communities in mineral and thermal waters [10,17–21,27,28,52–
55]. 

2.2. Physicochemical Control on Microbial Distribution 

Physicochemical parameters represent a primary control on the organisation, distribution, and 
functionality of microbial communities in mineral water systems. Temperature, pH, mineralisation, 
redox potential, and gas composition exert a direct influence on microbial metabolic activity, 
physiological adaptation, and species differentiation [10,26,54]. These factors determine the 
ecological niches available for microbial colonisation and regulate the structure and stability of 
microbial assemblages in subsurface aquatic environments [17,21,27]. 

Temperature constitutes one of the most critical determinants of microbial life. It controls the 
rate of biochemical reactions and defines the physiological limits of different microbial groups. In 
thermal and hyperthermal springs, temperatures may exceed 60-70 °C, which creates favourable 
conditions for the development of thermophilic and hyperthermophilic communities of bacteria and 
archaea [13,17,26]. At intermediate temperatures, microbial diversity tends to increase due to the 
coexistence of mesophilic and moderately thermophilic taxa [17]. Of particular importance are 
akratotherms, in which relatively constant temperatures above 20 °C are maintained throughout the 
year. Such conditions promote the formation of stable and well-structured microbial consortia (Tables 
A1–A3) [10,56]. 

The pH of mineral waters further regulates microbial distribution and activity. Most mineral 
waters in Bulgaria are characterised by neutral to weakly alkaline conditions, which result from the 
presence of Ca²⁺, Mg²⁺, and HCO₃⁻ ions [10,45]. These components contribute to the stability of 
microbial cellular structures and support enzymatic processes. However, acidic environments also 
occur locally. In the Pernik administrative province of western Bulgaria, mineral springs with pH 
values between 2.6 and 3.5 have been documented. These conditions are associated with elevated 
concentrations of dissolved H₂S (Table A20) [10]. CO2 also promotes the development of acidophilic 
and autotrophic microorganisms, whereas H2S acts as a strong reducing agent. As a result, anaerobic 
conditions develop, which favour S-oxidising and SO4-reducing microbial communities [10,36]. 

Mineralisation reflects the total concentration of dissolved salts and represents another key 
ecological factor. Elevated TDS impose osmotic stress on microbial cells and restricts survival to 
organisms that possess specific adaptations to high ionic strength [10,23]. In contrast, many mineral 
waters are oligotrophic and contain low concentrations of organic matter. These conditions favour 
microorganisms with highly efficient nutrient uptake 

systems and specialised metabolic pathways. They also promote syntrophic interactions 
between different microbial taxa, which enhances ecosystem stability under nutrient-limited 
conditions [17,21,27]. 

The redox state of mineral waters is closely related to the availability of dissolved O2 and 
reduced chemical species. Deep groundwater systems are typically isolated from atmospheric O2, 
which results in low redox potential and the accumulation of reduced forms of Fe²⁺, Mn²⁺, and S²⁻ 
[26]. These conditions support anaerobic and anoxic environments and stimulate the activity of 
chemolithotrophic microorganisms. Such metabolic processes play a central role in Fe, S, Mn, C cycles 
and contribute to the formation of redox-active compounds within subsurface ecosystems [21,26,43]. 
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The combined influence of these physicochemical parameters establishes strong environmental 
gradients that determine microbial distribution, metabolic specialisation, and ecosystem functioning 
in mineral and thermal waters. 

2.3. Ecological Organisation and Microbial Structuring Mechanisms 

Microbial communities in mineral waters are structured by interacting abiotic gradients 
(temperature, light, redox potential) and biotic processes (competition, symbiosis, and biofilm 
formation) [49]. Thermal gradients in Bulgarian mineral waters, with an average geothermal gradient 
of approximately 4.5 °C per 100 m of depth [36], induce pronounced vertical and spatial stratification 
of microbial taxa [25,42]. Thermophiles and archaea dominate high-temperature zones [13,26,27], 
while phototrophic microorganisms are typically restricted to cooler, illuminated surface layers [51]. 
However, cyanobacteria have been reported even in systems exceeding 80 °C under sufficient 
irradiance [12,51], which demonstrate the adaptive potential of phototrophic lineages in extreme 
thermal conditions. Light availability further contributes to functional compartmentalization and 
support photosynthetic microzones within otherwise thermally extreme systems [17]. The functional 
stratification of microbial communities results from the combined influence of temperature and light 
and lead to the organisation of microorganisms into distinct ecological layers according to optimal 
environmental conditions [17]. 

Hydrological dynamics based on seasonal recharge, flow variability, and mixing with surface 
waters, influence microbial population turnover and community composition [2,42]. Seasonal shifts 
have been associated with transient detection of opportunistic taxa Pseudomonas spp. in some 
Bulgarian springs [2]. These processes collectively affect nutrient availability, redox-active compound 
distribution, and overall microbial activity. 

Microbial interactions like syntrophy, competition, and biofilm formation, contribute to 
ecosystem stability and enhance metabolic efficiency [56]. Biofilms also facilitate the retention of 
nutrients and support complex microbial consortia capable of producing bioactive compounds [30]. 
The presence of redox-active elements S and Fe further supports chemolithotrophic metabolism and 
shapes biogeochemical cycling within these systems [56]. 

Bulgarian mineral waters represent geologically controlled limnological systems in which 
subsurface geological architecture determines physicochemical conditions, which in turn structure 
microbial community composition and functional potential [56,57]. Geological heterogeneity acts as 
the primary driver of microbial niche differentiation which link hydrogeological processes with 
microbial ecology. The interaction between lithology, hydrodynamics, and geochemistry ultimately 
governs microbial diversity patterns, metabolic pathways, and biogeochemical cycling in these 
systems [56]. This integrated framework is essential for the interpretation of microbial distribution 
patterns and the identification of environments with high biotechnological potential. 

4. Microbial Communities in Mineral Waters of Bulgaria 

Mineral waters and thermal springs in Bulgaria constitute unique microbial ecosystems 
inhabited by bacteria, archaea, and phototrophic microorganisms that are adapted to a wide range of 
chemical, mineralogical, and thermal conditions [1,25,58]. 

3.1. Bacteria and Archaea 

Bacterial and archaeal communities in Bulgarian mineral waters display marked ecological and 
functional heterogeneity, shaped primarily by temperature, mineralisation, oxygen availability, and 
geological setting [17,19]. These systems span a continuum from cold, moderately mineralised 
springs to hyperthermal environments exceeding 70 °C [10,13,26,27], which results in strong 
environmental filtration of microbial assemblages and pronounced niche differentiation [30]. In the 
mineral waters and thermal springs of Bulgaria, representatives of multiple bacterial phyla have been 
identified: Proteobacteria, Firmicutes, Actinobacteria, Bacteroidetes, and Chloroflexi [2,55]. It is noteworthy 
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that the number of isolated microorganisms does not always correspond to the number of 
investigated springs [11]. 

In lowland and moderately warm springs, heterotrophic bacteria dominate and are primarily 
represented by metabolically versatile taxa: Bacillus, Pseudomonas, and Aeromonas [2,11,25,44]. These 
organisms are central to organic matter decomposition, nutrient utilisation, and redox balancing 
processes. They actively contribe to the closure of C, N, and S biogeochemical cycles [1,2,12,17,27]. 
Their enzymatic flexibility enables adaptation to fluctuating physicochemical conditions like seasonal 
hydrological variability and mineral composition shifts, and supports ecosystem stability in nutrient-
limited environments. In northern and central Bulgaria, cold mineral springs like those in the Barzia 
region near Mount Kom show the presence of Pseudomonas spp. and psychrophilic bacteria with 
seasonal changes in spring and autumn, without evidence of faecal contamination [2]. However, the 
species-level diversity of these microorganisms has not yet been investigated but their ecological 
plasticity and ability to persist under oligotrophic conditions should be investigated in future. 
Aeromonas hydrophila has also been detected in cold waters (21–22 °C) from the villages of Hadzhi 
Dimitar and Gunchov izvor in the Sliven administrative province [44]. From isothermal and thermal 
mineral springs in the Lovech, the facultative anaerobe Bacillus licheniformis and the aerobic species 
Bacillus amyloliquefaciens and Bacillus subtilis have been isolated [11]. Thermal and hyperthermal 
springs, in contrast, are characterised by a shift toward thermophilic and chemolithotrophic 
microorganisms [13,18,27]. The genera Brevibacillus, Geobacillus, Anoxybacillus, Thermus, Thermotoga, 
and Caldicellulosiruptor dominate these habitats [11,17,20,25,44]. They participate in high-temperature 
C turnover, S transformations, and fermentation-based metabolic pathways [1,8,12,17,27]. In the Sofia 
region, isolates from species Geobacillus stearothermophilus and Bacillus licheniformis have been 
reported, alongside the thermophilic Anoxybacillus bogrovensis from Dolni Bogrov [11,20]. In 
Velingrad, Geobacillus tepidamans has been identified, which further demonstrate the diversity of 
thermophilic bacilli in Bulgarian geothermal systems [63]. Extremely diverse Bacillus sp.-dominated 
communities have been documented across multiple administrative provinces in the country: Varna, 
Lovech, Stara Zagora, Plovdiv, Pazardzhik, Haskovo, Sliven, Burgas, and Yambol, with frequent 
detection of Bacillus subtilis, B. licheniformis, B. amyloliquefaciens, B. vallismortis, and members of the 
Bacillus cereus group [11,44,59]. In the Rupite hyperthermal springs, additional taxa Pseudomonas 
fluorescens, Stenotrophomonas maltophilia, Aeribacillus pallidus, and Anoxybacillus rupiensis have been 
identified, which shows both phylogenetic and functional diversity in extreme environments [14,32]. 
Novel strain Chloracidobacterium validum sp. nov., capable of growth at 45 °C under low light 
conditions, further demonstrate the presence of previously uncharacterised thermophilic and 
microaerophilic bacteria in Bulgarian geothermal systems [60]. 

Metabolically distinct functional groups are also present in hot springs. Lithotrophic taxa Aquifex 
and Hydrogenobacter and heterotrophic Thermus spp., which jointly contribute to energy flow and 
redox cycling under low organic C availability [17]. The genera Thermovorax, Hydrogenophilus, and 
Roseiflexus participate in both lithotrophic and organotrophic processes and connect microbial 
metabolism to S and H cycles in mineral waters [1,8,12,17,27]. 

Archaeal communities remain less extensively characterised but are consistently detected across 
thermal gradients in Bulgarian mineral waters [13,18]. Representatives affiliated with Euryarchaeota 
and Crenarchaeota are particularly associated with high-temperature and anaerobic niches [13,18], 
where they may reach temperatures above 80 °C [13,18]. In two geographically distinct areas – 
hyperthermal springs near the villages of Levunovo and Vetren Dol, archaeal diversity varies 
significantly. Spring near Levunovo shows higher richness and dominance of Thaumarchaeota-related 
lineages and Methanosarcinales, while this in Vetren Dol is dominated by thermophilic crenarchaeal 
groups Hot Water Crenarchaeotic Group (HWCG) [13]. 

Metagenomic studies of Rupite springs indicate low archaeal abundance compared to bacteria, 
yet reveal a substantial proportion of novel operational taxonomic units with low similarity to known 
taxa [28]. In the Varvara thermal spring, archaeal diversity includes representatives of Crenarchaeota, 
Euryarchaeota, and Korarchaeota, along with several unassigned lineages, some of which represent 
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entirely new phylogenetic subgroups [18]. These archaea are probably involved in S oxidation and 
anaerobic CO₂ respiration, consistent with the high concentrations of SO42- and S2O32- in the water 
[13]. Additional evidence suggests their participation in methanogenesis and other redox-sensitive 
processes in O2-depleted microenvironments [12,13,17]. 

3.3. Cyanobacteria and Microalgae 

Phototrophic microbial communities constitute a fundamental component of Bulgarian mineral 
water ecosystems, connected to surface-exposed and moderately illuminated thermal springs [12,49]. 
These communities form dense biofilms and multilayered microbial mats that contribute significantly 
to primary production and ecosystem structuring [12,25]. 

Cyanobacteria are the dominant phototrophic group in thermal and hyperthermal 
environments, where they exhibit exceptional physiological adaptability to elevated temperatures 
and variable mineral conditions [12,42]. Genera Leptolyngbya, Oscillatoria, Synechococcus, Phormidium, 
and Geitlerinema are frequently encountered in Bulgarian thermal systems in Rupite, Sapareva Banya, 
and Sofia-region springs. They can sustaine photosynthetic activity under temperatures arount 60-70 
°C [12,41,42]. In hyperthermal springs (>70 °C), thermophilic genera Chlorogloeopsis (dominant at ~68 
°C), Thermoleptolyngbya, Desertifilum, and Oculatella are also reported, while Leptolyngbya geysericola 
and Geitlerinema splendidum occur at slightly lower thermal ranges (>50 °C) [12,41]. Species Nostoc 
muscorum, Calothrix thermalis, Symploca thermalis, Microcoleus autumnalis, and Cyanobacterium 
aponinum contribute to the structural and functional complexity of microbial mats across Bulgarian 
geothermal systems. Mineral springs in Pazardzhik are rich in Leptolyngbya tenerrima and Oscillatoria 
arachnoidea. Spirulina subtilissima also occur and are adapted to montane conditions. In the Lovech 
region, dominant representatives include Kamptonema okenii, Microcoleus amoenus, and Phormidium 
favosum. In the Pernik region, Lyngbya martensiana has been recorded. Black sea coastal zone (Varna 
and Burgas) are characterised by marine and brackish cyanobacteria such as Lyngbya aestuarii, 
Lyngbya major, Phormidium chalybeum, and the widely distributed species Merismopedia tranquilla [34]. 
Novel thermophilic microalgae for the country include Gloeocapsa gelatinosa, Leibleinia epiphytica, 
Phormidesmis molle, Phormidium corium, and Symploca thermalis [41]. In several Bulgarian regions 
Rupite, Sapareva Banya, and Kazichene-Pancharevo geothermal zones, thick stratified mats are 
formed where cyanobacteria interact with thermophilic chemolithotrophs Hydrogenobacter, 
Hydrogenophilus, Roseiflexus, Thermotoga, and Thermus, which utilise O2 and organic compounds 
produced by phototrophs [12,42]. This syntrophic coupling between phototrophic and 
chemolithotrophic microorganisms is a key factor in ecosystem productivity under extreme thermal 
conditions [12,17,27]. 

Microalgae in Bulgarian mineral springs include representatives of Chlorophyta, Bacillariophyta, 
Charophyta, and Rhodophyta. They are more prevalent in cooler and moderately mineralised springs 
[41,42]. Diatoms Navicula nobilis, Pinnularia viridis, Surirella minuta, Amphora affinis, Diploneis elliptica, 
Gomphonema spp., and Pleurosigma spenceri play an important role in Si cycling through 
biomineralisation processes. Green algae Chlorella vulgaris, Draparnaldia acuta, Oedogonium capillare, 
Cladophora glomerata, Scenedesmus bijugatus, Hydrodictyon reticulatum, Oedogonium cardiacum, Ulothrix 
zonata, and Spirogyra spp., contribute to O2 production and organic C fixation in both inland and 
thermal systems. Charophytes Chara braunii and Chara fragilis further enhance structural complexity 
in macrophyte-influenced environments in Plovdiv, Hisarya, Narechenski Bani, and Karlovski Bani 
mineral waters. Red algae Batrachospermum moniliforme, Thorea hispida, and Hildenbrandia rivularis, are 
also present in selected spring systems [41]. 

3.4. Yeasts and Molds 

Mineral waters are generally considered to be microbiologically clean with respect to 
filamentous fungi and yeasts. On rare occasions, thermophilic yeasts may coexist with bacteria in 
mixed microbial communities [61]. The presence of yeasts Debaryomyces and Candida, as well as 
filamentous fungi Aspergillus spp. and Penicillium spp., is mainly reported in bottled mineral waters 
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[62–64]. In Bulgaria, mineral waters typically exhibit a minimal occurrence of filamentous fungi and 
yeasts within permissible regulatory limits. In samples from Kom, isolated green colonies with 
conidia characteristic of the genus Penicillium have been observed, whereas in Gorna Banya and 
Bankya, single fungal colonies have been detected only during spring and autumn. This suggests that 
fungal presence is strongly regulated by temperature shifts, nutrient pulses, and hydrological 
dynamics rather than stable ecological establishment [2]. These organisms are typically not 
permanent members of native microbial communities but rather transient colonisers introduced 
through environmental deposition, aerosols, or processing pathways. 

Beyond taxonomic group-specific observations, the available data allow an integrated 
interpretation of spatial microbial distribution patterns across Bulgaria. Figure 2 presents the 
distribution of recorded microbial taxonomic units (species, genera, and higher taxa) and available 
information about mineral springs across administrative provinces of Bulgaria [1,2,10,11,25,41,59,65–
69]. The data reveal pronounced spatial microbial heterogeneity driven by geological setting, 
hydrological connectivity, and mineral water temperature. The highest taxonomic richness is 
observed in the Blagoevgrad, followed by Sofia, Pazardzhik, Sofia City, and Plovdiv, which 
correspond to geothermal hotspots with extensive Bacillus-, cyanobacteria-, and algae-rich systems 
[11,41,42]. Intermediate diversity is recorded in Haskovo, Burgas, Varna, and Montana, while the 
lowest values are observed in Lovech, Stara Zagora, Sliven, Yambol, and Kyustendil [24,49,60]. The 
observed distribution suggests strong research bias toward well-studied geothermal systems in 
southwestern Bulgaria: Rupite, Sandanski, Bansko, and Dobrinishte, where diverse bacterial (Bacillus, 
Geobacillus, Anoxybacillus) and phototrophic communities co-occur [11,12,34,63]. In contrast, northern 
Bulgarian geothermal systems (Pleven, Veliko Tarnovo, Vidin) remain underexplored despite their 
potential to host thermophilic taxa. The Black Sea coastal administrative provinces (Varna and Burgas 
districts) is characterised by mixed marine-terrestrial microbial assemblages like Pseudomonas 
aeruginosa, Brevibacillus spp., Lyngbya aestuarii, and Cladophora fracta which reflects complex 
environmental inputs [11,41]. 

 

Figure 2. Distribution of microbial taxonomic units (species, genera, and higher taxa) in Bulgarian mineral 
waters across administrative provinces. 
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It is also important to note that temperature data are unavailable for a substantial proportion of 
springs, which limits the robust ecological comparison and necessitate improved physicochemical 
characterisation in future studies [34,59]. Cold springs in Bulgaria remain particularly 
underrepresented, despite their potential to harbour novel psychrophilic and psychrotolerant 
microorganisms [2]. 

Figure 3 integrates data from multiple studies on microbial communities across Bulgarian 
administrative provinces and demonstrate pronounced variability in bacterial, archaeal, 
cyanobacterial, and algal communities [1,2,12,17,25,27,41,59]. Mountainous and western 
administrative provinces (Blagoevgrad, Sofia) are characterised by co-dominance of cyanobacteria 
and algae: Leptolyngbya, Oscillatoria, Chlorogloeopsis, Navicula, and Closterium, which suppose 
freshwater and alpine geothermal influence [41,42]. Coastal administrative provinces (Varna, Burgas) 
exhibit balanced distributions of cyanobacteria and heterotrophic bacteria: Lyngbya, Phormidium, 
Pseudomonas, and Bacillus, indicative of mixed marine–terrestrial inputs [11,41]. Urban systems (Sofia 
city) demonstrate reduced diversity and more structured microbial assemblages dominated by 
opportunistic bacteria Staphylococcus xylosus, Klebsiella oxytoca, and Aeromonas hydrophila, along with 
limited algal presence [41,44]. Lowland administrative provinces (Plovdiv, Stara Zagora, Yambol, 
Sliven) are dominated by heterotrophic Bacillus species (B. subtilis, B. licheniformis, B. amyloliquefaciens, 
B. cereus group), which reflect simplified nutrient-driven microbial systems [11,41,42]. Certain 
administrative provinces exhibit distinctive microbial signatures: Montana shows increased algal 
representation (Cladophora, Spirogyra, Cosmarium), while Haskovo and Kyustendil represent 
transitional systems with mixed cyanobacterial-bacterial-algal communities [41]. Pazardzhik is 
notable for balanced microbial composition. Thermophiles (Bacillus sp., Geobacillus 
stearothermophilus), cyanobacteria (Oscillatoria spp.), and diverse archaeal groups affiliated with 
Crenarchaeota and Euryarchaeota have been found [13,18]. 

 
Legend: Pazardzhik* – Potential archaeal hotspot. 

Figure 3. Functional microbial composition across administrative provinces in Bulgaria. 

The distribution of microbial diversity across Bulgarian administrative provinces, expressed as 
the number of identified species, genera, and higher taxa, reveals pronounced spatial heterogeneity 
in the depth of taxonomic resolution (Figure 4) [2,11,41,42]. 
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Figure 4. Spatial variation in microbial taxonomic richness (species, genera and higher taxa) across Bulgarian 
administrative provinces. 

