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Abstract

Due to their natural isolation and limited accessibility, sections of caves that are extremely difficult
to reach provide an ideal setting for studying unique and diverse microbial communities. This microbial
diversity represents a potential reservoir of microorganisms with biosynthetic capabilities including the
production of bioactive compounds with potential applications in biotechnology and medicine. Seven swab
samples collected from wall surfaces in hard-to-reach galleries in Temnata Dupka Cave, Vratsa Karst Re-
gion, Bulgaria were subjected to quantitative and qualitative analysis. Quantitative air sample analysis
was conducted at seven different locations within the cave. A total of 49 pure cultures were isolated under
aerobic conditions from different galleries in Temnata Dupka Cave. The temperature growth patterns of the
isolates were determined. Bacterial isolates from Temnata Dupka Cave were investigated for hydrolytic
enzyme production, antimicrobial activity, and antibiotic resistance. A higher prevalence of protease-pro-
ducing microorganisms (59%) was detected, followed by those exhibiting amylase activity (16%). A total
of 53% of the bacterial isolates displayed resistance to at least one of the four antibiotics tested. Around
30% of the tested bacteria demonstrated antimicrobial potential. The results suggest that microorganisms
isolated from pristine parts of Temnata Dupka Cave could be a valuable source of different psychrotolerant
enzymes and bioactive metabolites. This study represents the first comprehensive report on microbial diver-
sity and biosynthetic potential in hard-to-reach locations within a Temnata Dupka Cave.
Keywords: pristine parts in caves, quantitative analyses, temperature range, antimicrobial activity, antibi-
otic resistance, enzymatic activity

Pesrome

[Topagu ecrecTBeHaTa CH HM30JALMsI M JIMIICATa HA YOBEIIKa HaMeca, TPYAHOJOCTBITHUTE YaCTH
OT MEIIEPUTE Ch3IaBaT yHHMKAJIHA Cpe/la, KOATO IMOANOMAara pa3BUTHUETO Ha Pa3sHOOOPa3HU MHMKpPOOHU
cboO1ecTBa. ToBa MUKPOOHO pazHOOOpa3ue MpeacTaBisiBa NOTEHIMAIEH pe3epBoap OT MUKPOOPTaHU3MHU
c OWOCHHTETHYEH NOTCHIMAJ, BKIIOYATEITHO CHHTE3 Ha OHOAKTHBHU CBHEAWHEHHS C BB3MOKHH
NPUIIOKEHUST B OMOTEXHOJIOTUATA U MeTUIMHaTa. B ToBa mpoydBaHe ca M3CJIEIBAHU CEleM TaMIOHHU
podu, CbOpaHu OT OBBPXHOCTTA HA CTCHUTE B TPYJAHOIOCTBHITHH TraJIEPUH Ha Teniepara TeMHaTa JIyTka,
pasrmoniokeHa B KapcToBusl paiioH Ha Bpama, bwirapus. [IpoOute Osixa moaiokeHH Ha KOJMYECTBEH U
KauecTBeH aHayiu3. KomuuecTBeH aHain3 Ha BB3AYIIHU MPoOU Oelle MPOBEJCH B CEeM PA3IUYHU TOYKU
B nemepara. O0mo 49 yuctu Kyntypu Osxa U30JMpaHU NpU aepoOHU YCIOBHSA, OT MPOOU ChOpaHU OT
pa3IuyYHY rajepun Ha neniepara TemMHara qymnka. bsxa u3cieqBanu TeMnepaTypHUST AUATa30H Ha PAcTek
Ha u3ojaruTe. bakrepuamHure m3onatu Osxa M3CIENBAHU 32 MPOAYKIMA HAa XUIPOJIUTHYHU CH3UMH,
AHTUMHKPOOHA aKTUBHOCT M aHTMOMOTHYHA PE3MCTEHTHOCT. YCTaHOBU c€ MpeolaaBaiio NpUChbCTBHUE
Ha MUKpPOOpPraHM3MH, NpoAyLupaiu nporeazu (59%), cienBaHu OT TaKuBa ¢ aMHJIOIUTUYHA aKTUBHOCT
(16%). O6110 53% oT M3caeaBaHUTE OaKTEpHATHU U30JIaTH MPOSIBUXA PE3UCTEHTHOCT KbM MIOHE €HH OT
yeTupuTe TecTBaHu aHTuOMOoTHKA. OK0J0 30% OT M3cneaBaHNTEe OaKTepUHU IEMOHCTpUpaxa aHTUMUKPOOEH
noteHuan. [lomyuennre pe3yaraTy npeanoiarar, 4€ MUKpOOpraHn3MHUTE, H30JIMPaHu OT HeoOlaropoieHara
nemepa TemHara gynka, Morar Ja ObJaT IEHEH M3TOYHHMK Ha PA3JIMYHU NCUXPOTOJIEPAHTHU E€H3UMHU U
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O6uoaxkTuBHU MeTabonuTH. ToBa MpoyYBaHe MPEACTABIABA IBPBOTO MOJPOOHO MPOyUYBaHE HA MUKPOOHOTO
pa3HooOpa3ue u OMOCUHTETUYEH MTOTEHIMA B TPYAHOJOCTHITHU YUaCThIM Ha HEOOIaropoieHa oObarapcka

nemiepa.

Introduction

Caves are unique ecosystems defined by
scarce nutrient availability, consistently low tem-
peratures with minimal seasonal fluctuation, high
humidity levels, and the complete absence of light.
These extreme conditions foster the development
of specialized microbial communities that adapt
to survive and thrive in resource-limited environ-
ments. In recent years microbiological research
related to speleomicroflora has been conducted
primarily in urbanized caves, especially those con-
taining valuable historical artifacts such as prehis-
toric paintings, fossils, and archeological findings.
As a result of these studies, significant informa-
tion has been accumulated regarding the microbial
communities within them (Schabereiter-Gurtner et
al., 2002; Ikner et al., 2007; Cuezva et al., 2009;
Saiz-Jimenez ef al., 2011). On the other hand, pris-
tine caves attract scientific interest as they provide
habitats essential for studying microbial ecology,
biodiversity, and potential applications in various
fields. Conducting research in such caves poses
considerable technological challenges, which sig-
nificantly limits these studies. This is largely due to
the specific characteristics of each site - these caves
lack infrastructure, are often difficult to reach, and
require specialized skills and equipment for explo-
ration. However, they tend to remain in their natural
state with minimal human impact, enhancing their
value for scientific research.

Although caves are perceived as extreme
environments with harsh abiotic conditions, they
provide an ecological niche for highly specialized
microorganisms. The presence and structure of
microbial communities depend on factors such as
pH, availability of nutrients, light, oxygen content,
sulfur, various metals, humidity, and the coloniza-
tion potential of the substrate (Tomczyk-Zak and
Zielenkiewicz, 2015; Martin-Pozas et al., 2020).
Caves are oligotrophic habitats, and primary pro-
duction depends on the presence of chemoauto-
trophic microorganisms. Recent research indicates
that certain caves contain a considerable amount
of organic matter, providing favorable conditions
for the growth of heterotrophic bacteria (Cafnveras,
2001). However, most caves are oligotrophic sys-
tems with less than 2.0 mg of total carbon per lit-
er (TOC). The cave-associated microflora plays a
role in the formation of rock deposits (Iquebal et
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al., 2021a). The microbial activity in caves encom-
passes not only the formation of biofilms but also
processes like calcite precipitation, which signifi-
cantly contributes to speleogenesis, as well as struc-
tural alterations of the surrounding rock (Laiz et al.,
1999; Canaveras et al., 2006). Microbial colonies
may also visibly alter rock surfaces, often appear-
ing as spots or color changes caused by ongoing
biochemical reactions. The formation of microbial
deposits is observed as a result of the microorgan-
isms’ energy metabolism. By utilizing environmen-
tal resources, they modify the conditions, leading
to changes in the chemical properties of minerals.
This affects their solubility and results in the for-
mation of layered, banded deposits on the surface.
Microorganisms also influence corrosion processes
and the subsequent structural changes in the rocks
that form caves (Barton, 20006).