Blagoevgrad exhibits the highest overall diversity, with a marked predominance of species-level 
richness (34 species), accompanied by detectable diversity at both genus (5) and higher taxonomic 
levels (3), which indicates a complex and well-resolved microbial assemblage shaped by geothermal 
activity and diverse hydrochemical conditions [11,25,41]. In contrast, coastal and urban-influenced 
administrative provinces Burgas, Varna, and Sofia (city) show substantially reduced species richness 
and limited representation at higher taxonomic levels, which suggests comparatively simplified or 
less extensively studied microbial communities [11,41,44]. These areas are characterised by mixed 
anthropogenic and natural inputs. The presence of opportunistic bacteria Pseudomonas aeruginosa, 
Brevibacillus spp., and Aeromonas hydrophila, and marine-associated phototrophs Lyngbya aestuarii and 
Phormidium chalybeum [11,41]. Sofia retains moderate diversity across species (18) and genera (3), but 
doesn’t have higher taxonomic resolution. Geothermal springs Pancharevo, Zheleznitsa, and 
Kazichene, where thermophilic bacteria (Bacillus subtilis, Geobacillus stearothermophilus) and 
cyanobacteria (Nostoc muscorum, Calothrix thermalis, Geitlerinema splendidum) are commonly recorded 
[11,41,42]. The coexistence of bacterial and phototrophic taxa in these systems reflects intermediate 
thermal and nutrient conditions. Intermediate diversity patterns are observed in Pazardzhik and 
Haskovo, where both genera and higher taxa are present, which can be suggested as structurally 
more complex microbial communities compared to low-diversity administrative provinces [11,25]. 
These areas host a mixture of thermophilic bacilli (Bacillus licheniformis, B. amyloliquefaciens, Geobacillus 
stearothermophilus) and phototrophic organisms (Oscillatoria, Leptolyngbya, Scenedesmus quadricauda), 
which thrive in transitional ecological conditions between thermal and mesophilic systems [41]. 
Kyustendil and Plovdiv display moderate species richness but limited higher-level taxonomic 
differentiation. The dominant taxa include Bacillus cereus group members, Aeromonas sobria, Klebsiella 
oxytoca, and cyanobacteria Oscillatoria proboscidea and Gloeocapsa kuetzingiana, and green algae 
(Cladophora glomerata, Spirogyra reticulata) [25,41]. Lowland and northern administrative provinces 
Lovech, Montana, Stara Zagora, Yambol, and Sliven demonstrate minimal microbial diversity, 
primarily restricted to species-level observations with little or no representation of genera or higher 
taxa. This is probably associated with simplified community structures or limited taxonomic depth 
in available datasets [24,49,60]. These systems are often dominated by a narrow range of Bacillus 
species (B. subtilis, B. licheniformis, B. amyloliquefaciens) and occasional phototrophic taxa Microcoleus, 
Phormidium, and Spirulina subtilissima, which represents reduced ecological complexity [11,70]. 
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5. Functional Role of Microbial Communities 

Mineral water microbial communities are important for aquatic system function, biogeochemical 
cycles and to maintain stability under oligotrophic and extreme conditions. [1–8,12–16,20]. Their 
metabolic versatility enables the transformation of inorganic compounds into bioavailable forms and 
sustain ecosystem productivity, and regulate chemical equilibrium within subterranean and surface 
water systems [3–9,14–18,21–27]. 

5.1. Participation in Biogeochemical Cycles 

In oligotrophic mineral waters, microbial communities act as primary drivers of geochemical 
transformations due to the limited availability of organic substrates [2–6,10–14,18–21,46–49]. Key 
bacterial groups Bacillus, Pseudomonas, Aeromonas, and Klebsiella, together with chemolithotrophic 
taxa Aquifex, Hydrogenobacter, Hydrogenophilus, Thermus, Thermotoga, and Roseiflexus, archaea from the 
phyla Euryarchaeota and Crenarchaeota, are actively involved in these processes [5–12,15–23]. 

Carbon cycle is strongly influenced by chemolithoautotrophic microorganisms. Aquifex, 
Hydrogenobacter, and Hydrogenophilus fix CO₂ in deep, aphotic environments [13]. In contrast, surface 
zones are dominated by photosynthetic microorganisms, where cyanobacteria and microalgae act as 
primary producers. They contribute to organic matter formation and local pH increase, which 
promotes carbonate precipitation [22,41,71]. Heterotrophic bacteria Bacillus, Pseudomonas, and 
Aeromonas dominate oxygen-rich microenvironments, while anaerobic degradation occurs in 
sediment layers [10–16,20,25]. Thermophilic bacteria Caldicellulosiruptor spp. are involved in the 
mineralisation of organic matter to CO₂ and CH₄, as observed in thermal springs in Rupite [17]. 
Methanogenic archaea, members of Methanosarcinales and Candidate Thaumarchaeota, are implicated 
in CH₄ formation at high temperatures (Levunovo spring, ~68 °C) [13]. 

Nitrogen cycle is mediated by both cyanobacteria and bacteria. Nitrogen-fixing cyanobacteria 
Leptolyngbya spp., Mastigocladus, Nostoc spp., Calothrix thermalis, and Anabaena spp. contribute 
significantly to atmospheric N2 fixation [12,42], a process also supported by Bacillus subtilis [72]. 
Nitrification and denitrification processes are carried out by Pseudomonas, Bacillus, and Aeromonas, 
while NH3 oxidation is associated with Thaumarchaeota archaea [73]. 

Sulfur cycle is driven by sulfur-oxidising bacteria Aquifex, Hydrogenobacter, Thermotoga, and 
Beggiatoa alba, which convert reduced sulfur compounds into SO42-. Crenarchaeota archaea contribute 
to sulfur reduction processes in thermophilic environments. Anaerobic bacteria Caldicellulosiruptor 
participate in assimilatory sulfate reduction for amino acid biosynthesis [74]. 

Iron cycle is mediated through microbial redox reactions, where Bacillus spp. reduce Fe(III) to 
Fe(II). Pseudomonas fluorescens enhances FeO and MnO2 mineral dissolution through redox-active 
phenazines [6]. Silicon cycle is influenced by diatoms Navicula, Pinnularia, Surirella, Gomphonema, and 
Amphora, whose frustules are composed of biogenic SiO2 [34]. 

5.2. Microbial Interactions and Biofilms 

In mineral waters, microorganisms exist predominantly in structured multispecies communities 
known as biofilms rather than as planktonic cells. These biofilms represent highly organised, 
metabolically integrated systems formed by bacteria, archaea, cyanobacteria, and algae under 
oligotrophic conditions [30]. 

Biofilm formation begins with reversible cell adhesion to mineral or organic surfaces, followed 
by irreversible attachment and extracellular polymeric substance (EPS) production. EPS matrices 
composed of polysaccharides, proteins, and extracellular DNA provide structural stability and 
protection against environmental stressors like temperature fluctuations, pH variation, and toxic 
compounds. As biofilms mature, internal channel systems develop and facilitate nutrient and gas 
exchange. Strong chemical gradients emerge, and lead to spatial stratification of microbial 
populations. Phototrophic microorganisms occupy surface layers, while heterotrophic and anaerobic 
taxa dominate deeper zones. Quorum sensing mechanisms regulate gene expression related to EPS 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0808.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0808.v1
http://creativecommons.org/licenses/by/4.0/


 12 of 43 

 

synthesis, metabolic coordination, and stress adaptation [30]. In thermal springs, biofilms develop 
into microbial mats with distinct vertical stratification. Cyanobacteria Chlorogloeopsis, Leptolyngbya, 
Synechococcus, and Mastigocladus dominate the upper layers, where they perform oxygenic 
photosynthesis and CO₂ fixation. This oxygen production supports aerobic heterotrophic bacteria 
Bacillaceae [13–19,23–29,32–38,41–47]. Bacillus megaterium contribute to carbonate biomineralisation 
and structural stabilisation of microbial mats [71]. Deeper layers of biofilms become anaerobic due to 
oxygen depletion, where archaea drive methanogenesis and sulfur cycling processes [27,28]. The 
slow growth rates of archaeal populations contribute to heterogeneous structural development and 
periodic detachment and renewal of biofilm layers. 

5.3. Adaptation to Extreme Conditions 

Microbial communities in mineral waters exhibit a wide range of physiological and molecular 
adaptations that enable survival under extreme environmental conditions. Structural adaptations 
include endospore formation in Bacillus spp., which ensures long-term survival under stress 
conditions, particularly during nutrient limitation and physicochemical fluctuations [57]. EPS 
production by Pseudomonas, Leptolyngbya, and Chlorogloeopsis forms protective barriers against UV 
radiation, desiccation, and toxic compounds, and stabilise biofilm formation [57,75,76]. Filamentous 
cyanobacteria Mastigocladus and Leptolyngbya exhibit heterocyst differentiation, which enhance N2 
fixation efficiency and allow survival under nitrogen-limited conditions [75]. 

Membrane and enzymatic adaptations are important in thermophiles [9–16,20–26,29–35,38–
44,47–53]. Species Geobacillus stearothermophilus, Anoxybacillus, and Brevibacillus possess membranes 
enriched in saturated and branched-chain fatty acids, increasing thermal stability by reducing 
membrane fluidity. These organisms produce thermostable enzymes and heat-shock proteins that 
maintain proper protein folding, enzymatic activity, and cellular integrity at temperatures exceeding 
60-70 °C [77,78]. In contrast, psychrophilic adaptations involve increased membrane fluidity through 
unsaturated and short-chain fatty acids, combined with the production of antifreeze proteins that 
inhibit ice crystal formation and prevent cellular damage [79]. 

Metabolic adaptations include efficient ion transport systems, compatible solute accumulation 
(e.g., betaine, glycerol, trehalose), and detoxification mechanisms. Pseudomonas spp. demonstrate 
high tolerance to metal ions and osmotic stress. These systems support survival in highly mineralised 
environments and facilitate horizontal gene transfer of adaptive traits, often mediated by plasmid-
associated genes [80]. Anaerobic adaptations involve alternative metabolic pathways like 
fermentation, sulfate reduction, and methanogenesis, which allow conservation under oxygen-
limited conditions in deeper layers of mineral water systems [81]. 

At the same time, cyanobacteria Synechococcus, Mastigocladus, Leptolyngbya, and Chlorogloeopsis 
exhibit photosynthetic adaptations which involve structural and functional modifications of the 
photosynthetic apparatus. These include increased thermal stability of Photosystem II and light-
harvesting complexes, and alterations in pigment composition. The synthesis of chlorophyll f enables 
efficient utilisation of low-intensity or filtered light within dense biofilms, enhancing CO₂ fixation 
under suboptimal light conditions [82]. 

At the molecular level, thermotolerant microorganisms synthesise heat-shock proteins 
(molecular chaperones) that prevent protein denaturation and assist in proper folding under stress. 
DNA stability is further enhanced by enzyme reverse gyrase, which introduces positive supercoils 
into DNA and protect it at high temperatures. In addition, species of Geobacillus and related 
thermophiles possess CRISPR-Cas defence systems that provide adaptive immunity against viral 
infections and contribute to genome stability in extreme environments [83,84]. 

6. Biologically Active Microbial Compounds 

Microorganisms from mineral waters represent a significant source of structurally diverse 
bioactive compounds. Extreme physicochemical conditions drive the evolution of specialised 
metabolic pathways that result in the production of antimicrobial, enzymatic, antioxidant, and other 
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biologically active molecules. As a consequence, these ecosystems are increasingly recognised as 
promising reservoirs for novel biotechnological and pharmaceutical agents [1,4,36,55]. 

6.1. Antimicrobial Substances 

The synthesis of antimicrobial compounds is a common adaptive strategy among 
microorganisms in limited nutrient availability. Members of the genus Bacillus are among the most 
important producers of bacteriocins and antimicrobial peptides. Strains isolated from hot springs in 
Haskovo and Plovdiv administrative provinces B. cereus, B. thuringiensis, B. amyloliquefaciens, and B. 
subtilis, demonstrate pronounced inhibitory activity against Gram-negative bacteria and saprophytic 
fungi Aspergillus, Fusarium, Penicillium, and Rhizopus species [11,59,85]. Similar antimicrobial 
potential has been reported in Bacillus strains from geothermal systems in other regions, which 
confirm their broad biotechnological relevance [19,23,53,86,87]. These microorganisms produce a 
wide range of bioactive peptides: subtilin, subtilosin A, cereins, and thuricins, which exhibit activity 
against Gram-positive pathogens and fungal contaminants [59]. Bacillus sp. isolates from mineral 
waters in Stara Zagora, Sliven, Sofia and Blagoevgrad also show strain-specific antimicrobial spectra. 
Some demonstrate strong antifungal activity but limited antibacterial effects, which is probably due 
to functional diversity within the genus [11,49]. 

Beyond Bacillus, Pseudomonas fluorescens contributes to antimicrobial activity through the 
production of phenazine derivatives [88]. Caldicellulosiruptor spp. genomes encode potential 
bacteriocin transport systems which suggests hidden antimicrobial capabilities [89]. C. owensensis, 
contain homologues of subtilosin A, a bacteriocin active against certain Gram-positive bacteria [90]. 
The facultative anaerobe Staphylococcus xylosus may be effective against the ochratoxin-producing 
fungus Penicillium nordicum [91]. Archaeal microorganisms, although less studied, are potential 
producers of archaeocins – glutamate-rich compounds with properties analogous to polymyxin B 
[92]. Halophilic archaea synthesise halocins with broad-spectrum antibacterial activity [93]. 
Sulfolobicins constitute a novel class of antimicrobial proteins produced by members of the genus 
Sulfolobus (Crenarchaeota) mainly against closely related archaeal strains [94]. 

Cyanobacteria are key producers of bioactive secondary metabolites with antibacterial, antiviral, 
and antifungal properties. Species Leptolyngbya boryana and Leptolyngbya sp. HNBGU 002 synthesise 
bioactive hydrocarbons, δ-lactam derivatives, and phenolic compounds with activity against 
vancomycin-resistant Staphylococcus aureus, and antiviral effects against Coxsackievirus B3 and 
rotavirus [95–98]. The thermophilic cyanobacterium Mastigocladus laminosus produces capsular 
polysaccharides with antimicrobial, anti-inflammatory, and cytotoxic properties, while Gloeocapsa sp. 
exhibits broad-spectrum antimicrobial activity against bacterial and fungal pathogens at low 
inhibitory concentrations [99]. Phormidium spp. can syntetise eugenol and fatty acids under nutrient-
limited conditions, which shows the metabolic plasticity of cyanobacteria. Extremophilic genera 
Mastigocladus, Chlorogloeopsis, Leptolyngbya, Oscillatoria, and Phormidium can produce peptides, 
alkaloids, and phenolic compounds that inhibit competing microorganisms. Nitrogen-fixing 
cyanobacteria (Nostoc, Calothrix, Symploca) contribute through cyclic peptide production involved in 
chemical defense [100]. Green algae (Chlorella, Scenedesmus, Cladophora, Spirogyra) and diatoms 
(Navicula, Pinnularia) produce phenolics and fatty acids with antimicrobial and allelopathic activity 
[101–103]. 

6.2. Industrially Oriented Enzymes 

Microorganisms from mineral waters are an important source of extremozymes adapted to 
harsh environmental conditions [25,104–108]. The genera Bacillus and Pseudomonas dominate in 
enzymatic production due to their metabolic flexibility, ecological resilience, and ability to synthesise 
diverse hydrolytic enzymes with industrial relevance [49,105–112]. The presence of Ca²⁺ and Mg²⁺ 
ions in thermal waters further enhances enzymatic activity, particularly during the growth of Bacillus 
subtilis [25]. Microbial isolates from Bulgarian mineral springs from the administrative provinces of 
Pazardzhik, Sofia and Blagoevgrad exhibit combined amylolytic, proteolytic and lipolytic activities. 
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Representatives of B. subtilis, B. amyloliquefaciens and B. Licheniformis and thermophiles Geobacillus 
stearothermophilus demonstrate strong hydrolytic activity, while other strains B. cereus, B. thuringiensis, 
B. methylotrophicus show more specialised profiles: phosphatase and glucosidase activities [11]. 
Thermophilic representatives of Bacillus-related genera (Anoxybacillus, Geobacillus, Brevibacillus), 
isolated from 18 mineral springs across different regions of Bulgaria, synthesise a wide range of 
thermostable enzymes: amylases, xylanases, and β-glucanases, which are essential for lignocellulosic 
biomass degradation [13,20,113]. Species from thermal springs Brevibacillus thermoruber southwestern 
Bulgaria and Anoxybacillus gonensis are specialised in xylan degradation and starch hydrolysis, 
respectively, while Geobacillus pallidus and Thermoactinomyces sp., produce thermostable enzymes of 
industrial relevance [20]. Additionally, thermophilic and alkali-tolerant bacteria with xylanolytic 
activity have been isolated from hyperthermal springs in southwestern Bulgaria and the Sofia (42-96 
°C), while Anoxybacillus bogrovensis, isolated from a geothermal spring in Dolni Bogrov (Sofia), is 
characterised by a broad substrate spectrum and pronounced amylolytic activity [13,113]. The Gram-
negative bacterium Pseudomonas aeruginosa, isolated from mineral waters in the Burgas 
administrative province, represents a potential producer of industrially relevant hydrolases. These 
include alkaline proteases with optimal activity at pH ~9.5, as well as lipases and esterases. Some 
strains of this species are also reported to produce enzymes involved in plastic degradation [109,110]. 
The metabolic versatility of Pseudomonas fluorescens is linked to extracellular protease and lipase 
production [111,112]. Aeromonas sobria from therapeutic springs in Narechenski baths (Plovdiv) may 
also be explored for amylase activity [114,115]. Although no direct evidence is found with strains 
from Bulgarian mineral springs, the facultative anaerobe Staphylococcus xylosus, identified in waters 
from the Pazardzhik administrative province, may possess enzymatic potential for the production of 
superoxide dismutase, nitric oxide synthase and naringinase. These biocatalisators can improve 
flavour characteristics in fruit juices and fermented foods [116,117]. 

Hot springs in the Rupite region constitute a natural habitat for diverse extremophilic bacteria 
of the genera Thermus, Thermotoga, Hydrogenobacter, Aquifex and Roseiflexus, as well as archaea 
(Euryarchaeota, Crenarchaeota, Korarchaeota) with significant potential for thermophilic enzyme 
production. These organisms are expected to produce DNA polymerases, proteases, amylases, 
cellulases and glycosidases [13,14,29,118,119]. The biotechnological potential of archaea remains 
poorly explored; however, they are presumed to exhibit hydrolase, proteolytic and lipolytic activities 
[120–122]. 

Extremophilic cyanobacteria Chlorogloeopsis, Mastigocladus, Leptolyngbya and Phormidium are 
valuable producers of thermostable proteases and lipases [123]. Nitrogen-fixing genera such as Nostoc 
and Calothrix are potential sources of hydrogenase enzymes [124,125]. Green algae Chlamydomonas 
reinhardtii, Chlorella spp. are also potential sources of enzymes involved in lipid metabolism and 
associated with carotenoid and other high-value bioactive compound biosynthesis [126]. Diatoms 
(Navicula, Pinnularia) are characterised by enzymes connected with biomineralisation and 
biosilicification, with applications in nanotechnology. Desmids, red algae and charophytes represent 
potential sources of enzymes involved in the degradation of complex organic compounds and 
mineral-related processes [127]. To date, there is no literature data on enzyme production from algae 
and cyanobacteria isolated from Bulgarian mineral springs. 

5.3. Microbial Exopolysaccharides and Biosurfactants 

Many microorganisms from mineral waters synthesise extracellular polymeric substances (EPS), 
which are essential for biofilm formation and microbial adaptation to extreme environments [128]. 
Numerous representatives of the family Bacillaceae produce EPS [125]. It has been shown that 
biopolymers synthesised by B. subtilis and B. licheniformis may reach concentrations of up to 12.6 mg/L 
[129,130]. Geobacillus tepidamans V264 is found in a hot spring in the village of Mizinka (Pazardzhik) 
has a promising EPS production potential [32]. In studies of thermophilic microorganisms from 
Bulgarian hot springs (43 to 85 °C) EPS-producing strains were selected [32,60]. Among them, 
Brevibacillus thermotuber was the most widespread species. It has been detected in hot springs in 
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Rupite, Levunovo, Dolno Osenovo (Blagoevgrad), Trebich (Sofia), and Gradeshnitsa (Vratsa). No 
clear correlation was observed between spring temperature and the amount of produced 
exopolysaccharides. Anoxybacillus kestanbolensis 415 from Mizinka mineral spring (85 °C), produces 
up to 25.3 mg/L EPS. Geobacillus toebii 419 and Aeribacillus pallidus 418 (from Rupite hot springs), show 
maximum yields of 50 mg/L and 53 mg/L, respectively [60,131]. EPS production potential depends 
on cultivation conditions rather than temperature alone [20,38,41,63]. Optimisation in bioreactor 
systems substantially enhances EPS biosynthesis and reach considerably higher concentrations under 
controlled pH, temperature and nutrient regimes [20,29]. Maximum EPS production up to ~170-180 
mg/L in continuous processes) is achieved at 60 °C, pH 7.0. For Brevibacillus thermoruber 423 from a 
hot mineral spring in Gradeshnitsa, EPS production reaches up to 897 mg/L in bioreactor conditions 
at 55 °C and pH 6.5 [29]. 

Members of the genus Pseudomonas also contribute to EPS matrix formation and biofilm 
development [132,133]. Strains Pseudomonas fluorescens and psychrotrophic Pseudomonas spp. produce 
EPS over a broad range of environmental conditions, with yields strongly influenced by nutrient 
composition and trace elements Mn²⁺ and Zn²⁺ [134,135]. However, there are no scientific studies on 
EPS biosynthesis by Pseudomonas strains isolated from Bulgarian mineral waters. Archaea from the 
phyla Euryarchaeota and Crenarchaeota are also able to synthetise EPS as a key adaptation mechanism 
to extreme environments [136,137]. Cyanobacteria are Leptolyngbya, Synechococcus and Phormidium 
are considered potential EPS producers. EPS production in Phormidium corium depends on CO₂ and 
Ca²⁺ limitation [138,139]. No published literature for EPS production by archaea and cyanobacteria 
isolated from Bulgarian thermal waters is reported. 