Studies of cave microflora have primarily
been conducted in karst and basalt caves, as these
contain diverse mineral deposits that influence mi-
crobial composition. Although cave systems may
initially be perceived as habitats with similar con-
ditions, suggesting stability in the composition of
microbial communities, various factors such as the
physicochemical parameters of the environment,
availability of nutrients, air circulation, and com-
plex biological interactions exert a modulatory
influence on the structure and composition of the
microflora that develops within them (Ghosh et al.,
2017; Kosznik-Kwasnicka et al., 2022). Numerous
studies confirm the presence of a permanent au-
tochthonous microflora, which completes its entire
life cycle within caves (Simon et al., 2003). At the
same time, cave microbial communities are often
highly variable and depend on the existing micro-
habitats within a given cave. Significant differences
in microbial diversity, in terms of composition and
structure, have been observed in various sections
of the same cave (Barton et al., 2007). In terms of
microbial diversity, the contribution of allochtho-
nous microflora is also significant. The mechanisms
by which allochthonous microorganisms enter the
caves are determined both by the type of cave and
by the characteristics of the microorganism itself
(Bontemps et al., 2022).

Regarding the bacterial diversity observed in
caves, recent data indicate that cave bacterial com-
munities are predominantly composed of represent-



atives from phyla Proteobacteria and Actinobac-
teria. The widespread presence of Proteobacteria
species is likely due to their ability to utilize a wide
variety of organic compounds, with some species
also catalyzing metal transformations. In contrast,
Actinobacteria species play an active role in bi-
omineralization processes. Representatives of man-
ganese-oxidizing and iron-oxidizing bacteria are
frequently found in caves, primarily species from
the genera Leptothrix, Gallionella, and Clonothrix
(Carmichael et al., 2013). These findings challenge
the notion that all caves are extremely energy-poor
due to the absence of primary products. Recent stud-
ies have identified new methane-oxidizing bacterial
species within the genus Methylomonas, expanding
our understanding of microbial diversity in cave
environments (Bontemps et al., 2022). Numerous
studies indicate a rich diversity of actinomycetes
as part of the cave microflora (Cuezva et al., 2012;
Hathaway et al., 2014), with evidence suggesting
that many actinomycetes isolated from extreme
habitats, like caves, possess significant potential
as a source of valuable biomolecules (Bull, 2011).
Cave-dwelling actinomycetes have been found to
grow in substrate-poor environments and are also
capable of utilizing atypical organic matter, such as
lignocellulose and humic substances (Laiz Trobajo
et al., 2003). In this context, they have developed
various biosynthetic pathways that enhance their
adaptability, resulting in the synthesis of numerous
secondary metabolites. Actinomycetes have prov-
en to be important producers of antibiotics, anthel-
mintics, immunosuppressive agents, and anticancer
compounds (Farda et al., 2022). Other members of
the cave microbiota belong to the phyla Acidobacte-
ria, Firmicutes, and Nitrospirae, as well as Gemma-
timonadetes, Planctomycetes, Verrucomicrobia, and
Cyanobacteria. Such bacterial diversity has been
discovered in numerous caves across Europe, as well
as in the Americas, Asia, and Australia (Cheeptham,
2013; Yasir, 2018; Bontemps et al., 2022). The
fungal diversity identified in cave communities is
predominantly represented by cosmopolitan sapro-
phytes, associated with infiltrating soil masses, plant
material, or insects (Caldeira et al., 2021; Ogorek et
al., 2024). Due attention in cave systems should also
be given to representatives of the domain Archaea.
The dominant representatives are found to belong to
Thaumarchaeota and Euryarchaeota. Approximate-
ly 70% of the species belong to Thaumarchaeota,
and according to the literature, they are involved in
carbon dioxide fixation and ammonia oxidation pro-
cesses. The role and activity of Archaea representa-
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tives in cave habitats remain poorly studied for now
(Bontemps et al., 2022). Various studies support the
idea that microbial diversification in pristine cave
systems is closely related to the presence of diverse
microhabitats and specific sources of organic mat-
ter (Tomczyk-Zak and Zielenkiewicz, 2016; Bog-
dan et al., 2023). Another primary focus in many
studies in this field worldwide is the hypothesis that
caves represent a promising source of novel micro-
bial species capable of producing new antimicrobial
compounds. Recent research highlights the signifi-
cant antimicrobial potential of many cave-dwelling
microorganisms, particularly actinomycetes, which
are responsible for synthesizing approximately two-
thirds of the antibacterial agents widely used today
in medicine, industry, and agriculture (Barka et al.,
2015; Lima et al., 2023). Another aspect of study-
ing microorganisms isolated from habitats unaffect-
ed by human activity, such as pristine caves, is the
potential development of antibiotic resistance as an
evolutionary response to competition among mi-
croorganisms for survival in resource-limited envi-
ronments (D’Costa et al., 2006; Davies and Davies,
2010). Studies indicate that numerous cave micro-
organisms have developed a remarkable ability to
synthesize bioactive molecules that interact with
other microorganisms, forming defensive systems
to protect themselves from substances synthesized
by other organisms (Souza et al., 2023). In this con-
text, the enzymatic activities of cave microorgan-
isms, influenced by the intense competition within
their environment, are of exceptional interest to re-
search (Hamedi et al., 2019). Recently, highly ac-
tive cave microorganisms have been described with
significant amylolytic, proteolytic, and cellulolytic
activities (Lima et al., 2023).

In Bulgaria, research on cave microbial diver-
sity remains extremely limited. While most studies
have focused on Magura Cave due to its cultural
and historical significance, investigations of pris-
tine cave systems are virtually absent. Regarding
pristine cave systems in Bulgaria, a microbiologi-
cal study was published in 2023 and conducted in
the Northwestern Stara Planina region. However,
this study had a specific taxonomical focus-isolat-
ing nontuberculous mycobacteria (Atanasova et al.,
2023).

Our study provides novel insights into the
microbial diversity and biosynthetic potential of
pristine cave environments in Bulgaria. By focus-
ing on the hard-to-reach galleries of Temnata Dupka
Cave, where anthropogenic influence is minimal,
we aim to address significant knowledge gaps and



contribute to the understanding of cave microbiota
as a source of valuable bioactive compounds and
enzymes.

Materials and Methods
Sampling site

The Temnata Dupka Cave is a system con-
sisting of two main galleries with adjacent sections,
developed across four levels. The northeastern part
of the cave system is the longer of the two, spanning
over 1000 meters along its transect and serving as
the main water channel within the cave. The second
section is a gallery extending in a west-northwest
direction, with a length of approximately 900 me-
ters. The two main galleries are interconnected by a
complex labyrinth of additional galleries, entrances,
cave formations, waterfalls, siphons, underground
rivers, and lakes. The cave features several lakes of
varying depths (ranging from 3 to 12 meters), the
most notable being “Zhekov Lake”, which is fed
by an underground river. The primary water flow
in the cave drains through the karst spring “Zhi-
tolyub”, located beneath the cave. However, during
periods of heavy rainfall or snowmelt, water levels
rise and overflow through the cave entrance. The
temperature inside the cave remains relatively sta-
ble throughout the year, depending on the season,
ranging between §°C and 12°C.