Biosurfactants produced by microorganisms facilitate adaptation to mineral-rich environments 
and reduce surface tension and enhance cell interactions [140,141]. Bacillus and Pseudomonas are of 
major importance, which make strains isolated from mineral springs promising sources of such 
compounds. Bacillus subtilis synthesises several classes of lipopeptide biosurfactants: surfactins, 
iturins and fengycins [142–146] while Geobacillus stearothermophilus and Pseudomonas spp. can produce 
various glycolipid biosurfactants [147–150]. A promising approach for future research is the co-
cultivation of diverse algae and bacteria isolated from Bulgarian mineral springs, as microalgal-
bacterial consortia have been shown to enhance biosurfactant production in a 34-fold increase in co-
culture with Desmodesmus perforates [151]. Despite their importance, data on EPS and biosurfactant 
production by Bulgarian mineral water isolates remain a significant research gap. 

6.3. Pigments and Antioxidants 

Many microorganisms from mineral springs are potential producers of pigments with protective 
function: carotenoids, melanins, and chlorophylls [152]. Carotenoids are important due to their 
strong antioxidant capacity against UV radiation and oxidative stress. Within Bacillus, pigment 
production includes cerein in B. cereus with antimicrobial activity [153], carotenoids in B. 
amyloliquefaciens UCM B-5113 [154,155], and zeaxanthin synthesis in several species. Bacillus 
licheniformis and B. megaterium produce diverse C30 carotenoids: bacterioruberin derivatives and 
diapocarotenoids, with expression in B. megaterium linked to UV exposure [156–158]. Spore-
associated melanins in thermoresistant B. thuringiensis, B. pumilus, and B. altitudinis, provide 
additional UV protection, while B. subtilis spores contain melanin-like pigments and related brown 
compounds [159–162]. Pigment production is also characteristic of Pseudomonas, where P. aeruginosa 
synthesises the redox-active pigment pyocyanin and P. fluorescens produces pyoverdine, involved in 
iron acquisition and antimicrobial interactions [163–168]. 

Cyanobacteria from Bulgarian mineral waters represent an additional important source of stable 
pigments. Genera Synechococcus, Oscillatoria, and Phormidium are able to synthetise phycobiliproteins 
with strong antioxidant activity [169]. Thermophilic taxa (Thermoleptolyngbya, Mastigocladus, 
Leptolyngbya) produce thermostable phycobilins, carotenoids, and UV-protective compounds 
scytonemin [127,170–174]. EPS-associated pigment stabilisation further enhances their functional 
persistence in capsule-forming genera (Gloeocapsa, Aphanothece, Chroococcus) [175]. Algae from 
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mineral and aquatic environments also contribute significantly to pigment diversity. Green algae 
(Chlorella, Scenedesmus, Cladophora) are major sources of β-carotene and lutein, while diatoms 
synthesise fucoxanthin and desmids accumulate phenolic compounds with antioxidant properties 
[176–179]. Red algae and charophytes further expand pigment diversity through phycobilins, 
carotenoids, and sulphated polysaccharides with antioxidant activity [180,181]. 

Mineral waters in Bulgaria represent a valuable source of microorganisms with notable 
biotechnological potential. Table 1 summarises the distribution of microorganisms with studied (in 
bold) or potential biotechnological activity across Bulgarian mineral water regions, together with 
their associated bioactive metabolites. The highest diversity of biotechnologically relevant 
microorganisms is observed in the geothermal regions of south-western Bulgaria: Rupite, Sapareva 
Banya and Velingrad, where thermophilic Bacillus-related taxa predominate. These findings 
underline the importance of Bulgarian thermal waters as a promising source of novel microbial 
resources for biotechnology, medicine and industrial applications. 

Table 1. Microorganisms with potential for production of bioactive metabolites from Bulgarian mineral waters. 

Administrativ
e province Bacteria Cyanobacteria Algae 

Blagoevgrad 

Geobacillus, Aeribacillus, 
Brevibacillus, Bacillus spp., 
Pseudomonas, 
Stenotrophomonas [11,14,17,20] 
thermostable enzymes (lipase,
xylanase), EPS,  
antimicrobial peptides,
biosurfactants  

Thermoleptolyngbya, 
Leptolyngbya, Oscillatoria, 
Phormidium, Nostoc, 
Synechococcus, Geitlerinema
[12,41] 
phycobiliproteins, antioxidants,
EPS, pigments 

Scenedesmus, 
Pediastrum, 
Cosmarium, 
Closterium, Thorea
[41,42] 
antioxidants, lipids, 
structural 
polysaccharides 

Sofia (incl. 
Sofia city) 

Anoxybacillus, Geobacillus, 
Bacillus spp. [11,14,17,20]  
thermostable xylanases, EPS,
biofilm metabolites 

Mastigocladus, Calothrix, 
Symploca, Phormidium, Nostoc
[12,41] 
phycobiliproteins, EPS,
antimicrobial compounds 

Cladophora, Spirogyra
[41,42] 
antioxidants, 
polysaccharides 

Kyustendil 
Beggiatoa alba 
biosurfactants, sulfur
metabolism compounds 

Oscillatoria, Phormidium, 
Asterocapsa sp. [12,41] 
pigments, EPS, thermophilic
enzymes 

— 

Plovdiv 

Bacillus spp., Aeromonas sobria
[11] 
hydrolytic enzymes,
bioremediation metabolites 

Nostoc [12,41] 
EPS, antioxidants 

Cladophora, 
Spirogyra, Chara, 
Cosmarium [41,42] 
antioxidants, lipids, 
EPS 

Pazardzhik* 

Geobacillus tepidamans, 
Bacillus spp., Staphylococcus
[11,14,17,20] 
EPS, enzymes, antimicrobial
compounds 

Leptolyngbya [12,41] 
EPS 

Chlorella, 
Scenedesmus, 
Batrachospermum, 
Hildenbrandia, 
Closterium, 
Cosmarium [41,42] 
lipids, antioxidants 
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Smolyan — 
Spirulina subtilissima [12,41] 
phycocyanin, antioxidants 

— 

Lovech 
Bacillus spp. [11] 
thermotolerant enzymes,
biofilms 

Kampotonema, Microcoleus, 
Phormidium [12,41] 
EPS, pigments 

— 

Montana — 
Microcoleus [12,41] 
EPS 

Cladophora, 
Spirogyra, 
Cosmarium, 
Closterium [41,42] 
antioxidants, 
biosorption 
compounds 

Pernik — 
Lyngbya martensiana [12,41] 
biosurfactants, lipopeptides 

— 

Varna 
Bacillus spp. [11] 
EPS, antimicrobial metabolites 

Lyngbya, Phormidium, 
Merismopedia [12,41] 
biosurfactants, pigments 

Cladophora [41,42] 
marine 
polysaccharides 

Burgas 
Bacillus spp., Brevibacillus [11] 
antimicrobial compounds, EPS 

Lyngbya, Phormidium [12,41] 
antimicrobial metabolites,
biosurfactants 

Cladophora [41,42] 
marine metabolites 

Haskovo 

Bacillus spp. [11] 
hydrolytic enzymes,
antimicrobial peptides,
insecticidal proteins 

— — 

Stara Zagora 
Bacillus spp. [11] 
amylases, proteases, EPS, 
antimicrobial compounds 

— — 

Yambol 
Bacillus spp. [11] 
insecticidal toxins, hydrolytic 
enzymes 

— — 

Sliven 
Bacillus spp. [11] 
enzymes, EPS, antimicrobial 
metabolites 

— — 

*Legend: Pazardzhik administrative province is potential archaeal hotspot, rich in Crenarchaeota and 
Euryarchaeota [18]. 

7. Biotechnological Potential and Applications 

Microbial communities from mineral and thermal waters represent a valuable reservoir of 
functional biodiversity with significant potential for applications in medicine, industrial 
biotechnology, and environmental technologies. Their adaptive evolution under extreme 
physicochemical conditions has led to the development of robust metabolic pathways, thermostable 
enzymes, and diverse bioactive compounds, highly relevant for biotechnological exploitation. 
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7.1. Applications in Medicine and Pharmaceuticals 

Bacillus species constitute one of the most important microbial groups in medical and 
pharmaceutical biotechnology due to their ability to produce a wide range of bioactive peptides with 
antimicrobial activity against multidrug-resistant pathogens [182,183]. Strains isolated from 
Bulgarian mineral waters: Bacillus cereus 36/GI6, 53/R1, 54/GI3, B. thuringiensis 37/PBGK, 56/H3, and 
B. subtilis 47/YA1, have been identified as promising bacteriocin producers with potential medical 
applications [59]. B. subtilis and B. licheniformis are widely applied in probiotic formulations due to 
their immunomodulatory effects [184,185]. Thermophilic genera Geobacillus, Anoxybacillus, 
Brevibacillus, Thermus, and Thermotoga are important in pharmaceutical biotechnology due to their 
production of thermostable enzymes, which retain structural stability under extreme conditions and 
are widely applied in diagnostics and molecular medicine [186]. Thermophilic bacilli also produce 
exopolysaccharides with cytoprotective, antiviral, anti-inflammatory, and immunomodulatory 
properties and generally low cytotoxicity, which makes them attractive candidates for therapeutic 
applications [31]. Pseudomonas fluorescens and Pseudomonas aeruginosa synthesise secondary 
metabolites with antibacterial and antitumour activity, while their rhamnolipids are considered 
promising agents for drug delivery systems and enhancement of hydrophobic drug solubility [187]. 
However, the pathogenic nature of certain P. aeruginosa strains restricts their direct biomedical use. 

Archaea represent an emerging source of biocatalysts with high structural stability under 
extreme conditions. Their enzymes are important for the development of stable drug carriers, 
pharmaceutical synthesis, and enzyme-based therapies [188]. Acid-stable enzymes from Sulfolobus 
spp. enable carbohydrate biotransformations at low pH [189], while archaeal ether-linked lipid 
membranes can be applied in the design of stable liposomal systems for vaccines and anticancer 
agents [190]. 

Cyanobacteria are also significant producers of pharmacologically relevant compounds with 
antioxidant, antiviral, and immunomodulatory properties. Genera Synechococcus, Nostoc, Oscillatoria, 
Phormidium, and Chroococcus produce cyclic peptides, lipopeptides, alkaloids, and 
exopolysaccharides with antimicrobial and cytotoxic effects. EPS-forming genera (Gloeocapsa, 
Aphanothece, Chroococcus) are interesting for hydrogel-based drug delivery and wound-healing 
applications. Chlorogloeopsis spp. contribute carotenoids and phycobiliproteins with anti-
inflammatory potential [65,191–195]. 

7.2. Application in Industrial Biotechnology 

Bulgarian mineral waters represent a significant reservoir of microorganisms with high 
biocatalytic potential for industrial biotechnology. Members of the family Bacillaceae isolated from 
these environments exhibit strong enzymatic capabilities, although most studies remain focused on 
activity screening rather than process development [11]. Species B. subtilis, B. licheniformis, B. 
amyloliquefaciens, B. vallismortis and B. pumilus exhibit an exceptional capacity for the synthesis of 
industrially relevant enzymes. B. thuringiensis is widely employed in agri-biotechnology for the 
production of biocontrol agents for plant protection [196,197]. Cultivation of B. amyloliquefaciens M, 
isolated from a spring in the Haskovo administrative province, has revealed its optimal potential for 
the biotechnological production of plant protection products [80]. Thermophilic microorganisms 
from hot mineral springs in southwestern Bulgaria constitute an important resource for enzyme 
production under extreme conditions [11,113]. The team of Dimitrov identified thermally stable 
xylanases in two bacterial strains [110]. Geobacillus stearothermophilus is able to produce stable 
proteases, α-amylases and DNA polymerases active at 50-80 °C. Species of Anoxybacillus, Thermus, 
Thermotoga and Caldicellulosiruptor contribute key hydrolases which are widely applied in biomass 
conversion and waste processing [198,199]. 

Cyanobacteria and microalgae from Bulgarian mineral waters are increasingly recognised as 
sustainable “cell factories” for the production of proteins, vitamins, antioxidants and pigments. 
Experimental cultivation began in the Rupite area, and industrial-scale implementation started in 
2012 in the village of Banovo (Varna). Until recently, an industrial facility in the village of Varvara 
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(Southern Bulgaria) produced biomass from Chlorella and the cyanobacterium Arthrospira platensis. 
Its metabolomic profile indicates that this organism represents a valuable source of bioactive 
compounds suitable for incorporation into dietary supplements [200–202]. It remains unclear 
whether the strain used was isolated from native Bulgarian sources or cultivated in the mineral 
waters of Varvara. Nonetheless, these developments demonstrate that both the natural diversity of 
Bulgarian mineral waters and existing biotechnological infrastructure provide favourable conditions 
for the discovery and exploitation of novel high-performance strains, highlighting their future 
potential in industrial biotechnology [203]. 

7.3. Application in Ecology and Bioremediation 

Microorganisms from mineral waters play an essential role in environmental restoration and 
biogeochemical stability. Species of Bacillus and Pseudomonas are particularly important due to their 
metabolic versatility and ability to degrade complex organic pollutants. The strain B. amyloliquefaciens 
M, isolated from a mineral spring in the Haskovo administrative province, suppresses competing 
microflora and contributes to the ecological restoration of soil fertility [77]. B. megaterium facilitates 
phosphate metabolism of mineral salts, thereby enhancing phosphorus bioavailability. The broad 
enzymatic profile of B. vallismortis supports efficient biodegradation of organic waste, while the high 
adaptability of B. pumilus enables its application in bioremediation processes under extreme 
conditions [204]. B. thuringiensis is highly effective against soil phytopathogens [196,197]. Anaerobic 
strains Caldicellulosiruptor, isolated from hot springs in Rupite, may also have potential for efficient 
degradation of plant waste biomass [17]. Pseudomonas fluorescens produces biosurfactants that 
enhance hydrocarbon bioavailability and support pollutant degradation [205]. Stenotrophomonas 
maltophilia and Klebsiella oxytoca, contribute to the removal of toxic aromatic hydrocarbons and heavy 
metals [206–208]. Methanogenic archaea (Methanosarcinales) are important for biogas production and 
wastewater treatment systems [209]. 

Cyanobacteria and algae contribute to carbon sequestration and nutrient cycling, while EPS-
producing taxa Gloeocapsa and Leptolyngbya play important roles in heavy metal biosorption [210–
214]. Furthermore, nitrogen-fixing cyanobacteria (Nostoc, Calothrix) improve soil fertility through 
atmospheric N2 conversion and soil crust formation [215,216]. The presence of specific microbial taxa 
in mineral springs may serve as an indicator of water quality. Genera such as Closterium, Cosmarium, 
Spirogyra, Mougeotia and Zygnema are particularly sensitive to pollution. Their occurrence is 
associated with high water quality, low nutrient concentrations and the absence of toxic 
contaminants, which makes them reliable bioindicators in hydrobiological studies. Representatives 
of the genus Chara contribute to the maintenance of stable and clean aquatic ecosystems by stabilising 
sediments and limiting nutrient resuspension. Among red algae, Batrachospermum moniliforme, 
Hildenbrandia rivularis and Thorea hispida are characteristic of clean, oxygen-rich waters and are used 
as indicators of high ecological status [217,218]. 

7.4. Application in Cosmeceutical and Biomedical Biotechnology 

In addition to industrial and pharmaceutical biotechnology, microbial communities from 
Bulgarian mineral waters also represent an important source of bioactive compounds with 
applications in cosmetics and wellness-related therapies. This extends the biotechnological 
significance of these ecosystems towards high-value cosmeceutical development. 

Mineral springs in Bulgaria have long been associated with balneotherapy and cosmetic use. 
However, recent microbiological studies show their hidden potential as sources of skin-active 
metabolites. Lipopeptides surfactin and iturin, produced by Bacillus subtilis, are widely applied in 
probiotic and anti-ageing formulations due to their antimicrobial activity and ability to suppress 
acne-associated skin bacteria [183]. Similarly, cell extracts of Bacillus amyloliquefaciens contain 
proteolytic and antioxidant enzymes with regenerative and anti-inflammatory properties, while 
proteases from Bacillus licheniformis are considered suitable for enzymatic exfoliation in cosmetic 
formulations [219,220]. 
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Bacillus sp. strains isolated from Bulgarian mineral waters also demonstrate adhesion to human 
epithelial cells and modulation of immune responses. The highest activity, characterised by 
moderately strong adhesion, was observed in the strain Bacillus subtilis 0-2, isolated from a thermal 
spring in the Haskovo Mineral Baths, with approximately 10 adherent bacterial cells per 10 epithelial 
cells. The induction of transforming growth factor β (TGF-β) and suppression of pro-inflammatory 
cytokine IL-8 reveals their potential immunomodulatory relevance in topical applications [11]. 
Thermophilic glycosylases from Geobacillus stearothermophilus and Thermus thermophilus, expand 
cosmetic applications through their role in oxidative stress protection and DNA repair mechanisms 
in skin cells [186,221,222]. 

The diverse biotechnological applications derived from mineral spring microorganisms are 
directly linked to their evolutionary adaptation to extreme environmental conditions. These 
adaptations not only drive metabolic versatility but also determine the possible production lines of 
bioactive compounds, enzymes, and structural biomolecules with industrial relevance. As 
summarised in Figure 5, the biotechnological potential of microorganisms from mineral springs is 
intrinsically rooted in the ecological and taxonomic structure of these systems. Rather than 
representing isolated functional traits, enzymatic activities, bioactive metabolite production, and 
environmental processes emerge as interconnected outcomes of microbial adaptation to extreme 
physicochemical conditions. 

 

Figure 5. Functional microbial diversity and biotechnological potential of microorganisms from mineral 
springs. 

8. Methodological Approaches in the Study of Microbial Communities Isolated 
from Mineral Waters 

The study of microbial communities in mineral and thermal waters requires an integrated 
methodological framework, as culture-dependent approaches capture only a limited fraction of 
microbial diversity. A significant proportion of environmental microorganisms remains uncultivable 
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under standard laboratory conditions, and form the so-called “microbial dark matter”, which 
necessitates the use of molecular, omics-based, and imaging techniques to achieve a comprehensive 
ecological understanding [223–226]. 

Sampling represents a critical step that strongly influences downstream analyses. In mineral 
water ecosystems, sterile sampling techniques are required to prevent external contamination. Given 
the frequent presence of biofilms and microbial mats, it is essential to include not only water samples 
but also sediments and surface-associated communities. Preservation strategies to maintain the 
original microbial structure and prevent post-sampling community shifts include cooling, in situ 
filtration, and nucleic acid stabilisation [13,17,225]. Classical microbiological methods remain 
important for the isolation and physiological characterisation of cultivable strains. These include 
morphological analysis, Gram staining, growth profiling on selective media, and assessment of 
tolerance to pH, salinity, temperature, and mineral composition. Such approaches have enabled the 
isolation of numerous Bacillaceae strains with industrially relevant enzymatic activities from 
Bulgarian mineral waters [11,13,20]. MALDI-TOF mass spectrometry further enhances rapid 
identification and taxonomic validation of isolates based on protein fingerprinting and has been 
successfully applied in thermophilic systems from the Rupite region [25]. 

Modern molecular approaches provide deeper insights into microbial diversity and function. 
Amplicon sequencing of 16S and 18S rRNA genes enables taxonomic profiling and phylogenetic 
reconstruction without the need for cultivation [227]. These methods have revealed extensive 
diversity of thermophilic bacteria and archaea in South-Western Bulgarian geothermal systems 
[12,17,27,28,131]. Metagenomics allows the analysis of total community DNA and provides insights 
into functional gene pools and metabolic potential [228]. This is particularly valuable in extreme 
environments, where microbial communities exhibit diverse and specialized metabolic pathways. 
Complementary approaches metatranscriptomics and metaproteomics enable the assessment of gene 
expression and active metabolic processes and offer a functional perspective beyond genetic potential 
[229]. Spatial organisation and micro-scale interactions within biofilms and sediments are examined 
with fluorescence in situ hybridisation (FISH), which provides direct visualisation of microbial 
distribution and structure [230]. Finally, bioinformatic integration of multi-omics datasets enables 
taxonomic annotation, functional profiling, and ecological modelling. Network-based approaches 
and systems ecology tools facilitate the analysis of microbial interactions and prediction of 
community responses to environmental gradients such as temperature, mineralisation, and pH [231]. 
Together, these methodologies provide a robust framework for understanding microbial diversity 
and function in mineral water ecosystems. 