Sample collection

The samples were collected during the au-
tumn-winter period, November to December 2023,
from Temnata Dupka Cave, located on a rocky
ridge 27 meters above the level of the Iskar River,
near the Gara Lakatnik in the Western Stara Planina
Mountain range (N 43° 05° 19.9” E 23° 23’ 10.6”
* N 43° 05° 22.9” E 23° 23’ 28.3”). This cave is
situated within the territory of the Vratsa Mountain
Nature Park. Specimens were obtained from seven
different locations, including the third level, where
the cave entrance is situated, as well as from galler-
ies on the fourth level, which can only be accessed
with professional equipment and specialized train-
ing. Samples were collected from rock surfaces
displaying characteristic formations presumed to
have a biological origin, such as shiny or pigment-
ed deposits. Standard sterile cotton swabs were
used for sample collection. To investigate microbial
presence in the air, Koch’s sedimentation method
was employed, using Petri dishes containing sterile
nutrient media suitable for various physiological
groups of microorganisms.

Quantitative analysis
For implementation of Koch’s sedimentation
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method, the following nutrient media were used:
Nutrient agar (NA) for heterotrophic microorgan-
isms; R A for oligotrophic microorganisms; Sab-
ouraud agar (SDA) for fungi. The Petri dishes were
exposed for 10 min. Microorganisms from air sam-
ples were cultured under laboratory conditions at
room temperature (22°C) for 24-48 hours. At the
end of the incubation period, the number of micro-
bial colonies (N) was recorded and CFU/m® was
calculated using the formula (1):

a x 10* "
——r , (1)

a - number of colonies counted on the Petri dish; p
- the surface area of the Petri dish in square centim-
eters; ¢ - the exposure time in minutes; /0 is a con-
stant used to convert the result into cubic meters.

Quantitative determination of microorgan-
isms from rock surfaces was carried out using
standard microbiological methods, including the
surface plating method and the serial dilution tech-
nique (Most probable number technique, MPN).
Each swab was immersed in 5 ml of sterile physio-
logical saline, vortexed thoroughly, and then placed
on a shaker for 30 minutes. From the resulting
suspensions, tenfold serial dilutions were prepared
in a series of six test tubes, each containing 9 ml
of sterile physiological saline (10! to 10°). From
each dilution, a surface plating with 0.1 ml inoc-
ulum was performed on solid nutrient media: NA,
R,A, Gauze’s agar for actinomycetes, and Ashby’s
medium for nitrogen-fixing microorganisms. For
the MPN method, an inoculum of 1 ml was used,
with each dilution being inoculated in duplicate
into liquid nutrient media: Saratchandra’s medium
for nitrifying microorganisms (Basavarajappa et
al., 2015), Giltay’s medium for denitrifying micro-
organisms (Qiu et al., 2023), and Nutrient broth
(NB) with phenol red was employed to detect am-
monification. All inoculated nutrient media were
incubated at room temperature for 2 to 5 days. The
following formula was applied to determine the
MPN of cells per 1 ml using formula (2):

a x 10"

a — the average number of colonies from the appro-
priate dilution; /0 — the dilution factor; n— the di-
lution number; V' — a volume of inoculate in ml, and
for the MPN method, the McCrady table was used.

N (CFU/m3) =

Isolation of pure cultures

Various colony types were selected post-in-
cubation and streaked onto the different solid nu-
trient media. A total of 126 pure cultures were suc-



cessfully isolated, from which 49 isolates were sub-
sequently selected for further experimental work.
All isolates were preserved by monthly subcultur-
ing on Petri dishes at 4°C. Additionally, the strains
were stored at -80°C in physiological saline supple-
mented with 30% glycerol. The isolates underwent
micromorphological analysis to assess cell shape,
Gram reaction (Bartholomew and Mittwer, 1952),
and spore-forming capability. The micromorpho-
logical characteristics of the studied strains were
observed under a light microscope (Primo Star,
Zeiss) at Plan-Achromat 100x/1,25 oil magnifica-
tion.

Determination of the temperature range of the
bacterial isolates

To investigate the temperature range at which
the selected isolates grow, fresh 24-48 hour bacte-
rial cultures were used. Bacterial suspensions were
prepared in physiological saline with an optical
density of 0.5 McFarland units. The analysis was
conducted in sterile 24-well plates. Each well was
filled with 2 ml of molten solid nutrient medium
(NA, R A, Gauze’s medium). The plates were in-
cubated at 37°C for 24 hours to check for sterility.
Five temperature intervals were selected for cultur-
ing the isolates: 4°C, 11°C, 22°C, 28°C, and 37°C.
From each bacterial suspension, aliquots of 10 ul
were pipetted on the top of the agar medium into
each well. The plates were incubated for 1-4 days.

Screening for antimicrobial activity

Bacterial isolates from Temnata Dupka Cave
were evaluated for their potential to inhibit the
growth of six indicator strains: Escherichia coli
ATCC 8739, Bacillus cereus ATCC 1085, Staphy-
lococcus aureus ATCC 6538, Salmonella enterica
ATCC 8691, Enterococcus faecalis ATCC 3915
and Enterococcus faecium ATCC 8754. The assess-
ment was performed using the disk diffusion meth-
od with cell-free supernatant (Lima et al., 2023).
For the preparation of cell-free supernatant from
the bacterial isolates, they were cultivated in liquid
nutrient media (NB, R A). The cultivation was car-
ried out for 3 days. Upon visible growth (turbidity
or sediment formation), the bacterial suspensions
were transferred into 50 ml centrifuge tubes and
centrifuged at 6000 rpm/20 minutes. The resulting
supernatants were filtered through membrane filters
with a pore size of 0.22 pum (MCE membrane filter,
white, gridded, gamma sterile, diameter 47 mm).
The aim of this procedure was to obtain a cell-free
supernatant containing only extracellular metabo-
lites produced during microbial growth. To investi-
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gate their antimicrobial effect, 6 mm diameter disks
were cut from filter paper and sterilized using dry
heat sterilization (170°C/2 h). The sterilized disks
were placed in 24-well plates and loaded with 25
ul of cell-free supernatant. They were left to dry
at 37°C for 24-48 hours and then reloaded with an
additional 25 pl, bringing the total volume to 50 pul.
Indicator cultures (cell suspensions adjusted to 0.5
McFarland units) were spread on Muller-Hinton
agar. Five disks soaked with cell-free supernatant
were placed in each Petri dish. Tetracycline was
used as a positive control, while a disk soaked in
sterile broth served as the negative control. After
overnight incubation at 37°C, clear zones of inhibi-
tion were measured and recorded as zone diameters
(in millimeters) around the disks.

Screening for antibiotic resistance

The resistance of bacterial isolates to four
antibiotics was determined using the Kirby-Bauer
disk diffusion method (1966). Sterile Petri dishes
were poured with Mueller-Hinton agar and R,A.
Cell suspensions were prepared from fresh bacte-
rial cultures with an optical density of 0.5 accord-
ing to the McFarland scale. A lawn inoculation was
performed on the solid nutrient medium using 0.1
ml inoculum from each bacterial suspension. The
antibiotic disks were placed on the surface, equi-
distant from one another. The antibiotics used in
this study were as follows: Vancomycin - 30 pg,
Ampicillin - 10 pg, Gentamicin - 10 pg, and Fosfo-
mycin - 200 pg, based on the standards established
by the Clinical and Laboratory Standards Institute
(CLSI). The Petri dishes were incubated for 24-48
hours, and the presence/absence of inhibition zones
around the antibiotic disks was recorded.