9. Future Research Perspectives 

Despite increasing interest in microbial diversity and functionality in mineral and thermal 
waters, many ecosystems in Bulgaria remain insufficiently studied. Existing data are often 
fragmented, spatially biased toward well-known geothermal zones, and limited by the predominance 
of culture-dependent methods. As a result, the full taxonomic and functional diversity of microbial 
communities, especially in cold and less accessible mineral springs, remains largely unresolved. One 
of the key challenges is the lack of systematic metagenomic and multi-omics surveys across different 
types of aquatic systems. Comparative studies between cold, mineral, and thermal waters are still 
scarce, although such approaches are essential to understand how temperature, mineralisation, and 
geochemical gradients shape microbial community structure and metabolic potential. Current 
evidence suggests that these environmental parameters are among the primary drivers of microbial 
selection and functional adaptation in extreme ecosystems [232–235]. Another important limitation 
is the insufficient integration of temporal dynamics into microbial studies. Seasonal variability, 
hydrological fluctuations, and anthropogenic impacts are rarely considered in a coordinated 
framework, despite their significant influence on microbial composition and activity. Long-term 
monitoring would therefore provide a more realistic understanding of ecosystem stability and 
resilience. 
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Future research should increasingly rely on integrated multi-omics approaches in combination 
with metagenomics, metatranscriptomics, metaproteomics, and metabolomics. Such strategies would 
enable a transition from descriptive microbiology toward functional ecosystem modelling. In 
addition, the integration of molecular data with physicochemical parameters would allow more 
precise identification of environmental drivers and shape microbial assemblages and their 
biogeochemical roles [236]. From an applied perspective, Bulgarian mineral waters represent an 
underexplored reservoir of novel enzymes, bioactive compounds, and microbial consortia with 
biotechnological potential. However, only a small proportion of the isolated and characterised 
microorganisms has reached patent protection or practical biotechnological use, which reveals a 
significant gap between scientific discovery and application []. Sustainable exploitation of these 
resources requires the establishment of local culture collections, standardised isolation protocols, and 
curated genomic databases. These infrastructures are essential to ensure reproducibility, biodiversity 
conservation, and efficient bioprospecting [238,239]. Future studies should focus on predictive 
ecological modelling and systems-level analysis of microbial interactions. Network-based 
approaches and ecological simulations could improve understanding of community stability, 
functional redundancy, and adaptation under environmental stress. From this perspective, Bulgarian 
mineral waters represent a valuable natural laboratory for the study of microbial evolution, 
ecosystem development, and biotechnological innovation under extreme conditions [240]. 

10. Conclusions 

Bulgarian mineral waters represent unique limnological ecosystems that support diverse and 
highly specialised microbial communities shaped by the combined effects of geological conditions 
and stable physicochemical composition. Available studies are mainly concentrated in southern 
Bulgaria and demonstrate the presence of thermophilic and metabolically versatile microorganisms, 
with a strong predominance of the Bacillaceae family. Bacillus species produce a wide spectrum of 
bioactive metabolites, thermostable enzymes, antimicrobial peptides, and exopolysaccharides. 
Geobacillus stearothermophilus, Anoxybacillus bogrovensis, Brevibacillus thermoruber, and Aeribacillus 
pallidus are mainly studied for the production of thermostable hydrolases and exopolysaccharides 
with protective functions. In hot springs archaeal communities affiliated with Crenarchaeota, 
Euryarchaeota, and Thaumarchaeota participate in biomass transformation processes but remain poorly 
studied. Phototrophic communities are widely identified in southwestern Bulgaria. Dominant 
cyanobacteria include Leptolyngbya, Oscillatoria, Chlorogloeopsis, Mastigocladus, and Nostoc, which 
represent potential biomass producers. Microalgae Navicula, Chlorella, and Cladophora contribute to 
the synthesis of lipids, phenolic compounds, and antioxidant molecules. These microbial groups 
sustain major biogeochemical cycles and show a wide range of adaptations to thermal stress, 
oligotrophy, and high mineralisation. Despite significant progress, microbial diversity in Bulgarian 
mineral waters remains incompletely characterised, especially in cold systems, while archaeal 
ecology and microbial interactions require further investigation. Future research should prioritise 
integrated multi-omics approaches, long-term ecological monitoring, and cultivation-independent 
methods to enable systematic discovery of novel microbial resources and a deeper insight into 
ecosystem interactions. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

DNA Desoxyribonucleic acid 
EPS Extracellular polymeric substances 
FISH Fluorescence In Situ Hybridisation 
MALDI-TOF Matrix-Assisted Laser Desorption/Ionization Time-of-Flight 
TDS Total dissolved solids 

Appendix A. Low-Mineralised Waters with TDS ≤ 2 g/L 
Appendix A.1. Pure Thermal Acratotherms 

Table A1. Hyperthermal acratotherms. 

Field (area*) t,  °C TDS, mg/l pH Hardiness,  °H 
Drill R-1x (Va)  52 620 7.2 12.0 

Chiflik (L) 51 305 7.6 2.0 
Asparuhovo (Va) 50 611 7.8 11.0 
Pancharevo (So-с) 48 495 7.1 16.7 

Druzhba (Va) 46 592 7.2 13.0 
Gorni Bogrov (So-с) 46 1,288 7.2 1.5 

Starozagorski bani (SZ)  42 498 6.9 16.5 
* Administrative areas in Bulgaria: Bl – Blagoevgrad; Bu – Burgas; D – Dobrich; G – Gabrovo; H – Haskovo; Ka 
– Kardzhali; Kyu – Kyustendil; L – Lovech; M – Montana; Pa – Pazardzhik; Pe – Pernik; Pl – Pleven; Pd – Plovdiv; 
Ra – Razgrad; Ru – Ruse; Sh –Shumen; Sl – Sliven; Sm – Smolyan; So – Sofia; So-c – Sofia city; SZ – Stara Zagora; 
T – Targovishte; Va – Varna; Vn – Vidin; Vr – Vratsa; VT – Veliko Tarnovo; Y – Yambol. 

Table A2. Isothermal acratotherms. 

Field (area) t,  °C TDS, mg/l pH Hardiness,  °H 
 Vyrshetz (M) 37 194 8.7 0.3 

Devin – non Rn (Sm) 37 320 9.4 0.5 
Topoli (Va) 37 643 7.2 16.5 

Salmanovo (Sh) 34 1331 7.3 42.0 
Tuzlata (D) 33 659 7.8 15.4 

Voyvodinovo (Pd) 32 500 8.3 2.1 
Dzhebel (Ka) 32 574 6.9 17.0 

Topolyane (SZ) 32 1,381 7.7 4.0 

Table A3. Hypothermal acratotherms. 

Field (area) t,  °C TDS, mg/l pH Hardiness,  °H 
Knyazhevo (So-с) 31 119 9.4 0.4 
Spanchevtsi (M) 31 175 8.8 1.2 

Golden beaches (Va) 31 560 7.5 15.0 
Lozenets (So-с) 31 301 7.8 4.3 

Dolni Rakovets (Pe) 31 462 7.4 12.0 
Albena (D) 30 614 7.4 17.0 

Kavarna (D) 30 555 7.4 12.2 
Ivanyane (So-с) 28 266 9.2 0.5 
Kostinbrod (So) 28 1,569 8.0 2.9 
Belotintsi (M) 28 904 7.9 5.3 
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Slatina (M) 27 256 8.3 1.8 
Targovishte (T) 27 592 8.0 2.0 

Bozhurishte (So) 27 439 7.8 5.0 
Razgrad (R) 26 607 7.3 17.2 

Varbina (Sm) 25 239 7.6 5.7 
Kranevo (D) 24 547 7.6 7.6 

Provadiya – Ereka (Va) 24 710 7.4 10.3 
Nevestino – drill 2 (Kyu) 24 668 7.2 16.2 

Belovo (Pа) 24 551 7.0 16.0 
Bansko (Bl) 22 202 7.5 6.2 

Golden Panega (L) 22 587 7.3 20.0 
Balchik (D) 21 622 7.5 8.0 

Kirkovo (Ka) 21 291 7.5 8.0 
Musomishta (Bl) 20 355 7.4 11.4 

Tran (Pe) 20 417 7.3 12.0 
Vlahovo (Sm) 20 288 7.4 9.7 

Appendix A2. Siliceous, Fluoride and Siliceous-Fluoride Low-Mineralised Waters 

Table A4. Siliceous mineral waters. 

Field (area) t,  °C TDS, mg/l pH Hardiness,  °H H2SiO3 (mg/l) 
Aquarium (Va) 20 673 7.8 1.4 63 

Zheleznitsa (So-c) 31 278 9.5 0.3 54 
Kazichene (So-c) 60 357 8.6 0.4 53 

Gorna banya (So-c) 42 149 9.7 0.3 52 
Ravno pole (So) 52 730 7.8 3.7 52 

Svetovrachene (So-c) 46 1,208 8.2 0.7 50 
Elin Pelin (So) 43 868 7.5 3.0 48 
Krichim (Pd) 28 788 7.3 23.0 48 

Radomirtsi (Pl) 20 1,832 7.4 56.     0 45 

Table A5. Fluoride mineral waters. 

Field (area*) t,  °C TDS, mg/l pH Hardiness,  °H F- (mg/l) 
Yakoruda (Bl) 42 637 8.2 1.5 14.0 

Gorna Breznitsa (Bl) 37 558 8.6 0.5 11.3 
Poibrene (Pа) 42 856 9.4 2.6 10.6 

Kromidovo (Bl) 47 610 8.9 0.4 9.6 
Slivek (L) 12 1,289 8.8 0.8 8.4 

Nevestino – drill 1 (Kyu) 29 777 9.5 0.3 7.6 
Garmen (Bl) 9 197 9.1 0.5 5.6 
Sadievo (Bu) 29 351 9.6 0.2 5.5 

Gotsedelchevski bani (Bl) 43 222 9.1 0.4 5.3 
Dobroslavtsi (So-c) 40 1,360 7.9 0.8 5.2 

Tryavna (G) 14 1,052 7.5 9.0 5.2 
Hotovo (Bl) 37 449 8.6 0.9 5.2 

Dupnitsa (Kyu) 33 352 9.5 0.3 5.0 
Momina salza – Hisarya (Pd) 41 234 9.3 0.5 5.0 

Zheravna (Sl) 13 818 7.9 1.6 5.0 
Trakiya (Pd) 28 843 7.8 2.0 5.0 
Banichan (Bl) 19 308 7.5 1.3 4.8 

Pchelinovo (SZ) 24 1,312 8.1 1.2 4.0 
Topolitsa (Bu) 19 443 9.0 0.4 3.9 
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Dimitrovche (H) 46 249 9.2 0.6 3.9 
Asenovgrad (Pd) 39 1,407 7.6 14.0 3.5 

Bogatovo (G) 8 1,537 8.4 1.8 3.0 
Preslav (Sh) 20 831 7.6 11.0 3.0 

Dyulevo (Bu) 20 511 8.2 1.0 2.7 
Aleksandrovo (Va) 18 973 9.2 0.8 2.6 

Starosel (Pd) 20 766 8.3 2.9 2.5 
Svoboda (So-c) 51 1,874 8.0 2.3 2.4 

Dolno Botevo (H) 20 485 8.2 1.9 2.3 
Tsarevtsi (Va) 42 1,687 7.8 10.3 2.1 

Shipkovo – drill L-1 (L) 33 950 7.4 35.4 2.0 
Ovcha kupel (So-c) 32 1,188 7.0 29.0 2.0 

Burgas (Bu) 26 1,309 7.6 4.7 2.0 
Vardun (T) 12 642 7.6 7.7 2.0 

Bachevo (Bl) 26 222 8.7 1.3 1.8 
Bolyarovo (Y) 18 1,591 7.3 37.0 1.8 

Table A6. Siliceous-fluoride mineral waters. 

Field (area) t,  °C TDS, mg/l pH Hardiness,  °H F- (mg/l) H2SiO3 (mg/l) 
Banya Korten (Sl) 41-57 502 7.9 1.8 24.0 83 

Blagoevgrad – west (Bl) 60 678 9.1 0.3 13.0 72 
Gradeshnitsa (Vr) 68 548 8.6 0.6 11.2 83 

Simitli (Bl) 62 599 8.8 0.6 10.8 74 
Draginovo – Velingrad (Pa) 94 648 8.2 1.2 10.4 74 

Banya – Karlovo (Pd) 35-46 348 9.2 0.5 9.0 55 
Banya (Pd) 41 604 9.9 0.3 9.0 94 

Eleshnitsa (Bl) 56 302 9.7 0.2 8.7 58 
Kamenitsa – Velingrad (Pa) 90 551 8.3 0.7 8.6 91 

Dolno Osenovo (Bl) 55 560 9.0 0.7 8.5 81 
Marikostinovo (Bl) 63 1,031 7.3 4.9 8.4 77 

Aytos (Bu) 44 441 9.9 0.3 8.0 58 
Stoletovo (Pd) 32 217 9.7 0.6 7.8 47 
Straldzha (Y) 77 1,105 8.9 3.6 7.0 87 

Varvara – Vetrendol (Pa) 90 773 8.3 1.8 6.5 102 
Bedenski bani (Sm) 76 1,626 6.6 10.0 6.5 92 

Kostandovo (Pa) 30 387 9.5 0.3 6.5 70 
Levunovo (Bl) 85 911 7.6 1.9 6.5 110 
Sandanski (Bl) 81 653 7.7 1.7 6.1 115 
Posestra (Sm) 40 955 7.2 7.5 5.6 96 

Ladzhene – Velingrad (Pa) 60 317 9.2 0.3 5.5 63 
Belchinski bani (So) 40 312 9.5 0,3 5.0 50 
Bani (Ladzha) (Pa) 41 913 7.1 4,8 5.0 69 

Pesnopoy (Pd) 42 275 8.6 0.3 5.0 53 
Erma reka (Sm) 76-90 1,078 7.6 7.7 4.3 160 

Banya – Panagyurishte (Pa) 38-42 635 7.7 6.5 3.8 49 
Pravdino (Y) 20 406 10.0 0.5 3.7 53 

Panagyurishte (Pa) 48 578 7.6 6.4 3.5 60 
Medovo (Bu) 29 545 9.7 0.1 3.3 88 

Staro Zhelezhare (Pd) 30 299 8.3 1.2 3.2 54 
Lakatska Gabrovnitsa (So) 28 975 7.9 9.2 3.1 50 

Barziya (M) 32 271 9.4 0.7 2.5 80 
Bankya (So-c) 37 280 9.6 0.4 1.7 48 

Sofia – center (So-c) 46 302 9.4 0.2 1.6 46 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0808.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0808.v1
http://creativecommons.org/licenses/by/4.0/


 26 of 43 

 

Appendix A3. Radon Low-Mineralised Waters 

Table A7. Pure radon mineral waters. 

Field (area) t,  °C TDS, mg/l pH Hardiness,  °H Radon, nCi/l 
Rozino (Pd) 18 340 7.6 8.5 20-30 

Rudartsi (Pe) 28 300 9.1 0.9 5,6 
Granitovo (Y) 16 1,723 6.7 42.0 4,5 

Table A8. Radon-fluoride mineral waters. 

Field (area) t,  °C TDS, mg/l pH Hardiness,  °H Radon, nCi/l) Fluoride (mg/l) 
Klisura (Pd) 20 328 7.8 8.5 26.0 1.6 

Momina banya – Hisarya 
(Pd) 

46 254 8.9 
0.6 16.4 

4.5 

Eleshnitsa (Bl) 38 199 9.2 0.6 9.7 5.8 
Simeonovgrad (H) 23 1,438 7.5 6.8 9.6 10.0 

Hrabrino (Pd) 21 1,513 8.2 1.6 4.9 6.5 
Devin – radone (Sm) 44 223 9.4 0.3 4.3 4.6 

Table A9. Radon-siliceous mineral waters. 

Field (area) t,  °C TDS, mg/l pH Hardiness,  °H Rn, nCi/l) H2SiO3 (mg/l) 
Bratsigovo (Pa) 27 466 7.2 3.4 5.7 81 

Table A10. Radon-fluoride-siliceous mineral waters. 

Field (area) t,  
°C 

TDS, mg/l pH Hardiness,  
°H 

Radon, nCi/l) F-, 
(mg/l) 

H2SiO3 (mg/l) 

Narechenski bani (Pd) 20-33 1,558 7.3 15.4 110.0 6.0 84 
Momin prohod (So) 65 964 7.7 5.8 56.0 10.0 87 

Dolna banya (So) 64 623 9.0 1.5 27.0 12.4 47 
Strelcha (Pa) 36-56 288 8.8 0.8 22.0 3.8 50 
Oshtava (Bl) 58 402 8.6 0.7 15.0 14.0 46 
Kliment (Pd) 29 277 8.3 0.9 14.5 5.0 55 

Pchelinski bani (So) 73 921 8.0 4.3 12.0 7.9 95 
Rakitovo (Pa) 50 335 9.6 0.2 11.0 5.1 62 

Pavel banya (SZ) 35-61 650 7.6 1.7 10.0 16.0 59 
Chepino – Velingrad (Pa) 48 187 9.2 0.3 10.0 4.2 48 

Ovoshtnik (SZ) 45 502 8.4 0.5 9.0 24.0 49 
Drill 1 – Hisarya (Pd) 46 263 9.0 0.5 9.0 5.0 62 

Dobrinishte (Bl) 43 309 9.0 0.3 7.2 6.3 67 
Miromir (Pd) 37 323 8.8 0.6 7.0 3.9 57 

Banya (Pd) 57 327 9.4 0.3 4.5 8.0 53 
Haskovski bani (H) 56 1,571 6.9 24.8 4.4 4.1 76 

Yagoda (SZ) 41 625 8.6 0.8 4.3 16.0 107 
Krasnovo (Pd) 55 324 9.1 0.6 4.2 4.3 67 

Appendix A4. Sulphide, Low-Mineralised Waters 

Table A11. Pure sulphide mineral waters. 

Field (area) t,  °C TDS, mg/l pH Hardiness,  °H S2-, mg/l 
Krapets (D) 33 1,821 7.2 18 25 
Rusalka (D) 32 1,225 7.5 14 21 
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Voneshta voda (VT) 13 1,275 6.7 30 11 
Varbitsa (Sh) 20 1,378 7.0 22 9 

Beronovo (Bu) 13 582 7.3 14 9 

Table A12. Sulphide-fluoride mineral waters. 

Field (area) t,  °C TDS, mg/l pH Hardiness,  °H S2-, mg/l F-, mg/l 
Enchevtsi (G) 18 1,293 8.6 1.4 11.0 9.6 

Plachkovtsi (G) 18 1,389 7.7 0.9 10.7 14.2 
Dragoevo (Sh) 18 1,503 8.8 0.8 10.0 8.1 

Table A13. Sulphide-fluoride-siliceous mineral waters. 

Field (area) t,  °C TDS, mg/l pH Hardiness,  
°H 

S2-, mg/l F-, mg/l H2SiO3 (mg/l) 

Sapareva banya 
(Kyu) 

57-
103 

0.6 9.4 707 15.8 17.0 66 

Kyustendil (Kyu) 73 0.2 8.9 678 9.0 7.6 80 
Blagoevgrad (Bl) 56 1.4 8.1 678 9.0 13.0 66 

Appendix A5. Carbonated, Low-Mineralised Waters 

Table A14. Carbonated mineral waters. 

Field (area) t,  °C TDS, mg/l pH Hardiness,  °H H2SiO3 (mg/l) CO2, mg/l 
Stefan Karadzhovo (Y) 21 1,473 6.4 40 26 515 

Pravo bardo (Pe) 19 1,671 6.3 50 73 665 

Appendix B. High-Mineralised Waters with TDS > 2 g/L 
Appendix B.1. Hydrocarbonate Mineral Waters 

Table A14. Hydrocarbonate-sodium mineral waters. 

Field (area) t,  °C TDS, mg/l pH Hardiness,  °H 

H
C

O
3- , 

m
g/

l 

N
a+ , 

m
g/

l 

Kurilo – Novi Iskar (So-c) 30 6,189 8.6 5.2 3,562 1,738 
Al. Boykov – Novi Iskar (So-c) 40 3,110 7.7 3.7 2,001 814 

Golyama fucha (Kyu) 22 2,210 7.7 2.3 1,538 582 

Table A15. Hydrocarbonate-fluoride mineral waters. 

Field (area) t,  °C TDS, mg/l pH Hardiness,  °H 

H
C

O
3- , 

m
g/

l 

F- , 
m

g/
l 

N
a+ , 

m
g/

l 

Gnilyane – Novi Iskar (So-c) 43 3,254 7.8 2.5 1,904 3.5 870 
Trebich (So-c) 51 3,822 7.1 11.0 1,831 3.8 1,023 

Chepintsi (So-c) 52 2,890 8.0 1.9 1,347 2.2 8,149 
Byalata voda (Pe) 26 2,522 6.9 10.4 1,294 3.8 651 
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Slivenski bani (Sl) 48 1,986 6.8 20.8 860 4.2 423 

Table A16. Hydrocarbonate-fluoride-siliceous mineral waters. 

Field (area) t,  °C TDS, mg/l pH Hardiness,  °H 

H
C

O
3- , 

m
g/

l 

F- , 
m

g/
l 

N
a+

, m
g/

l 

H
2S

iO
3 (

m
g/

l) 

General Todorov (Bl) 76 2,134 6.8 7.2 1,321 6.5 526 71 

Appendix B.2. Sulphate Mineral Waters 

Table A17. Pure sulphate mineral waters. 

Field (area) t,  °C TDS, mg/l pH Hardiness,  °H 

SO
42-

, m
g/

l 

N
a+

, m
g/

l 

C
a2

+ , 
m

g/
l 

M
g2

+ , 
m

g/
l 

Deventsi (Pl) 20 5,928 8.0 201 3,542 444 213 741 
Dlagnevo (H) 20 3,073 6.6 121 1,279 253 618 150 

General Inzovo (Y) 20 2,847 7.0 70 1,121 406 326 109 

Table A18. Sulphate-siliceous mineral waters. 

Field (area) t,  °C TDS, mg/l pH Hardiness,  °H 
SO

42-
, m

g/
l 

H
2S

iO
3, 

m
g/

l 

N
a+ , 

m
g/

l 

C
a2

+ , 
m

g/
l 

M
g2+

, m
g/

l 

Balgarene (L) 12 5,981 7.8 152 3,705 208 742 343 453 

Table A19. Sulphate-fluoride mineral waters. 