Screening for enzyme activities

The production of hydrolytic enzymes by
bacterial isolates from Temnata Dupka Cave was
qualitatively assessed using spot plating - 10 pl of
inoculum were plated onto the appropriate nutrient
medium containing a specific substrate, specific
for the corresponding activity, and then incubated.
Cultures exhibiting growth, and clearing zones on
the respective media were identified as positive. To
determine whether the tested microorganisms pro-
duce amylase (AmA), inoculation was performed
on starch agar. The plates were incubated in the
dark at 28°C for five days following the method
described by Lima et al. (2023). Once growth was
observed, the surface of the Petri dish was flooded
with Lugol solution. In the case of a positive re-
action, the agar medium surrounding the colonies



remains transparent, unlike the rest of the medium,
which turns dark blue due to the presence of starch.
The production of extracellular protease was as-
sessed using skimmed milk agar, with the presence
of a clear zone around the colony serving as an in-
dicator of proteolytic activity (PrA). The cultiva-
tion was carried out for the same duration.

Results

Quantitative analysis of microbial isolates from
Temnata Dupka Cave

Samples collected from seven locations were
analyzed. The examined material consisted of par-
ticles from wall surfaces. The origin of the samples
is as follows: Samples 1, 2, and 3 — level 3 in Tem-
nata Dupka Cave; Sample 4, 5, 6, and 7 — level 4 in
Temnata Dupka Cave (Fig. 1).

TEMNATA DUPKA
Gara Lakatnik, S ofia Providance

Reg. N2 511 Code: 203060
L=8000m. D+33m./-21m,.

Fig. 1. Sampling locations (Bulgarian Federation of Spe-
leology, 2015)

The experimental work on quantitative as-
sessment focused on determining the abundance
of heterotrophic and oligotrophic microorganisms,
actinomycetes, and microorganisms involved in the
transformation of nitrogen compounds. The quan-
tity of culturable microorganisms is presented in
Table 1. On the R A medium, Sample (1) exhibit-
ed the highest microbial count, reaching up to 10°
CFU/ml, which is 5 to 7 orders of magnitude higher

compared to the oligotrophic bacteria in the other
samples. For the other groups of microorganisms,
the analysis revealed values ranging between 10?
and 10° CFU/ml, depending on the sampling lo-
cations. The presence of fungi was also recorded,
with their quantity not exceeding 2 x 10° CFU/ml.
This group of microorganisms was not included in
subsequent studies.The quantitative presence of
nitrogen-fixing bacteria, nitrifiers, and denitrifiers
was recorded in the analyzed samples. The results
are displayed in Table 1.

Nitrifiers were not detected in six of the col-
lected samples, as no color change of Saratchan-
dara’s medium from pink to yellow was observed.
For the ammonifiers, the concentration was higher
in Sample (1) and Sample (3). Regarding the group
of denitrifiers, growth was observed in samples
from all seven locations, with the highest quantities
recorded in Samples (6) and (7). Nitrogen-fixing
microorganisms were also detected in all samples,
with the highest representation observed in Sam-
ples (1) and (4). An analysis of the microbial pres-
ence in the air samples collected from the selected
locations (which correspond to the sites where the
swab samples were collected) within the cave was
also conducted (Fig. 2).

In the first three samples, an average quan-
tity of microorganisms was detected as follows:
heterotrophs - 3292 cells/1m?; oligotrophs — 4174
cells/Im?; fungi — 588 cells/Im?®. In the remain-
ing four locations, the quantity is between 5 and
8.5 times higher, on average: heterotrophs — 19621
cells/Im?; oligotrophs — 22531 cells/1m?®; fungi —
5026 cells/1m’.