Field (area) t,  °C TDS, mg/l pH Hardiness,  °H 

SO
42-

, m
g/

l 

F-
, m

g/
l 

N
a+ , 

m
g/

l 

C
a2

+ , 
m

g/
l 

M
g2+

, m
g/

l 

Harmanli (H) 20 4,414 7.6 13.7 1,866 10.0 1,366 388 172 
Shipkovo (L) 19 2,476 7.2 9.8 1,576 1.9 31 489 120 

Nova Varbovka (VT) 20 3,098 7.5 109 1,236 1.8 121 224 336 
Polski Trambesh (VT) 46 2,476 7.8 70 1,119 3.2 870 301 120 

Table A20. Sulphate-iron mineral waters. 

Field (area) 

 
 

t,  
°C 

 
 

TDS, 
mg/l 

 
 

pH 

 
 

Hardiness,  
°H SO

42-
, m

g/
l 

Fe
2+

, m
g/

l 

N
a+ , 

m
g/

l 

M
n2+

, m
g/

l 

C
a2

+ , 
m

g/
l 

M
g2+

, m
g/

l 

Breznik (Pe) 12 
4,458-
8,211 

2.9-
3.5 

76-158 3,206-
5,683 

172-
886 

497-
509 

24-
132 

434-
529 

80-
362 
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Gorno uyno (Kyu) 20 2,241 2.6 23 1,514 413 53 4 99 41 

Appendix B.3. Chloride (Chloride-Sodium) Mineral Waters 

Table A21. Pure chloride-sodium mineral waters. 

Field (area) t,  °C TDS, mg/l pH Hardiness,  °H Cl-, mg/l Na+, mg/l 
Mirovo (So) 20 318,243 6.8 249 189,739 122,879 

Dolni Dabnik (Pl) 60 121,065 6.2 1,086 734,482 39,139 
Kozloduy (Vr) 37 74,994 7.6 424 43,349 25,959 

Gomotartsi (Vn) 67 56,618 6.5 433 33,593 18,814 
Slanchev bryag (Bu) 33 15,003 7.5 119 9,019 4,150 

Varbitsa (Sh) 20 13,105 7.7 70 7,927 4,581 
Dolno Ezerovo (Bu) 20 9533 9,7 70 5264 3147 

Gradets (Sl) 32 4,361 7.3 28.6 2,328 1,421 

Table A22. Iodine-bromine chloride-sodium mineral waters. 

Field (area) 

 
 

t,  °C 

 
 

TDS, mg/l 

 
 

pH 

 
 

Hardiness,  °H 

C
l- , 

m
g/

l 

N
a+

, m
g/

l 

I- , 
m

g/
l 

Br
- , 

m
g/

l 

Staro Oryahovo (Va) 30 17,257 7.6 54 9,923 6,214 39 53 
Shkorpilovtsi (Va) 30 14,483 7.4 29 8,137 5,628 27 70 
Dolni Chiflik (Va) 29 12,180 7.6 16 6,552 4,417 21 35 

Novo Oryahovo (Va) 62 9,841 7.6 17 4,908 3,443 15 7.5 

Appendix B.4. Mixed Type Mineral Waters 

Table A23. Sulphide-chloride (sulphate, iodine) mineral waters. 

Field (area) 

 
 

t,  °C 

 
 

TDS, mg/l 

 
 

pH 

 
 

Hardiness,  °H 

H
2S

, m
g/

l 

SO
42-

, m
g/

l 

C
l- , 

m
g/

l 

N
a+ , 

m
g/

l 

C
a2+

, m
g/

l 

I- ,
 m

g/
l 

Dalgodeltsi (M) 90 36,067 6.4 36,067 418 - 20,519 12,390 - - 
Slanotran (Vn) 40 57,544 6.3 57,544 50 - 33,741 18,867 - - 

Vidin (Vn) 46 57,346 6.8 57,346 44 - 33,172 18,518 - - 
Koshava (Vn) 30 53,828 6.8 53,828 18 - 31,524 17,630 - - 
Kaylaka (Pl) 64 18,583 7.2 18,583 15 - 9,519 5,696 - - 

Slavyanovo (Pl) 47 13,838 7.9 13,838 21 2,100 6,383 3,954 794 - 
Shabla (D) 40 3,539 7.0 3,539 35 - 1,630 1,091 - 3.0 

Zamfirovo (M) 44 2,643 8.6 2,643 30 - 1,182 922 - - 

Table A24. Sulphide-hydrocarbonate mineral waters. 

Field (area) 

 
 

t,  °C 

 
 

TDS, mg/l 

 
 

pH 

 
 

Hardiness,  °H 

S2
- , 

m
g/

l 

H
C

O
32-

, m
g/

l 

N
a+

, m
g/

l 

H
2S

iO
3, 

m
g/

l 

Birimirtsi (So-c) 28 3,232 7.5 7.7 15 1,892 865 48 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0808.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0808.v1
http://creativecommons.org/licenses/by/4.0/


 30 of 43 

 

Table A25. Carbonated-hydrocarbonate mineral waters. 

Field (area) 

 
 

t,  °C 

 
 

TDS, mg/l 

 
 

pH 

 
 

Hardiness,  °H 

C
O

2, 
m

g/
l 

H
C

O
32-

, m
g/

l 

F- , 
m

g/
l 

SO
42-

, m
g/

l 

N
a+ , 

m
g/

l 

C
a2

+ , 
m

g/
l 

H
2S

iO
3, 

m
g/

l 

Mihalkovo (Sm) 26 3,406 6.1 52 1,150 1,977 3.2 - 607 297 91 
Kurilo 2 – Novi Iskar (So-c) 30 6,190 6.5 5.2 658 3,562 - - 1,738 - - 

Iliyantsi (So-c) 45 4,537 6.6 18.0 505 1,975 2.8 1,054 1,191 - - 
Mramor (So-c) 45 3,371 6.8 15.6 469 2,415 - - 2,415 - 66 

Table A26. Hydrocarbonate-sulphate-arsenic mineral waters. 

Field (area) 

 
 

t,  °C 

 
 

TDS, mg/l 

 
 

pH 

 
 

Hardiness,  °H 

H
C

O
32-

, m
g/

l 

A
s3+

, m
g/

l 

SO
42-

, m
g/

l 

N
a+ , 

m
g/

l 

H
2S

iO
3, 

m
g/

l 

F-
, m

g/
l 

Merichleri (H) 44.5 6,328 6.9 8 2,075 0.7 1,585 1,894 51 5.5 

Table A27. Sulphate-chloride mineral waters. 

Field (area) 

 
 

t,  °C 

 
 

TDS, mg/l 

 
 

pH 

 
 

Hardiness,  °H 
C

l- , 
m

g/
l 

SO
42-

, m
g/

l 

N
a+

, m
g/

l 

C
a2+

, m
g/

l 

M
g2

+ , 
m

g/
l 

H
2S

iO
3, 

m
g/

l 

F- , 
m

g/
l 

Krushuna (L) 56 11,404 7.9 151 2,053 5,040 3,103 706 229 - 4.0 
Boyanovo (Y) 12 11,271 7.3 273 3,499 3,797 2,004 885 647 - - 
Marash (Sh) 67 8,036 7.4 102 3,678 1,153 2,207 560 103 - - 

Ovcha Mogila (VT) 45 4,557 7.9 76 1,585 1,177 1,064 344 123 - 2.3 
Obedinenie (VT) 43 4,439 7.9 94 1,333 1,434 862 392 169 - 3.5 

Resen (VT) 55 4,523 7.8 98 1,249 1,608 842 447 154 49 2.0 
Svishtov (VT) 48 2,923 7.2 53 954 733 625 231 100 75 2.0 

Bobov dol (Kyu) 65 2,085 7.6 13 427 797 586 - - - 7.6 
Hayredin (Vr) 30 2,844 7.9 5,8 776 426 914 - - - 2.3 
Pomorie (Bu) 30 2,275 8.3 54 729 170 357 - 225 - 7.0 

References 

1. Bulgarian Ground Water Association. About the Mineral Waters. Available online: 
https://bgapv.com/en/about-the-mineral-waters/ (accessed on 10 February 2026). 

2. Ivanova, I.A.; Damyanova, S.; Yocheva, L. Microflora of Mineral Spring Water from the Western Part of 
Bulgaria. C. R. Acad. Bulg. Sci. 2016, 69, 12. 

3. Laboratoriya „Tsentral”. Mineral Water: Mineral Water Types, Distribution and Quality Parameters. 
Available online: https://shipkagroup.com/mineralna-voda.html (accessed on 22 February 2026). 

4. Ignatov, I.; Valcheva, N.; Popova, T.P.; Neshev, N.; Huether, F.; Ignatov, A.I. Physicochemical and 
Microbiological Results from Hot Mineral Water in the Village of Varvara, District of Pazardzhik, Bulgaria. 
Uttar Pradesh J. Zool. 2022, 43, 31–40. 

5. Bulgaria Is Second in Europe, after Iceland, in the Number of Mineral Springs and Related Natural Mineral 
Water Resources. Available online: https://bntnews.bg/news/na-vtoro-myasto-v-evropa-balgariya-e-sled-
islandiya-po-broi-i-debit-na-mineralni-izvori-1278283news.html (accessed on 15 March 2026). 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0808.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0808.v1
http://creativecommons.org/licenses/by/4.0/


 31 of 43 

 

6. Ministry of Environment and Water (MOEW). Mineral Waters. Republic of Bulgaria. Available online: 
https://www.moew.government.bg/bg/vodi/mineralni-vodi/mineralni-vodi/ (accessed on 10 February 2026). 

7. Sadovski, A. Mineral Waters in Bulgaria. Ecol. Eng. Environ. Prot. 2023, 1, 17–26. 
https://doi.org/10.32006/eeep.2023.1.1726. 

8. Lazarova, R.; Hristozova, M.; Yordanova, I. Radioactivity of Mineral and Spring Waters from Bulgaria. 
Radiat. Phys. Chem. 2022, 6, 49–53. https://doi.org/10.21175/RadProc.2022.09. 

9. Institute for Nuclear Research and Nuclear Energy (INRNE). A New Study of the Natural Radioactivity of 
Mineral Waters by Nuclear Physics Methods. Available online: https://www.inrne.bas.bg/en/news/a-new-
study-of-the-natural-radioactivity-of-mineral-waters (accessed on 4 February 2026). 

10. Karakolev, D. Lecheben Spravochnik za Balgarskite Mineralni Vodi (Medical Handbook of Bulgarian 
Mineral Waters); Meditsina i Fizkultura: Sofia, Bulgaria, 1990. 

11. Valcheva, N.N. Physical, Chemical, and Microbiological Characteristics of Mineral, Mountain, and Spring 
Waters from Bulgaria, and Biological Properties of Identified Microorganisms. J. Clin. Med. Imaging 2024, 
7, 1–30. 

12. Strunecký, O.; Kopejtka, K.; Goecke, F.; Tomasch, J.; Lukavský, J.; Neori, A.; Kahl, S.; Pieper, D.H.; Pilarski, 
P.; Kaftan, D.; Koblížek, M. High Diversity of Thermophilic Cyanobacteria in Rupite Hot Spring Identified 
by Microscopy, Cultivation, Single-Cell PCR and Amplicon Sequencing. Extremophiles 2018, 22, 1058. 
https://doi.org/10.1007/s00792-018-1058-z. 

13. Stefanova, K.; Tomova, I.; Tomova, A.; Radchenkova, N.; Atanassov, I.; Kambourova, M. Archaeal and 
Bacterial Diversity in Two Hot Springs from Geothermal Regions in Bulgaria as Demonstrated by 16S 
rRNA and GH-57 Genes. Int. Microbiol. 2015, 18, 217–223. https://doi.org/10.2436/20.1501.01.253. 

14. Derekova, A.; Mandeva, R.; Kambourova, M. Phylogenetic Diversity of Thermophilic Carbohydrate-
Degrading Bacilli from Bulgarian Hot Springs. World J. Microbiol. Biotechnol. 2008, 24, 1697–1702. 
https://doi.org/10.1007/s11274-008-9663-0. 

15. Stott, M.; Climo, M.; Cary, C. The 1000 Project: A World-First Microbial Bioinventory of New Zealand’s 
Geothermal Ecosystems. In Proceedings of the New Zealand Geothermal Workshop 2012, Auckland, New 
Zealand, 19–21 November 2012. 

16. Abbas, R.; Haris, M.; Rahman, S.; Shahid, S.A.; Gul, T.; Farooq, A.; Ismail, A.; Alotaibi, M.O.; Batiha, G.E.-
S.; Ali, M. The Hidden Bacterial World of Natural Springs: Insight through MALDI-TOF Mass 
Spectrometry. Microbiol. Open 2025, 14, e70021. https://doi.org/10.1002/mbo3.70021. 

17. Danova, S.T. Evaluation Report of PhD Dissertation Entitled “Diversity and Biotechnological Potential of 
Thermophilic Microorganisms from Bulgarian Hot Springs” by N. Boteva. Institute of Microbiology 
“Stefan Angelov”, Bulgarian Academy of Sciences: Sofia, Bulgaria, n.d.  

18. Ivanova, I.; Atanassov, I.; Lyutskanova, D.; Stoilova-Disheva, M.; Dimitrova, D.; Tomova, I.; Derekova, A.; 
Radeva, G.; Buchvarova, V.; Kambourova, M. High Archaea Diversity in Varvara Hot Spring, Bulgaria. J. 
Basic Microbiol. 2011, 51, 163–172. https://doi.org/10.1002/jobm.201000224. 

19. Benammar, L.; Bektas, K.; Menasria, T.; Beldüz, A.; Güler, H.; Bedaida, I.; Gonzalez, J.; Avcı, A. Diversity 
and Enzymatic potential of thermophilic bacteria associated with terrestrial hot springs in Algeria. Braz. J. 
Microbiol. 2020, 51, 1987–2007. https://doi.org/10.1007/s42770-020-00376-0. 

20. Yaşar Yıldız, S.; Radchenkova, N. Exploring Extremophiles from Bulgaria: Biodiversity, Biopolymer 
Synthesis, Functional Properties, Applications. Polymers 2024, 16, 69. 
https://doi.org/10.3390/polym16010069. 

21. Rupasinghe, R.; Amarasena, S.; Wickramarathna, S.; Biggs, P.J.; Chandrajith, R.; Wickramasinghe, S. 
Microbial Diversity and Ecology of Geothermal Springs in the High-Grade Metamorphic Terrain of Sri 
Lanka. Environ. Adv. 2022, 7, 100166. https://doi.org/10.1016/j.envadv.2022.100166. 

22. Burkhardt, C.; Baruth, L.; Meyer-Heydecke, N.; Klippel, B.; Margaryan, A.; Paloyan, A.; Panosyan, H.H.; 
Antranikian, G. Mining Thermophiles for Biotechnologically Relevant Enzymes: Evaluating the Potential 
of European and Caucasian Hot Springs. Extremophiles 2024, 28, 5. https://doi.org/10.1007/s00792-023-
01321-3. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0808.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0808.v1
http://creativecommons.org/licenses/by/4.0/


 32 of 43 

 

23. Valdez-Nuñez, L.F.; Rivera-Jacinto, M.A. Thermophilic Bacteria from Peruvian Hot Springs with High 
Potential Application in Environmental Biotechnology. Environ. Technol. 2022, early view. 
https://doi.org/10.1080/09593330.2022.2143293. 

24. Al-Daghistani, H.I.; Mohammad, B.T.; Kurniawan, T.A.; Singh, D.; Rabadi, A.D.; Xue, W.; Avtar, R.; 
Othman, M.H.D.; Shirazian, S. Characterization and Applications of Thermomonas hydrothermalis Isolated 
from Jordan’s Hot Springs. Process Biochem. 2021, 104, 171–181. 
https://doi.org/10.1016/j.procbio.2021.03.010. 

25. Ignatov, I.; Valcheva, N.; Mihaylova, S.; Dinkov, G. Physicochemical and Microbiological Results of 
Hyperthermal Mineral Water in Rupite, Bulgaria as Model System for Origin of Life. Uttar Pradesh J. Zool. 
2020, 41, 16–22. 

26. Valcheva, N.; Kostova, I.; Nikolova, I. Microbiological Characteristic of Mineral, Mountain and Spring 
Waters from Bulgaria. In Proceedings of the University of Ruse “Angel Kanchev” 2023, 62, 99. 

27. Valcheva, N.N. Physical, Chemical, and Microbiological Characteristics of Mineral, Mountain, and Spring 
Waters from Bulgaria, and Biological Properties of Identified Microorganisms. D.Sc. Dissertation, Institute 
of Cryobiology and Food Technologies, Agricultural Academy, Sofia, Bulgaria, 2023. 

28. Patel, D.; Dave, S.; Antony, S.; Braganza, V.; Modi, H. Overview of Hot Water Springs and Its Application. 
Int. J. Curr. Microbiol. Appl. Sci. 2025, 14, 204–228. https://doi.org/10.20546/ijcmas.2025.1401.017. 

29. Kambourova, M. Thermostable Enzymes and Polysaccharides Produced by Thermophilic Bacteria Isolated 
from Bulgarian Hot Springs. Eng. Life Sci. 2018, 18, 758–767. 

30. Davey, M.E.; O’Toole, G.A. Microbial Biofilms. Microbiol. Mol. Biol. Rev. 2000, 64, 847–867. 
https://doi.org/10.1128/mmbr.64.4.847-867.2000. 

31. Kambourova, M.; Mandeva, R.; Dimova, D.; Poli, A.; Nicolaus, B.; Tommonaro, G. Production and 
Characterization of a Microbial Glucan Synthesized by Geobacillus tepidamans V264 Isolated from Bulgarian 
Hot Spring. Carbohydr. Polym. 2009, 77, 338–343. https://doi.org/10.1016/j.carbpol.2009.01.004. 

32. Kambourova, M.; Radchenkova, N.; Nicolaus, B.; Tommonaro, G.; Poli, A.; Toksoy Öner, E.; Yasar Yildiz, 
S.; Yalcin Arga, K. Exopolysaccharides Synthesized by Thermophilic Microorganisms Isolated from 
Bulgarian Hot Springs. Acta Microbiol. Bulg. 2018, 34, 2. 

33. Biondi, N.; Martina, M.R.; Centini, M.; Anselmi, C.; Tredici, M.R. Hot Springs Cyanobacteria Endowed with 
Biological Activities for Cosmetic Applications. Cosmetics 2023, 10, 81. 
https://doi.org/10.3390/cosmetics10030081. 

34. Ghilamicael, A.M.; Budambula, N.L.M.; Anami, S.E.; Mehari, T.; Boga, H.I. Thermotolerant Bacteria of 
Biotechnological Potential from Hot Springs in Eritrea. Afr. J. Microbiol. Res. 2018, 12, 512–524. 
https://doi.org/10.5897/AJMR2017.8626. 

35. Amoozegar, M.A.; Siroosi, M.; Atashgahi, S.; Smidt, H.; Ventosa, A. Systematics of Haloarchaea and 
Biotechnological Potential of Their Hydrolytic Enzymes. Microbiology 2017, 163, 623–645. 
https://doi.org/10.1099/mic.0.000463. 

36. Ignatov, I. Review of Different Types of Mountain Spring and Mineral Waters from Bulgaria Based on Their 
Natural Origin and Health Benefits. Med. Perspect. 2023, 28, 199–206. https://doi.org/10.26641/2307-
0404.2023.4.294236. 

37. Hristov, V.; Valtchev, S.; Trayanova, M.; Atanasova, R.; Benderev, A. Mineral Water Bottling in Bulgaria. 
Geol. Balc. 2023, 52, 53–64. 

38. Penchev, P.; Velichkov, V. Mineral Water Deposits Are the Hidden Wealth of Sofia. Available online: 
https://bgapv.com (accessed on 5 March 2026). 

39. Hristov, V.; Stoyanov, N.; Valchev, S.; Benderev, A. The Thermal Waters in Sofia City (Bulgaria): 
Importance, Condition and Problems. Geol. Balc. 2021, 50, 3–13. 

40. Atanassova, M.; Derekova, A.; Mandeva, R.; Sjøholm, C.; Kambourova, M. Anoxybacillus bogrovensis sp. 
nov., a Novel Thermophilic Bacterium Isolated from a Hot Spring in Dolni Bogrov, Bulgaria. Int. J. Syst. 
Evol. Microbiol. 2008, 58, 2359–2362. 

41. Stoyneva-Gärtner, M.P.; Uzunov, B.A.; Gärtner, G. Checklist of Algae from Bulgarian Thermal Waters. 
Annu. Sofia Univ. “St. Kliment Ohridski”, Fac. Biol. 2018, 102, 1–XX. 

42. Stoyneva, M.P. Survey on Green Algae of Bulgarian Thermal Springs. Biologia (Bratisl.) 2003, 58, 563–574. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0808.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0808.v1
http://creativecommons.org/licenses/by/4.0/


 33 of 43 

 

43. Ignatov, I. Microbiological Research of Mineral and Mountain Spring Waters in Bulgaria. Microbiol. Res. J. 
Int. 2020, 30, 79–84. https://doi.org/10.9734/MRJI/2020/v30i1030275. 

44. Valcheva, N. Physicochemical and Microbiological Characteristics of Thermal Healing Spring Waters in 
the District of Burgas. Eur. Rev. Chem. Res. 2019, 6, 68–74. https://doi.org/10.13187/ercr.2019.2.68. 

45. Ignatov, I. Physicochemical Research of Mineral and Mountain Spring Waters in Bulgaria. Asian J. Appl. 
Chem. Res. 2020, 7, 40–46. https://doi.org/10.9734/AJACR/2020/v7i230180. 

46. Ignatov, I.; Valcheva, N. Microbiological and Physicochemical Research of Mountain Spring Waters in 
Vasilovska Mountain, Municipality of Teteven, Bulgaria. Chem. Sci. Int. J. 2020, 29, 16–23. 
https://doi.org/10.9734/CSIJ/2020/v29i356618. 

47. Kaneva, M.; Ignatov, I.; Kozludzhova, S.; Kostov, G. Characterisation of Bottled Waters in Bulgaria. Part 1. 
Mineralization of Waters. Hrani i Nauka 2012, University of Food Technologies: Plovdiv, Bulgaria. 

48. Kaneva, M.; Ignatov, I.; Kozludzhova, S.; Kostov, G. Characterisation of Bottled Waters in Bulgaria. Part 2. 
Mineralization of Waters. Hrani i Nauka 2012, University of Food Technologies: Plovdiv, Bulgaria. 

49. Ignatov, I. Standards for the Research and Registration of Drinking Mineral and Mountain Spring Waters 
in Bulgaria. Asian J. Chem. Sci. 2021, 9, 12–18. https://doi.org/10.9734/AJOCS/2021/v9i119061. 

50. Ordinance on the Requirements for Bottled Natural Mineral, Spring and Table Waters Intended for 
Drinking. State Gazette No. 68, 3 August 2004; Amend. SG No. 22/2005, SG No. 54/2006, SG No. 66/2008; 
Bulgaria. 

51. Stoyneva-Gärtner, M.; Gärtner, G.; Uzunov, B. Asterocapsa thermalis sp. nov. from the Unique European 
Continental Geyser in Sapareva Banya (Bulgaria). Microbiol. Res. 2025, 16, 204. 
https://doi.org/10.3390/microbiolres16090204. 

52. Zahoor, S.; Javed, H.M.; Babar, M.E. Characterization of a Novel Hydrolytic Enzyme-Producing 
Thermophilic Bacterium Isolated from Hot Spring of Azad Kashmir, Pakistan. Braz. Arch. Biol. Technol. 
2016, 59, e16150662. https://doi.org/10.1590/1678-4324-2016150662. 

53. Lee, Y.-J.; Ganbat, D.; Oh, D.; Kim, H.; Jeong, G.E.; Cha, I.-T.; Kim, S.-B.; Nam, G.; Jung, Y.-J.; Lee, S.-J. 
Isolation and Characterization of Thermophilic Bacteria from Hot Springs in Republic of Korea. 
Microorganisms 2022, 10, 2375. https://doi.org/10.3390/microorganisms10122375. 

54. Vylcheva-Zhekova, N.; Denkova, Z.; Nikolova, R. Biochemical and Molecular-Genetic Characterization of 
a Strain Isolated from a Thermal Healing Spring in Starozagorski Mineralni Bani, Bulgaria. J. Fac. Food Eng. 
2015, 14, 37–44. 

55. Timkina, E.; Kulišová, M.; Palyzová, A.; Marešová, H.; Maťátková, O.; Řezanka, T.; Kolouchová, I.J. 
Isolation and Characterization of Multiple-Stress Tolerant Bacteria from Radon Springs. PLoS ONE 2024, 
19, e0299532. https://doi.org/10.1371/journal.pone.0299532. 

56. Madigan, M.T.; Bender, K.S.; Buckley, D.H.; Sattley, W.M.; Stahl, D.A. Brock Biology of Microorganisms, 
15th ed.; Pearson: New York, NY, USA, 2019. 

57. Ward, D.M.; Ferris, M.J.; Nold, S.C.; Bateson, M.M. Microbial Diversity in Hot Springs. Microbiol. Mol. Biol. 
Rev. 1998, 62, 1353–1370. 

58. Mora, X.F.; Niveiro, I.; Bressan, G.; Tardieux, P.; Wais, M.T.; Correa, J.; Pizarro, F.; Diez, M. Limnological 
Characterization of Thermal Complex Waters in Copahue, Argentina. Ecol. Austral 2021, 31, 400–412. 

59. Tumbarski, Y.; Valcheva-Zhekova, N.; Koleva, I.; Denkova, Z. Antimicrobial Activity of Bacillus Species 
Strains Isolated from Natural Spring Waters in Bulgaria. Br. Microbiol. Res. J. 2014, 4, 1353–1369. 

60. Saini, M.K.; Kuzyk, S.B.; Villena-Alemany, C.; Kirstein, S.; Wolf, J.; Neumann-Schaal, M.; Haruta, S.; 
Hanada, S.; Koblížek, M.; Thiel, V.; Tank, M.; Bryant, D.A. Chloracidobacterium validum sp. nov., a 
thermophilic chlorophotoheterotrophic bacterium of the phylum Acidobacteriota from an alkaline hot spring 
microbial mat, represents Chloracidobacterium gen. nov., Chloracidobacteriaceae fam. nov. and 
Chloracidobacteriales ord. nov. Int. J. Syst. Evol. Microbiol. 2026, 76, 007003. 
https://doi.org/10.1099/ijsem.0.007003. 

61. Rikhvanov, E.G.; Varakina, N.N.; Sozinov, D.Y.; Voinikov, V.K. Association of Bacteria and Yeasts in Hot 
Springs. Appl. Environ. Microbiol. 1999, 65, 4292–4293. https://doi.org/10.1128/AEM.65.9.4292-4293.1999. 

62. Cabral, D.; Fernández Pinto, V.E. Fungal Spoilage of Bottled Mineral Water. Int. J. Food Microbiol. 2002, 73, 
83–95. https://doi.org/10.1016/S0168-1605(01)00628-6. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0808.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0808.v1
http://creativecommons.org/licenses/by/4.0/


 34 of 43 

 

63. da Silva, P.R.; de Mesquita, A.R.C.; de Lima, M.A.B.; Pires, E.F. Fungi in Bottled Water. J. Environ. Anal. 
Prog. 2018, 3, 410–416. https://doi.org/10.24221/jeap.3.4.2018.2046.410-416. 

64. de Souza, P.C.; Magalhães, S.C.; Rosa, C.A. Yeasts and Filamentous Fungi in Bottled Mineral Water and 
Tap Water from Municipal Supplies. Braz. Arch. Biol. Technol. 2007, 50, 1–8. https://doi.org/10.1590/S1516-
89132007000100001. 

65. Zero Waste Sofia. Faucet fountains in Bulgaria. Available online: https://zerowastesofia.com/watermap 
(accessed on 6 April 2026). 

66. Basin Directorate “Danube Region”. Register of mineral water facilities managed by the Danube river basin 
firectorate: register of water abstraction facilities (as of 1 May 2024). Available online: https://www.bd-
dunav.bg/content/registri/saorajeniia-za-mineralna-voda/ (accessed on 15 April 2026). 

67. East Aegean River Basin Directorate. Register of permits issued by the east aegean river basin directorate 
for Mineral Water Abstraction as of 1 April 2026. Available online: 
https://earbd.org/indexdetails.php?menu_id=176 (accessed on 15 April 2026). 

68. West Aegean River Basin Directorate. Register of Issued Permits for Mineral Water Abstraction by Deposits. 
Available online: 
https://wabd.bg/content/%D1%80%D0%B5%D0%B3%D0%B8%D1%81%D1%82%D1%80%D0%B8-
%D0%B8-
%D0%BF%D1%80%D0%BE%D1%86%D0%B5%D0%B4%D1%83%D1%80%D0%B8/%D1%80%D0%B5%D0
%B3%D0%B8%D1%81%D1%82%D1%80%D0%B8-%D0%BF%D0%BE-
%D0%B7%D0%B0%D0%BA%D0%BE%D0%BD%D0%B0-%D0%B7%D0%B0-
%D0%B2%D0%BE%D0%B4%D0%B8%D1%82%D0%B5/ (accessed on 15 April 2026). 

69. Black Sea Basin Directorate. Register of Issued Permits: Mineral Water Abstraction. Available online: 
https://www.bsbd.org/bg/register.html (accessed on 15 April 2026). 

70. Valcheva, N.; Ignatov, I.; Dinkov, G. Microbiological and Physicochemical Research of Thermal Spring and 
Mountain Spring Waters in the District of Sliven, Bulgaria. J. Adv. Microbiol. 2020, 20, 9–17. 
https://doi.org/10.9734/JAMB/2020/v20i230213. 

71. Dhami, N.K.; Reddy, M.S.; Mukherjee, A. Bacillus-Mediated Calcium Carbonate Mineralization. World J. 
Microbiol. Biotechnol. 2013, 29, 2397–2406. https://doi.org/10.1007/s11274-013-1408-z. 

72. Satapute, P.P.; Olekar, H.S.; Shetti, A.A.; Kulkarni, A.G.; Hiremath, G.B.; Patagundi, B.I.; Shivsharan, C.T.; 
Kaliwal, B.B. Isolation and characterization of nitrogen-fixing Bacillus subtilis strain AS-4 from agricultural 
soil. Int. J. Recent Sci. Res. 2012, 3, 762–765. 

73. Al-Ajeel, S.; Spasov, E.; Sauder, L.A.; McKnight, M.M.; Neufeld, J.D. Ammonia-oxidizing archaea and 
complete ammonia-oxidizing Nitrospira in water treatment systems. Water Res. X 2022, 15, 100131. 
https://doi.org/10.1016/j.wroa.2022.100131. 

74. Blumer-Schuette, S.E.; Brown, S.D.; Sander, K.B.; Bayer, E.A.; Kataeva, I.; Zurawski, J.V.; Conway, J.M.; 
Adams, M.W.W.; Kelly, R.M. Thermophilic lignocellulose deconstruction. FEMS Microbiol. Rev. 2014, 38, 
393–448. https://doi.org/10.1111/1574-6976.12044. 

75. Flores, E.; Herrero, A. Cyanobacterial Cell Differentiation. Nat. Rev. Microbiol. 2010, 8, 39–50. 
https://doi.org/10.1038/nrmicro2242. 

76. Komárek, J.; Anagnostidis, K. Cyanoprokaryota II: Oscillatoriales. In Süßwasserflora von Mitteleuropa; 
Springer: Dordrecht, 2005; Vol. 19/2. 

77. Vieille, C.; Zeikus, G.J. Hyperthermophilic enzymes: sources, uses, and molecular mechanisms for 
thermostability. Microbiol. Mol. Biol. Rev. 2001, 65, 1–43. https://doi.org/10.1128/MMBR.65.1.1-43.2001. 

78. Richter, K.; Haslbeck, M.; Buchner, J. The heat shock response: life on the verge of death. Mol. Cell 2010, 40, 
253–266. https://doi.org/10.1016/j.molcel.2010.10.006. 

79. Russell, N.J. Psychrophilic bacteria – Molecular adaptations of membrane lipids. Comp. Biochem. Physiol. A 
Physiol. 1997, 118, 489–493. https://doi.org/10.1016/S0300-9629(97)87354-9. 

80. Yancey, P.H. Organic osmolytes as compatible, metabolic and counteracting cytoprotectants in high 
osmolarity and other stresses. J. Exp. Biol. 2005, 208, 2819–2830. https://doi.org/10.1242/jeb.01730. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0808.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0808.v1
http://creativecommons.org/licenses/by/4.0/


 35 of 43 

 

81. Thauer, R.K.; Kaster, A.-K.; Seedorf, H.; Buckel, W.; Hedderich, R. Methanogenic archaea: ecologically 
relevant differences in energy conservation. Nat. Rev. Microbiol. 2008, 6, 579–591. 
https://doi.org/10.1038/nrmicro1931 

82. Whitton, B.A.; Potts, M. (Eds.) The Ecology of Cyanobacteria; Springer: Dordrecht, 2012. 
83. Kampmann, M.; Stock, D. Reverse gyrase has heat-protective DNA chaperone activity independent of 

supercoiling. Nucleic Acids Res. 2004, 32, 3537–3545. https://doi.org/10.1093/nar/gkh683. 
84. Xu, Y.; Li, Z. CRISPR-Cas systems: Overview, innovations and applications in human disease research and 

gene therapy. Comput. Struct. Biotechnol. J. 2020, 18, 2401–2415. https://doi.org/10.1016/j.csbj.2020.08.031. 
85. Goranov, B.; Gaytanska, Y.; Denkova-Kostova, R.; Ivanova, P.; Denkova, Z.; Kostov, G. Examination of the 

Bactericidal and Fungicidal Activity of Bacillus amyloliquefaciens M Isolated from Spring Waters in Bulgaria. 
Appl. Sci. 2024, 14, 3612. https://doi.org/10.3390/app14093612. 

86. Rafiee, Z.; Jalili Tabaii, M.; Moradi, M.; Harirchi, S. Thermophilic Bacteria from Hot Springs in Iran. 
Microorganisms 2024, 12, 834. https://doi.org/10.3390/microorganisms12040834. 

87. Peñuelas-Castro, L.I.; Luna-Valdez, J.G.; Luna-Valenzuela, A.; Monroy-García, I.N.; Leyva-Hernández, 
H.A.; Marchena-Peñuelas, M.; Mora-Romero, G.A.; Castro-Ochoa, L.D. Biotechnological Potential of 
Native Thermotolerant Bacteria Isolated from Geothermal Springs in Northwestern Mexico. Bacteria 2026, 
5, 21. https://doi.org/10.3390/bacteria5020021. 

88. Hernandez, M.E.; Kappler, A.; Newman, D.K. Phenazines and Other Redox-Active Antibiotics Promote 
Microbial Mineral Reduction. Appl. Environ. Microbiol. 2004, 70, 921–928. 
https://doi.org/10.1128/AEM.70.2.921-928.2004. 

89. Mavrodi, D.V.; Ksenzenko, V.N.; Bonsall, R.F.; Cook, R.J.; Boronin, A.M.; Thomashow, L.S. A Seven-Gene 
Locus for Synthesis of Phenazine-1-Carboxylic Acid by Pseudomonas fluorescens 2-79. J. Bacteriol. 1998, 180, 
2541–2548. https://doi.org/10.1128/jb.180.9.2541-2548.1998. 

90. Elkins, J.G.; Lochner, A.; Hamilton-Brehm, S.D.; Davenport, K.W.; Podar, M.; Brown, S.D.; Land, M.L.; 
Hauser, L.J.; Klingeman, D.M.; Raman, B.; Goodwin, L.A.; Tapia, R.; Meincke, L.J.; Detter, J.C.; Bruce, D.C.; 
Han, C.S.; Palumbo, A.V.; Cottingham, R.W.; Keller, M.; Graham, D.E. Complete Genome Sequence of the 
Cellulolytic Thermophile Caldicellulosiruptor obsidiansis OB47T. J. Bacteriol. 2010, 192, 6099–6100. 
https://doi.org/10.1128/JB.00950-10. 

91. Cebrián, E.; Núñez, F.; Gálvez, F.J.; Delgado, J.; Bermúdez, E.; Rodríguez, M. Selection and Evaluation of 
Staphylococcus xylosus as a Biocontrol Agent against Toxigenic Moulds in a Dry-Cured Ham Model 
System. Microorganisms 2020, 8, 793. https://doi.org/10.3390/microorganisms8060793. 

92. Du, H.; Liu, Y. Archaeasins as a Promising Resource for Developing Next-Generation Antibiotics 
Uncovered via Deep Learning. Eng. Microbiol. 2025, 5, 100241. https://doi.org/10.1016/j.engmic.2025.100241. 

93. Kumar, V.; Singh, B.; van Belkum, M.J.; Diep, D.B.; Chikindas, M.L.; Ermakov, A.M.; Tiwari, S.K. Halocins, 
Natural Antimicrobials of Archaea: Exotic or Special or Both? Biotechnol. Adv. 2021, 53, 107834. 
https://doi.org/10.1016/j.biotechadv.2021.107834. 

94. Ellen, A.F.; Rohulya, O.V.; Fusetti, F.; Wagner, M.; Albers, S.-V.; Driessen, A.J.M. The Sulfolobicin Genes of 
Sulfolobus acidocaldarius Encode Novel Antimicrobial Proteins. J. Bacteriol. 2011, 193, 4380–4387. 
https://doi.org/10.1128/JB.05028-11. 

95. Prangishvili, D.; Holz, I.; Stieger, E.; Nickell, S.; Kristjánsson, J.K.; Zillig, W. Sulfolobicins, Specific 
Proteinaceous Toxins Produced by Strains of the Extremely Thermophilic Archaeal Genus Sulfolobus. J. 
Bacteriol. 2000, 182, 2985–2988. https://doi.org/10.1128/jb.182.10.2985-2988.2000. 

96. Tyagi, S.; Singh, R.K.; Kumar, A. Lipophilic Bioactive Compounds from Thermophilic Cyanobacterium 
Leptolyngbya sp. HNBGU-004: Implications for Countering VRSA Resistance. Heliyon 2024, 10, e29754. 
https://doi.org/10.1016/j.heliyon.2024.e29754. 

97. Tyagi, S.; Singh, R.K. Chemical Profile of the Antibacterial Component from Leptolyngbya sp. HNBGU 002 
Isolated from a Hot Spring of Garhwal Himalaya. Int. J. Pharm. Sci. Res. 2020, 11, 5225–5238. 
https://doi.org/10.13040/IJPSR.0975-8232.11(10).5225-38. 

98. Deyab, M.; Mofeed, J.; El-Bilawy, E.; Ward, F. Antiviral Activity of Five Filamentous Cyanobacteria against 
Coxsackievirus B3 and Rotavirus. Arch. Microbiol. 2020, 202, 213-223. https://doi.org/10.1007/s00203-019-
01734-9. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0808.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0808.v1
http://creativecommons.org/licenses/by/4.0/


 36 of 43 

 

99. Gloaguen, V.; Garbacki, N.; Petit, D.; Morvan, H.; Hoffmann, L. Bioactive Capsular Polysaccharide from 
the Thermophilic Mastigocladus laminosus (Cyanophtceae/Cyanovacteria): Demonstration of Anti-
inflammatory Properties. Algol. Stud. 2003, 108, 63-73. https://doi.org/10.1127/algol_stud/108/2003/63. 

100. Najdenski, H.M.; Gigova, L.G.; Iliev, I.I.; Pilarski, P.S.; Lukavský, J.; Tsvetkova, I.V.; Ninova, M.S.; 
Kussovski, V.K. Antibacterial and Antifungal Activities of Selected Microalgae and Cyanobacteria. Int. J. 
Food Sci. Technol. 2013, 48, 1533-1540. https://doi.org/10.1111/ijfs.12122. 

101. El Semary, N.A. The Antimicrobial Profile of Extracts of a Phormidium-Like Cyanobacterium Changes with 
Phosphate Levels. World J. Microbiol. Biotechnol. 2012, 28, 585-593. 

102. Shannon, E.; Abu-Ghannam, N. Antibacterial Derivatives of Marine Algae: An Overview of 
Pharmacological Mechanisms and Applications. Mar. Drugs 2016, 14, 81. 
https://doi.org/10.3390/md14040081. 

103. Yaqub, H.M.; Al-Katib, M.A.; Farhan, Z.Z. Allelopathy Effect of Algae Culture Supernatant of Cosmarium 
and Scenedesmus on Germination and Growth of the Jihan Wheat Variety. Appl. Ecol. Environ. Res. 2026, 24, 
3255-3272. https://doi.org/10.15666/aeer/2402_32553272. 

104. Bora, L.; Kalita, M. Occurrence and Extracellular Enzymatic Activity Profiles of Bacterial Strains Isolated 
from Hotsprings of West Kameng District of Arunachal Pradesh, India. Internet J. Microbiol. 2007, 4. 

105. Smrhová, T.; Jani, K.; Pajer, P.; Kapinusová, G.; Vylita, T.; Suman, J.; Strejček, M.; Uhlík, O. Prokaryotes of 
Renowned Karlovy Vary (Carlsbad) Thermal Springs: Phylogenetic and Cultivation Analysis. Environ. 
Microbiome 2022, 17, 48. https://doi.org/10.1186/s40793-022-00425-7. 

106. Chen, F.; Cheng, M.; Rong, D.; Wang, Y.; Liang, R.; Irfan, M.; Kang, Y.; Cao, Y. Metagenomic Insights into 
the Microbial Communities and Functional Traits of Hot Springs in Guizhou Province, China. Front. 
Microbiol. 2025, 16, 1615879. https://doi.org/10.3389/fmicb.2025.1615879. 

107. Sahu, A.; Singh, R.; Dhara, H. Indian Hot Water Springs: Potential Source of Thermophilic Microbes. Harit 
Dhara 2020, 3, 2. 

108. Jardine, J.L.; Abia, A.L.K.; Mavumengwana, V.; Ubomba-Jaswa, E. Phylogenetic Analysis and 
Antimicrobial Profiles of Cultured Emerging Opportunistic Pathogens (Phyla Actinobacteria and 
Proteobacteria) Identified in Hot Springs. Int. J. Environ. Res. Public Health 2017, 14, 1070. 
https://doi.org/10.3390/ijerph14091070 

109. Kovacic, F.; Bleffert, F.; Caliskan, M.; Wilhelm, S.; Granzin, J.; Batra-Safferling, R.; Jaeger, K.-E. A 
Membrane-Bound Esterase PA2949 from Pseudomonas aeruginosa Is Expressed and Purified from Escherichia 
coli. FEBS Open Bio 2016, 6, 327-336. https://doi.org/10.1002/2211-5463.12061. 

110. Najafi, M.F.; Deobagkar, D.; Deobagkar, D. Potential Application of Protease Isolated from Pseudomonas 
aeruginosa PD100. Electron. J. Biotechnol. 2005, 8. 

111. Legnani, P.; Leoni, E.; Rapuano, S.; Turin, D.; Valenti, C. Survival and Growth of Pseudomonas aeruginosa in 
Natural Mineral Water: A 5-Year Study. Int. J. Food Microbiol. 1999, 53, 153–158. 
https://doi.org/10.1016/S0168-1605(99)00151-8 

112. Gheorghievici, L.; Stoica, C.I.; Gheorghievici, G.-L.; Păunescu, H.; Lazăr, V. Prelevalence of Pseudomonas 
aeruginosa in Oligomineral or Highly Concentrated Mineral Waters and the Possible Impact on their 
Curative Use. Biointerface Res. Appl. Chem. 2023, 13, 517. https://doi.org/10.33263/BRIAC136.517. 

113. Dimitrov, P.L.; Kambourova, M.S.; Mandeva, R.D.; Emanuilova, E.I. Alkali-Tolerant Thermophiles 
Producing Xylanases. FEMS Microbiol. Lett. 1997, 157, 27-30. https://doi.org/10.1016/S0378-1097(97)00448-5. 

114. Valcheva, N.; Ignatov, I.; Mihaylova, S. Molecular Characterization of Bacteria from Bulgarian Waters. Int. 
J. Pathog. Res. 2020, 4, 44-55. https://doi.org/10.9734/IJPR/2020/v4i130105. 

115. Liu, L.-P.; et al. Isolation, Identification and Characteristics of Aeromonas sobria from Diseased Rainbow 
Trout (Oncorhynchus mykiss). Front. Microbiol. 2025, 15, 1499126. https://doi.org/10.3389/fmicb.2024.1499126. 

116. Barrière, C.; Brückner, R.; Talon, R. Characterization of the Superoxide Dismutase in Staphylococcus xylosus. 
Appl. Environ. Microbiol. 2001, 67, 4096-4104. https://doi.org/10.1128/AEM.67.9.4096-4104.2001. 

117. Puri, M.; Kaur, A.; Barrow, C.J. Citrus Peel Influences the Production of an Extracellular Naringinase by 
Staphylococcus xylosus MAK2 in a Stirred Tank Reactor. Appl. Microbiol. Biotechnol. 2011, 89, 715–722. 
https://doi.org/10.1007/s00253-010-2897-4. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0808.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0808.v1
http://creativecommons.org/licenses/by/4.0/


 37 of 43 

 

118. Ulucay, O.; Görmez, A.; Özic, C. Identification, Characterization and Hydrolase Producing Performance of 
Thermophilic Bacteria: Geothermal Hot Springs in the Eastern and Southeastern Anatolia Regions of 
Turkey. Antonie Van Leeuwenhoek 2022, 115, 253-270. https://doi.org/10.1007/s10482-021-01678-5. 

119. Wirajana, I.N.; Vaghamshi, N.; Ariantari, N.P.; Sawur, A.B.; Ratnayani, K.; Antaliya, K.; Atara, S.; Ghelani, 
A.; Dudhagara, D.; Dudhagara, P. Hot Springs as Reservoirs of Valuable Microbes, Metabolites, and 
Minerals with Ecological, Biotechnological and Bioeconomic Perspectives. Bacteria 2026, 5, 12. 
https://doi.org/10.3390/bacteria5010012. 

120. Meghwanshi, G.K.; Verma, S.; Srivastava, V.; Kumar, R. Archaeal Lipolytic Enzymes: Current 
Developments and Further Prospects. Biotechnol. Adv. 2022, 61, 108054. 
https://doi.org/10.1016/j.biotechadv.2022.108054. 

121. Cabrera, M.Á.; Blamey, J.M. Biotechnological Applications of Archaeal Enzymes from Extreme 
Environments. Biol. Res. 2018, 51, 37. https://doi.org/10.1186/s40659-018-0186-3. 

122. Elkins, J.G.; Podar, M.; Graham, D.E.; Makarova, K.S.; Wolf, Y.; Randau, L.; Hedlund, B.P.; Brochier-
Armanet, C.; Kunin, V.; Anderson, I.; Lapidus, A.; Goltsman, E.; Barry, K.; Koonin, E.V.; Hugenholtz, P.; 
Kyrpides, N.; Wanner, G.; Richardson, P.; Keller, M.; Stetter, K.O. A Korarchaeal Genome Reveals Insights 
into the Evolution of the Archaea. Proc. Natl. Acad. Sci. USA 2008, 105, 8102–8107. 
https://doi.org/10.1073/pnas.0801980105. 

123. El-Fakharany, E.M.; Saleh, A.K.; El-Maradny, Y.A.; El-Sayed, M.H.; Alali, I.; Alsirhani, A.M.; Alalawy, A.I.; 
Alhawiti, A.S.; Alatawi, I.S.; Mazi, W.; El-Gendi, H. Comprehensive Insight into Recent Algal Enzymes 
Production and Purification Advances: Toward Effective Commercial Applications: A Review. Int. J. Biol. 
Macromol. 2024, 283, 137783. https://doi.org/10.1016/j.ijbiomac.2024.137783. 

124. Zhou, J.; Zhu, T.; Cai, Z.; Li, Y. From Cyanochemicals to Cyanofactories: a Review and Perspective. Microb. 
Cell Fact. 2016, 15, 2. https://doi.org/10.1186/s12934-015-0405-3. 

125. Vingiani, G.M. Microalgal Enzymes with Biotechnological Application. Ph.D. Thesis, Open University, UK, 
2022. 

126. Vingiani, G.M.; De Luca, P.; Ianora, A.; Dobson, A.D.W.; Lauritano, C. Microalgal Enzymes with 
Biotechnological Applications. Mar. Drugs 2019, 17, 459. https://doi.org/10.3390/md17080459. 

127. Singh, R.K.; Tiwari, S.P.; Rai, A.K.; Mohapatra, T.M. Cyanobacteria: An Emerging Source for Drug 
Discovery. J. Antibiot. 2011, 64, 401–412. https://doi.org/10.1038/ja.2011.21. 

128. Qi, M.; Zheng, C.; Wu, W.; Yu, G.; Wang, P. Exopolysaccharides from Marine Microbes: Source, Structure 
and Application. Mar. Drugs 2022, 20, 512. https://doi.org/10.3390/md20080512. 

129. Malick, A.; Khodaei, N.; Benkerroum, N.; Karboune, S. Production of Exopolysaccharides by Selected 
Bacillus Strains: Optimization of Media Composition to Maximize the Yield and Structural 
Characterization. Int. J. Biol. Macromol. 2017, 102, 539–549. https://doi.org/10.1016/j.ijbiomac.2017.03.151. 

130. Petrova, P.; Arsov, A.; Ivanov, I.; Tsigoriyna, L.; Petrov, K. Exopolysaccharides from Bacillus licheniformis. 
Microorganisms 2021, 9, 2127. https://doi.org/10.3390/microorganisms9102127. 

131. Radchenkova, N.; Vassilev, S.; Panchev, I.; Anzelmo, G.; Tomova, I.; Nicolaus, B.; Kuncheva, M.; Petrov, 
K.; Kambourova, M. Production and Properties of Two Novel Exopolysaccharides Synthesized by 
Aeribacillus pallidus 418. Appl. Biochem. Biotechnol. 2013. https://doi.org/10.1007/s12010-013-0348-2. 

132. Franklin, M.J.; Nivens, D.E.; Weadge, J.T.; Howell, P.L. Biosynthesis of the Pseudomonas aeruginosa 
Extracellular Polysaccharides, Alginate, Pel, and Psl. Front. Microbiol. 2011, 2, 167. 
https://doi.org/10.3389/fmicb.2011.00167. 

133. Colvin, K.M.; Irie, Y.; Tart, C.S.; Urbano, R.; Whitney, J.C.; Ryder, C.; Howell, P.L.; Wozniak, D.J.; Parsek, 
M.R. The Pel and Psl Polysaccharides Provide Pseudomonas aeruginosa Structural Redundancy within the 
Biofilm Matrix. Environ. Microbiol. 2012, 14, 1913-1928. https://doi.org/10.1111/j.1462-2920.2011.02657.x. 

134. Raza, W.; Yang, W.; Jun, Y.; Shakoor, F.; Huang, Q.; Shen, Q. Optimization and Characterization of a 
Polysaccharide Produced by Pseudomonas fluorescens WR-1 and Its Antioxidant Activity. Carbohydr. Polym. 
2012, 90, 921-929. https://doi.org/10.1016/j.carbpol.2012.06.021. 

135. Ali, P.; Shah, A.A.; Hasan, F.; Hertkorn, N.; Gonsior, M.; Sajjad, W.; Chen, F. A Glacier Bacterium Produces 
High Yield of Cryoprotective Exopolysaccharide. Front. Microbiol. 2019, 10, 3096. 
https://doi.org/10.3389/fmicb.2019.03096. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0808.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0808.v1
http://creativecommons.org/licenses/by/4.0/


 38 of 43 

 

136. Poli, A.; Di Donato, P.; Abbamondi, G.R.; Nicolaus, B. Synthesis, Production, and Biotechnological 
Applications of Exopolysaccharides and Polyhydroxyalkanoates by Archaea. Archaea 2011, 2011, 693253. 
https://doi.org/10.1155/2011/693253. 

137. Ibrahim, H.A.H.; Abou Elhassayeb, H.E.; El-Sayed, W.M.M. Potential Functions and Applications of 
Diverse Microbial Exopolysaccharides in Marine Environments. J. Genet. Eng. Biotechnol. 2022, 20, 151. 
https://doi.org/10.1186/s43141-022-00432-2. 

138. Laroche, C. Exopolysaccharides from Microalgae and Cyanobacteria: Diversity of Strains, Production 
Strategies, and Applications. Mar. Drugs 2022, 20, 336. https://doi.org/10.3390/md20050336. 

139. Chandra, S.; Bhattacharya, S.; Pandit, S.; Banerjee, S.; Roy, A.; Rai, A.K. Cyanobacteria as an Eco-Friendly 
Bioresource for EPS Production with Crack Healing Capacity in Concrete. Biocatal. Agric. Biotechnol. 2023, 
54, 102909. https://doi.org/10.1016/j.bcab.2023.102909. 

140. Romero Vega, G.; Gallo Stampino, P. Bio-based Surfactants and Biosurfactants: An Overview and Main 
Characteristics. Molecules 2025, 30, 863. https://doi.org/10.3390/molecules30040863. 

141. Afonso, A.C.; Botting, J.; Gomes, I.B.; Saavedra, M.J.; Simões, L.C.; Liu, J.; Simões, M. Elucidating bacterial 
coaggregation through a physicochemical and imaging surface characterization. Sci. Total Environ. 2024, 
174872. https://doi.org/10.1016/j.scitotenv.2024.174872. 

142. Rahman, F.B.; Sarkar, B.; Moni, R.; Rahman, M.S. Molecular Genetics of Surfactin and Its Effects on 
Different Sub-populations of Bacillus subtilis. Biotechnol. Rep. (Amst.) 2021, 32, e00686. 
https://doi.org/10.1016/j.btre.2021.e00686. 

143. Kumar, A.; Rabha, J.; Tayung, K. Assessment of Antagonistic Potential of Bacillus spp. Isolated from Hot 
Springs of North East India against Some Phytopathogenic Fungi. J. Pure Appl. Microbiol. 2025, 19(3), 1962–
1983. https://doi.org/10.22207/JPAM.19.3.23. 

144. Yaraguppi, D.A.; Bagewadi, Z.K.; Patil, N.R.; Mantri, N. Iturin: A Promising Cyclic Lipopeptide with 
Diverse Applications. Biomolecules 2023, 13, 1515. https://doi.org/10.3390/biom13101515. 

145. Jacques, P. Surfactin and Other Lipopeptides from Bacillus spp. In Biosurfactants; Microbiology 
Monographs; Springer: Berlin/Heidelberg, Germany, 2010; pp. 57-91. 

146. Théatre, A.; Cano-Prieto, C.; Bartolini, M.; Laurin, Y.; Deleu, M.; Niehren, J.; Fida, T.; Gerbinet, S.; Medema, 
M.H.; Léonard, A.; Lins, L.; Arabolaza, A.; Jacques, P. The Surfactin-Like Lipopeptides from Bacillus spp.: 
Natural Biodiversity and Synthetic Biology for a Broader Application Range. Front. Bioeng. Biotechnol. 2021, 
9, 623701. https://doi.org/10.3389/fbioe.2021.623701. 

147. Chavda, J.; Pankhaniya, M.; Kurian, N.K. Bacterial Melanin with Immense Cosmetic Potential Produced by 
Marine Bacteria Bacillus pumilus MIN3. Preprints 2022. https://doi.org/10.20944/preprints202205.0296.v1. 

148. Yin, H.; Qiang, J.; Jia, Y.; Ye, J.; Peng, H.; Qin, H.; Zhang, N.; He, B. Characteristics of Biosurfactant Produced 
by Pseudomonas aeruginosa S6 Isolated from Oil-containing Wastewater. Process Biochem. 2009, 44, 302–308. 
https://doi.org/10.1016/j.procbio.2008.11.003. 

149. Stoica, R.M.; Moscovici, M.; Niță, S.; Bâzdoacă, C.; Lakatos, E.S.; Cioca, L.I. Studies on Biosurfactant 
Production by Two Pseudomonas Species Using Substrates from Agro-food Industry. Chem. Proc. 2023, 13, 
16. https://doi.org/10.3390/chemproc2023013016. 

150. Vasileva-Tonkova, E.; Galabova, D.; Stoimenova, E.; Lalchev, Z. Biosurfactants produced by a newly 
isolated Pseudomonas fluorescens HW-6 during growth on hexadecane. In Proceedings of the Balkan 
Scientific Conference of Biology, Plovdiv, Bulgaria, 19-21 May 2005; pp. 218-225. 

151. Ng, Y.J.; Khoo, K.S.; Chew, K.W.; Tang, D.Y.Y.; Alharthi, S.; Mayol, A.P.; Show, P.L. Solution Towards Low 
Yield Biosurfactant Production from Bacteria, a Novel Approach Using Microalgae-Bacteria Consortium. 
Microb. Cell Fact. 2025, 24, 220. https://doi.org/10.1186/s12934-025-02607-5. 

152. Barreto, J.V.O.; Casanova, L.M.; Neves Junior, A.; Reis-Mansur, M.C.P.P.; Vermelho, A.B. Microbial 
Pigments: Major Groups and Industrial Applications. Microorganisms 2023, 11, 2920. 
https://doi.org/10.3390/microorganisms11122920. 

153. Agarwal, H.; Bajpai, S.; Mishra, A.; Kohli, I.; Varma, A.; Fouillaud, M.; Dufossé, L.; Joshi, N.C. Bacterial 
Pigments and Their Multifaceted Roles in Contemporary Biotechnology and Pharmacological 
Applications. Microorganisms 2023, 11, 614. https://doi.org/10.3390/microorganisms11030614. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0808.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0808.v1
http://creativecommons.org/licenses/by/4.0/


 39 of 43 

 

154. Nechypurenko, O.O.; Kharhota, M.A.; Avdeeva, L.V. Effectivity of Carotene-Producing Strains Bacillus sp. 
1.1 and Bacillus amyloliquefaciens UCM B-5113 in the Chickens Diet. Mikrobiol. Z. 2015, 77, 2–8. 
https://doi.org/10.15407/microbiolj77.03.002. 

155. Figueiredo, B.d.S.A.; Siqueira, F.G.; Salum, T.F.C.; Zanette, C.M.; Spier, M.R. Microalgae and cyanobacteria 
as enzyme biofactories. Algal Res. 2017, 25, 76–89. https://doi.org/10.1016/j.algal.2017.04.035. 

156. Kumar, S.; Kumar, V.; Ambika; Nag, D.; Kumar, V.; Darnal, S.; Thakur, V.; Patial, V.; Singh, D. Microbial 
Pigments: Learning from the Himalayan Perspective to Industrial Applications. J. Ind. Microbiol. Biotechnol. 
2022 Aug 6; 49 (5), kuac017. https://doi.org/10.1093/jimb/kuac017. 

157. Hartz, P.; Milhim, M.; Trenkamp, S.; Bernhardt, R.; Hannemann, F. Characterization and Engineering of a 
Carotenoid Biosynthesis Operon from Bacillus megaterium. Metab. Eng. 2018, 49, 47-58. 
https://doi.org/10.1016/j.ymben.2018.07.017. 

158. Takano, H.; Mise, K.; Hagiwara, K.; Hirata, N.; Watanabe, S.; Toriyabe, M.; Shiratori-Takano, H.; Ueda, K. 
Role and Function of LitR, an Adenosyl B12-Bound Light-Sensitive Regulator of Bacillus megaterium QM 
B1551, in Regulation of Carotenoid Production. J. Bacteriol. 2015, 197, 2301–2315. 
https://doi.org/10.1128/JB.02528-14. 

159. Orlandi, V.T.; Martegani, E.; Giaroni, C.; Baj, A.; Bolognese, F. Bacterial pigments: A Colorful Palette 
Reservoir for Biotechnological Applications. Biotechnol. Appl. Biochem. 2021. 
https://doi.org/10.1002/bab.2170. 

160. Singh, D.; Deepshikha; Chaturvedi, V.; Verma, P. The Amazing World of Biological Pigments: A Review 
on Microbial Melanins. Dyes Pigments 2025, 237, 112711. https://doi.org/10.1016/j.dyepig.2025.112711. 

161. Chavda, J.; Pankhaniya, M.; Kurian, N.K. Bacterial Melanin with Immense Cosmetic Potential Produced by 
Marine Bacteria Bacillus pumilus MIN3. Preprints 2022. https://doi.org/10.20944/preprints202205.0296.v1. 

162. Pankhaniya, M.G.; Chavda, J.; Kurian, N.K. Halophilic Bacteria Bacillus altitudinis MIM2 Producing 
Bioactive Melanin Isolated from Mundra Port, Kutch, Gujarat, India. bioRxiv 2022. 
https://doi.org/10.1101/2022.03.15.484403. 

163. DeBritto, S.; Gajbar, T.D.; Satapute, P.; Sundaram, L.; Lakshmikantha, R.Y.; Jogaiah, S.; Ito, S. Isolation and 
Characterization of Nutrient Dependent Pyocyanin from Pseudomonas aeruginosa and Its Dye and 
Agrochemical Properties. Sci. Rep. 2020, 10, 1542. https://doi.org/10.1038/s41598-020-58335-6. 

164. Abdelaziz, A.A.; Abo Kamer, A.M.; Al-Monofy, K.B.; Al-Madboly, L.A. Pseudomonas aeruginosa’s Greenish-
Blue Pigment Pyocyanin: Its Production and Biological Activities. Microb. Cell Fact. 2023, 22, 110. 
https://doi.org/10.1186/s12934-023-02122-1. 

165. Gomes, M.; Felgueiras, H.P.; Leite, B.R.; Soares, G.M.B. Colourful Protection: Challenges and Perspectives 
of Antibacterial Pigments Extracted from Bacteria for Textile Applications. Antibiotics 2025, 14, 520. 
https://doi.org/10.3390/antibiotics14050520. 

166. Carrascosa, C.; Millán, R.; Jaber, J.R.; Lupiola, P.; del Rosario-Quintana, C.; Mauricio, C.; Sanjuán, E. Blue 
Pigment in Fresh Cheese Produced by Pseudomonas fluorescens. Food Control 2015, 54, 95-102. 
https://doi.org/10.1016/j.foodcont.2014.12.039. 

167. Rai, D.; Sulthana, F.; Neeksha; Divyashree, M. Production and Antimicrobial Activities of Pyocyanin 
Extracts from Pseudomonas aeruginosa. J. Pure Appl. Microbiol. 2024, 18, 2371-2379. 
https://doi.org/10.22207/JPAM.18.4.10. 

168. Trapet, P.; Avoscan, L.; Klinguer, A.; Pateyron, S.; Citerne, S.; Chervin, C.; Mazurier, S.; Lemanceau, P.; 
Wendehenne, D.; Besson-Bard, A. The Pseudomonas fluorescens Siderophore Pyoverdine Weakens 
Arabidopsis thaliana Defense in Favor of Growth in Iron-Deficient Conditions. Plant Physiol. 2016, 171, 675-
693. https://doi.org/10.1104/pp.15.01537. 

169. Eriksen, N.T. Production of Phycocyanin—a Pigment with Applications in Biology, Biotechnology, Foods 
and Medicine. Appl. Microbiol. Biotechnol. 2008, 80, 1-14. https://doi.org/10.1016/j.algal.2020.101875. 

170. Schipper, K.; Fortunati, F.; Oostlander, P.C.; Al Muraikhi, M.; Al Jabri, H.M.S.J.; Wijffels, R.H.; Barbosa, M.J. 
Production of Phycocyanin by Leptolyngbya sp. in Desert Environments. Algal Res. 2020, 47, 101875. 
https://doi.org/10.1016/j.algal.2020.101875. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0808.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0808.v1
http://creativecommons.org/licenses/by/4.0/


 40 of 43 

 

171. Yamada, K.; Yatabe, T.; Yoon, K.-S.; Ogo, S. Cp*Ir Complex with Mesobiliverdin Ligand Isolated from 
Thermoleptolyngbya sp. O-77. J. Organomet. Chem. 2022, 964, 122302. 
https://doi.org/10.1016/j.jorganchem.2022.122302. 

172. Rastogi, R.P.; Sinha, R.P. Biotechnological and Industrial Significance of Cyanobacterial Secondary 
Metabolites. Biotechnol. Adv. 2009, 27, 521-539. https://doi.org/10.1016/j.biotechadv.2009.04.009. 

173. Pumas, C.; Peerapornpisal, Y.; Vacharapiyasophon, P.; Leelapornpisid, P.; Boonchum, W.; Ishii, M.; 
Khanongnuch, C. Purification and Characterization of a Thermostable Phycoerythrin from Hot Spring 
Cyanobacterium Leptolyngbya sp. KC45. Int. J. Agric. Biol. 2012, 14, 121-125. 

174. Silkina, A.; Kultschar, B.; Llewellyn, C.A. Far-Red Light Acclimation for Improved Mass Cultivation of 
Cyanobacteria. Metabolites 2019, 9, 170. https://doi.org/10.3390/metabo9080170. 

175. De Philippis, R.; Vincenzini, M. Exocellular Polysaccharides from Cyanobacteria and Their Possible 
Applications. FEMS Microbiol. Rev. 1998, 22, 151-175. https://doi.org/10.1111/j.1574-6976.1998.tb00365.x. 

176. Del Campo, J.A.; García-González, M.; Guerrero, M.G. Outdoor Cultivation of Microalgae for Carotenoid 
Production: Current State and Perspectives. Appl. Microbiol. Biotechnol. 2007, 74, 1163-1174. 
https://doi.org/10.1007/s00253-007-0844-9. 

177. Goiris, K.; Muylaert, K.; Fraeye, I.; Foubert, I.; De Brabanter, J.; De Cooman, L. Antioxidant Potential of 
Microalgae in Relation to Their Phenolic and Carotenoid Content. J. Appl. Phycol. 2012, 24, 1477-1486. 

178. Peng, J.; Yuan, J.-P.; Wu, C.-F.; Wang, J.-H. Fucoxanthin, a Marine Carotenoid Present in Brown Seaweeds 
and Diatoms: Metabolism and Bioactivities Relevant to Human Health. Mar. Drugs 2011, 9, 1806-1828. 
https://doi.org/10.3390/md9101806. 

179. Guru, S.D. Distribution and Biodiversity of Desmids in a Freshwater Lake of Ranchi. Int. J. Plant Res. 2007, 
20, 81-85. 

180. Rengasamy, K.R.R.; Mahomoodally, M.F.; Aumeeruddy, M.Z.; Zengin, G.; Xiao, J.; Kim, D.H. Bioactive 
Compounds in Seaweeds: An Overview of Their Biological Properties and Safety. Food Chem. Toxicol. 2020, 
135, 111013. https://doi.org/10.1016/j.fct.2019.111013. 

181. Plaza, M.; Herrero, M.; Cifuentes, A.; Ibáñez, E. Innovative Natural Functional Ingredients from 
Microalgae. J. Agric. Food Chem. 2009, 57, 7159-7170. https://doi.org/10.1021/jf901070g. 

182. Schallmey, M.; Singh, A.; Ward, O.P. Developments in the Use of Bacillus Species for Industrial Production. 
Can. J. Microbiol. 2004, 50, 1-17. https://doi.org/10.1139/w03-076. 

183. Stein, T. Bacillus subtilis Antibiotics: Structures, Syntheses and Specific Functions. Mol. Microbiol. 2005, 56, 
845–857. https://doi.org/10.1111/j.1365-2958.2005.04587.x. 

184. Ramirez-Olea, H.; Reyes-Ballesteros, B.; Chavez-Santoscoy, R.A. Potential Application of the Probiotic 
Bacillus licheniformis as an Adjuvant in the Treatment of Diseases in Humans and Animals: A Systematic 
Review. Front. Microbiol. 2022, 13, 993451. https://doi.org/10.3389/fmicb.2022.993451. 

185. Xu, Y.; Yu, Y.; Shen, Y.; Li, Q.; Lan, J.; Wu, Y.; Zhang, R.; Cao, G.; Yang, C. Effects of Bacillus subtilis and 
Bacillus licheniformis on Growth Performance, Immunity, Short Chain Fatty Acid Production, Antioxidant 
Capacity, and Cecal Microflora in Broilers. Poult. Sci. 2021, 100, 101358. 
https://doi.org/10.1016/j.psj.2021.101358. 

186. Vieille, C.; Zeikus, G.J. Hyperthermophilic Enzymes: Sources, Uses, and Molecular Mechanisms for 
Thermostability. Microbiol. Mol. Biol. Rev. 2001, 65, 1-43. https://doi.org/10.1128/mmbr.65.1.1-43.2001. 

187. Raaijmakers, J.M.; de Bruijn, I.; de Kock, M.J.D. Cyclic Lipopeptide Production by Plant-Associated 
Pseudomonas spp.: Diversity, Activity, Biosynthesis, and Regulation. Mol. Plant Microbe Interact. 2006, 19, 
699–710. https://doi.org/10.1094/MPMI-19-0699. 

188. Atomi, H.; Imanaka, T.; Fukui, T. Overview of the Genetic Tools in the Archaea. Front. Microbiol. 2012, 3, 
337. https://doi.org/10.3389/fmicb.2012.00337. 

189. Quehenberger, J.; Shen, L.; Albers, S.-V.; Siebers, B.; Spadiut, O. Sulfolobus – A Potential Key Organism in 
Future Biotechnology. Front. Microbiol. 2017, 8, 2474. https://doi.org/10.3389/fmicb.2017.02474. 

190. Santhosh, P.B.; Genova, J. Archaeosomes: New Generation of Liposomes Based on Archaeal Lipids for 
Drug Delivery and Biomedical Applications. ACS Omega 2023, 8. https://doi.org/10.1021/acsomega.2c07371. 

191. Bhat, V.B.; Madyastha, K.M. C-Phycocyanin: A Potent Peroxyl Radical Scavenger in Vivo and in Vitro. 
Biochem. Biophys. Res. Commun. 2000, 275, 20-25. https://doi.org/10.1006/bbrc.2000.3270. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0808.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0808.v1
http://creativecommons.org/licenses/by/4.0/


 41 of 43 

 

192. Romay, C.; Armesto, J.; Remirez, D.; González, R.; Ledon, N.; García, I. Antioxidant and Anti-Inflammatory 
Properties of C-Phycocyanin from Blue-Green Algae. Inflamm. Res. 1998, 47, 36-41. 
https://doi.org/10.1007/s000110050256. 

193. Pangestuti, R.; Kim, S.-K. Biological Activities and Health Benefit Effects of Natural Pigments Derived from 
Marine Algae. J. Funct. Foods 2011, 3, 255-266. https://doi.org/10.1016/j.jff.2011.07.001. 

194. Debnath, S.; Muthuraj, M.; Bandyopadhyay, T.K.; Bobby, M.N.; Vanitha, K.; Tiwari, O.N.; Bhunia, B. 
Engineering Strategies and Applications of Cyanobacterial Exopolysaccharides: A Review on Past 
Achievements and Recent Perspectives. Carbohydr. Polym. 2024, 328, 121686. 
https://doi.org/10.1016/j.carbpol.2023.121686. 

195. Rana, S.; Upadhyay, L.S.B. Microbial Exopolysaccharides: Synthesis Pathways, Types and Their 
Commercial Applications. Int. J. Biol. Macromol. 2020, 157, 577-583. 
https://doi.org/10.1016/j.ijbiomac.2020.04.084. 

196. Schallmey, M.; Singh, A.; Ward, O.P. Developments in the Use of Bacillus Species for Industrial Production. 
Can. J. Microbiol. 2004, 50, 1-17. https://doi.org/10.1139/w03-076. 

197. Gupta, R.; Beg, Q.; Lorenz, P. Bacterial Alkaline Proteases: Molecular Approaches and Industrial 
Applications. Appl. Microbiol. Biotechnol. 2002, 59, 15-32. https://doi.org/10.1007/s00253-002-0975-y. 

198. López-López, O.; Cerdán, M.-E.; González-Siso, M.-I. Thermus thermophilus as a Source of Thermostable 
Lipolytic Enzymes. Microorganisms 2015, 3, 792-808. https://doi.org/10.3390/microorganisms3040792. 

199. Yu, T.; Anbarasan, S.; Wang, Y.; Telli, K.; Aslan, A.S.; Su, Z.; Zhou, Y.; Zhang, L.; Iivonen, P.; Havukainen, 
S.; Mentunen, T.; Hummel, M.; Sixta, H.; Binay, B.; Turunen, O.; Xiong, H. Hyperthermostable Thermotoga 
maritima Xylanase XYN10B Shows High Activity at High Temperatures in the Presence of Biomass-
Dissolving Hydrophilic Ionic Liquids. Extremophiles 2016, 20, 515-524. https://doi.org/10.1007/s00792-016-
0841-y. 

200. Varna-Based Company to Produce Cyanobacteria Products. Available online: 
https://www.mzh.government.bg/bg/press-center/novini/85f1-varnenska-firma-shche-proizvezhda-sino-
zeleni/ (accessed on 24 April 2026). 

201. Gentscheva, G.; Milkova-Tomova, I.; Pehlivanov, I.; Gugleva, V.; Nikolova, K.; Petkova, N.; Andonova, V.; 
Buhalova, D.; Pisanova, E. Chemical Characterization of Selected Algae and Cyanobacteria from Bulgaria 
as Sources of Compounds with Antioxidant Activity. Appl. Sci. 2022, 12, 9935. 
https://doi.org/10.3390/app12199935. 

202. Nikolova, K.; Gentscheva, G.; Gyurova, D.; Pavlova, V.; Dincheva, I.; Velikova, M.; Gerasimova, A.; 
Makedonski, L.; Gergov, G. Metabolomic Profile of Arthrospira platensis from a Bulgarian Bioreactor – A 
Potential Opportunity for Inclusion in Dietary Supplements. Life 2024, 14, 174. 
https://doi.org/10.3390/life14020174. 

203. Spirulina – Which Gives a Lot of Hope. Available online: 
https://businessvarna.bg/news_detail/21408/Спирулина-която-даде-много-надежди (accessed on 22 April 
2026). 

204. Falkowski, P.G.; Fenchel, T.; Delong, E.F. The Microbial Engines That Drive Earth’s Biogeochemical Cycles. 
Science 2008, 320, 1034-1039. https://doi.org/10.1126/science.1153213. 

205. Das, N.; Chandran, P. Microbial Degradation of Petroleum Hydrocarbon Contaminants: An Overview. 
Biotechnol. Res. Int. 2011, 2011, 941810. https://doi.org/10.4061/2011/941810. 

206. Sharma, P.; Pandey, R.; Chauhan, N.S. Biofertilizer and Biocontrol Properties of Stenotrophomonas 
maltophilia BCM Emphasize Its Potential Application for Sustainable Agriculture. Front. Plant Sci. 2024, 15, 
1364807. https://doi.org/10.3389/fpls.2024.1364807. 

207. Zhang, D.; Lu, L.; Zhao, H.; Jin, M.; Lü, T.; Lin, J. Application of Klebsiella oxytoca Biomass in the Biosorptive 
Treatment of PAH-Bearing Wastewater: Effect of PAH Hydrophobicity and Implications for Prediction. 
Water 2018, 10, 675. https://doi.org/10.3390/w10060675. 

208. Waqar, S.; Tariq, A.; Ullah, U.; Haleem, H.; Aimen, H.; Sattar, S.; Bostan, N. Arsenic Efflux and 
Bioremediation Potential of Klebsiella oxytoca via the arsB Gene. PLoS ONE 2025, 20, e0307918. 
https://doi.org/10.1371/journal.pone.0307918. 

209. Vidali, M. Bioremediation: An Overview. Pure Appl. Chem. 2001, 73, 1163–1172. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0808.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0808.v1
http://creativecommons.org/licenses/by/4.0/


 42 of 43 

 

210. Raungsomboon, S.; Chidthaisong, A.; Bunnag, B.; Inthorn, D.; Harvey, N.W. Production, Composition and 
Pb2+ Adsorption Characteristics of Capsular Polysaccharides Extracted from a Cyanobacterium Gloeocapsa 
gelatinosa. Water Res. 2006, 40, 3759-3766. https://doi.org/10.1016/j.watres.2006.08.013. 

211. Abo-Shady, A.M.; Osman, M.E.H.; Gaafar, R.M.; Ismail, G.A.; El-Nagar, M.M.F. Cyanobacteria as a 
Valuable Natural Resource for Improved Agriculture, Environment, and Plant Protection. Water Air Soil 
Pollut. 2023, 234, 313. https://doi.org/10.1007/s11270-023-06331-7. 

212. Singh, J.; Thakur, I.S. Evaluation of Cyanobacterial Endolith Leptolyngbya sp. ISTCY101 for Integrated 
Wastewater Treatment and Biodiesel Production: A Toxicological Perspective. Algal Res. 2015, 11, 294-303. 
https://doi.org/10.1016/j.algal.2015.07.010. 

213. Patrinou, V.; Vayenas, D.V.; Tekerlekopoulou, A.G. A Leptolyngbya-Dominated Consortium for the 
Optimized Biological Treatment of Mixed Agro-Industrial Effluents. Eng. Proc. 2025, 117, 17. 
https://doi.org/10.3390/engproc2025117017. 

214. Papadopoulos, K.P.; Economou, C.N.; Dailianis, S.; Charalampous, N.; Stefanidou, N.; Moustaka-Gouni, 
M.; Tekerlekopoulou, A.G.; Vayenas, D.V. Brewery Wastewater Treatment Using Cyanobacterial–Bacterial 
Settleable Aggregates. Algal Res. 2020, 49, 101957. https://doi.org/10.1016/j.algal.2020.101957. 

215. Touliabah, H.E.-S.; El-Sheekh, M.M.; Ismail, M.M.; El-Kassas, H. A Review of Microalgae- and 
Cyanobacteria-Based Biodegradation of Organic Pollutants. Molecules 2022, 27, 1141. 
https://doi.org/10.3390/molecules27031141. 

216. Palmer, C.M. A Composite Rating of Algae Tolerating Organic Pollution. J. Phycol. 1969, 5, 78-82. 
https://doi.org/10.1111/j.1529-8817.1969.tb02581.x. 

217. Haworth, E.Y. Freshwater Algae of North America. Ecology and Classification. Phycologia 2016, 55, 333–
334. https://doi.org/10.2216/55-03.1. 

218. Structural and Functional Characterization of Three Polyketide Synthase Gene Clusters in Bacillus 
amyloliquefaciens FZB42. J. Bacteriol. 2006, 188, 4024-4036. https://doi.org/10.1128/JB.00052-06. 

219. Zalila-Kolsi, I.; Ben-Mahmoud, A.; Al-Barazie, R. Bacillus amyloliquefaciens: Harnessing Its Potential for 
Industrial, Medical, and Agricultural Applications – A Comprehensive Review. Microorganisms 2023, 11, 
2215. https://doi.org/10.3390/microorganisms11092215. 

220. Ma’or, Z.; Temmerman, R.; Zhang, X. Topical Application of Synbiotic Bacillus Preparations Positively 
Affects Skin (Micro) Biology. J. Cosmet. Dermatol. Sci. Appl. 2023, 13, 107-123. 
https://doi.org/10.4236/jcdsa.2023.132011. 

221. Grady, E.N.; MacDonald, J.; Liu, L.; Richman, A.; Yuan, Z.-C. Current Knowledge and Perspectives of 
Paenibacillus: A Review. Microb. Cell Fact. 2016, 15, 203. https://doi.org/10.1186/s12934-016-0603-7. 

222. Garcia-Mouronte, E.; Pérez-González, L.A.; Naharro-Rodriguez, J.; Fernández Guarino, M. Understanding 
Active Photoprotection: DNA-Repair Enzymes and Antioxidants. Life 2024, 14, 822. 
https://doi.org/10.3390/life14070822. 

223. Rappé, M.S.; Giovannoni, S.J. The Uncultured Microbial Majority. Annu. Rev. Microbiol. 2003, 57, 369-394. 
https://doi.org/10.1146/annurev.micro.57.030502.090759. 

224. Caporaso, J.G.; Lauber, C.L.; Walters, W.A.; Berg-Lyons, D.; Huntley, J.; Fierer, N.; Owens, S.M.; Betley, J.; 
Fraser, L.; Bauer, M.; Gormley, N.; Gilbert, J.A.; Smith, G.; Knight, R. Ultra-high-throughput microbial 
community analysis on the Illumina HiSeq and MiSeq platforms. ISME J. 2012, 6, 1621-1624. 
https://doi.org/10.1038/ismej.2012.8. 

225. Stewart, E.J. Growing unculturable bacteria. J. Bacteriol. 2012, 194(16), 4151- 4160. 
https://doi.org/10.1128/JB.00345-12. 

226. Woese, C.R. Bacterial evolution. Microbiol. Rev. 1987, 51(2), 221–271. https://doi.org/10.1128/mr.51.2.221-
271.1987. 

227. Tyson, G.W.; Chapman, J.; Hugenholtz, P.; Allen, E.E.; Ram, R.J.; Richardson, P.M.; Solovyev, V.V.; Rubin, 
E.M.; Rokhsar, D.S.; Banfield, J.F. Community structure and metabolism through reconstruction of 
microbial genomes from the environment. Nature 2004, 428(6978), 37-43. 
https://doi.org/10.1038/nature02340. 

228. Kleiner, M. Metaproteomics: Much more than measuring gene expression in microbial communities. 
mSystems 2019, 4(3), e00115-19. https://doi.org/10.1128/msystems.00115-19. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0808.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0808.v1
http://creativecommons.org/licenses/by/4.0/


 43 of 43 

 

229. Amann, R.I.; Ludwig, W.; Schleifer, K.-H. Phylogenetic identification and in situ detection of individual 
microbial cells without cultivation. Microbiol. Rev. 1995, 59(1), 143-169. https://doi.org/10.1128/mr.59.1.143-
169.1995. 

230. Amann, R.; Fuchs, B.M. Single-cell identification in microbial communities by improved fluorescence in 
situ hybridization techniques. Nat. Rev. Microbiol. 2008, 6(5), 339-348. https://doi.org/10.1038/nrmicro1888. 

231. Knight, R.; Callewaert, C.; Marotz, C.; Hyde, E.R.; Debelius, J.W.; McDonald, D.; Sogin, M.L. The 
microbiome and human biology. Annu. Rev. Genom. Hum. Genet. 2017, 18, 65-86. 
https://doi.org/10.1146/annurev-genom-083115-022438. 

232. Muyzer, G.; Smalla, K. Application of denaturing gradient gel electrophoresis (DGGE) and temperature 
gradient gel electrophoresis (TGGE) in microbial ecology. Antonie van Leeuwenhoek 1998, 73, 127-141. 
https://doi.org/10.1023/a:1000669317571. 

233. Stomp, M.; Huisman, J.; Stal, L.J.; Matthijs, H.C.P. Colorful niches of phototrophic microorganisms shaped 
by vibrations of the water molecule. ISME J. 2007, 1(4), 271-282. https://doi.org/10.1038/ismej.2007.59. 

234. Thompson, L.R.; Sanders, J.G.; McDonald, D.; Amir, A.; Ladau, J.; Locey, K.J.; Prill, R.J.; Tripathi, A.; 
Gibbons, S.M.; Ackermann, G.; et al.; Earth Microbiome Project Consortium. A communal catalogue reveals 
Earth’s multiscale microbial diversity. Nature 2017, 551, 457-463. https://doi.org/10.1038/nature24621. 

235. DeLong, E.F. The microbial ocean from genomes to biomes. Nature 2009, 459, 200–206. 
https://doi.org/10.1038/nature08059. 

236. Cavicchioli, R.; Ripple, W.J.; Timmis, K.N.; Azam, F.; Bakken, L.R.; Baylis, M.; Behrenfeld, M.J.; Boetius, A.; 
Boyd, P.W.; Classen, A.T.; et al. Scientists’ warning to humanity: microorganisms and climate change. Nat. 
Rev. Microbiol. 2019, 17, 569-586. https://doi.org/10.1038/s41579-019-0222-5. 

237. Knight, R.; Vrbanac, A.; Taylor, B.C.; Aksenov, A.; Callewaert, C.; Debelius, J.; Gonzalez, A.; Kosciolek, T.; 
McCall, L.-I.; McDonald, D.; et al. Best practices for analysing microbiomes. Nat. Rev. Microbiol. 2018, 16, 
410-422. https://doi.org/10.1038/s41579-018-0029-9 

238. Gilbert, J.A.; Dupont, C.L. Microbial metagenomics: Beyond the genome. Annu. Rev. Mar. Sci. 2011, 3, 347-
371. https://doi.org/10.1146/annurev-marine-120709-142811. 

239. Verstraete, W.; Wittebolle, L.; Heylen, K.; Vanparys, B.; De Vos, P.; Mosquera, J.; Boon, N. Microbial 
resource management: The road to go for environmental biotechnology. Eng. Life Sci. 2007, 7(2). 
https://doi.org/10.1002/elsc.200620176. 

240. Daflorn Ltd. The discovery of Daflorn. Laktera.bg. 15 June 2020. Available online: 
https://laktera.bg/2020/06/15/%D0%BE%D1%82%D0%BA%D1%80%D0%B8%D1%82%D0%B8%D0%B5%
D1%82%D0%BE-%D0%BD%D0%B0-%D0%B4%D0%B0%D1%84%D0%BB%D0%BE%D1%80%D0%BD/ 
(accessed on 10 April 2026). 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0808.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0808.v1
http://creativecommons.org/licenses/by/4.0/