Isolation and characterization of culturable
bacteria from Temnata Dupka Cave

A total of 126 isolates were obtained from
which 49 pure cultures were ultimately selected.
Thirteen bacterial cultures were isolated on the NA

Table 1. Quantitative analysis of Selected Groups of Microorganisms

Sample Sample Sample Sample Sample Sample
2) 3) 4) (5) (6) (7)

Group of microorganisms (Nutrient media) Sa?g) le
Heterotrophs (NA) (CFU/ml) 7x103

Oligotrophs (R,A) (CFU/ml) 1.1x10°
Actinomycetes (Gauze’s medium) (CFU/ml) 3.9x10°

Nitrogen-fixing (Ashby’s medium) (CFU/ml) 3.9x10°
Amonifucators (NB with phenol red) (MPN/ml)  6x10°
Nitrificators (Saratchandra’s medium) (MPN/ml) -
Denitrificators (Giltay’s medium) (MPN/ml) 13x10?

2.05x10° 2.82x10* 1.7x10* 1.8x10° 1.5x10* 3.1x10°
3.05x10° 3.96x10* 7.2x10° 6x10* 3x10*  4x10°
2.75x10° 1.6x10* 6.4x.10° 4x10* 3x10* 3.9x10°
2.7x10*° 3.2x10° 6.3x10° 8x10*>  1x10*>  5x10?
0.6x10' 13x10° 13x10' 2.5x10' 0.6x10' 2.5x10!

- - - - - 1.2x10!
1.3x10"  13x10* 6x10'  6x10' 1.1x10° 1.1x10°
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Fig. 2. Quantitative analysis of air samples

medium, fifteen on R A, twelve on Gauze’s medi-
um, and nine on Ashby’s medium. Twenty-eight
bacterial isolates were recovered from level 3, and
twenty-one from level 4 (Table 2).

The information on the micromorphological
characteristics of the bacterial isolates is provided
in Table 2. Branching formation was observed in
13 isolates (Td6, Td12, Td22, Td26, Td29, Td36,
Td37, Td38, Td39, Td44, Td45, Td48, Td49). For
the spherical-shaped cells, formations of the tetra-
cocci (Td2, Td3, Td10, Td11, Td14, Td15) and
sarcinae (TdS5, Td21) types were noted. In the rod-
shaped bacteria, the cylindrical form was identi-
fied as straight, with two of the isolates displaying
visibly more swollen cells compared to the others
(Td12, Td28). Forty (including 13 actinomycetes)
were identified as Gram-positive. The ability to
form endospores was observed in 8 isolates.

Temperature growth patterns

The Temnata Dupka Cave is characterized
by a relatively constant temperature throughout the
year, ranging between 8°C and 12°C depending on
the season. During the sampling period, the record-
ed temperature was between 8.5°C and 9°C. The
growth of Temnata Dupka Cave isolates at different
temperatures is shown in Figure 3.

48 48
27 27 I I
J I |
a°C 11°C 22°C 28°C 37°C
Fig. 3. Growth of Temnata Dupka Cave bacterial isolates
at different temperatures
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The growth of bacterial isolates from Temna-
ta Dupka was evaluated at temperatures 4°C, 11°C,
22°C, 28°C, 37°C. Twenty-seven bacterial isolates
out of the total 49 demonstrated the ability to grow
at 4°C and 11°C. Of these, 26 isolates also exhib-
ited growth at 22°C and 28°C. Among the micro-
organisms capable of growing in the temperature
range of 22°C to 28°C, the majority (23 isolates)
were additionally able to grow at 37°C. More than
half of the isolates (53 %) can be classified as psy-
chrotolerant determined by the ability to grow at
both 4°C and above 20°C and most of them have
upper limits as 37°C (Tomova ef al., 2013).

Investigation of antimicrobial potential of
bacterial isolates from Temnata Dupka Cave

All of the isolates from Temnata Dupka Cave
obtained as pure cultures were tested for antimicro-
bial activity. It was established that about 30.6 %
of the isolates (five isolates recovered from level 4
of the cave, and then recovered from level 3 of the
cave) exhibited inhibitory activity against some of
the indicator microorganisms. Seven isolates (Td1,
Td17, Td23, Td24, Td41, Td43, and Td48) were
able to inhibit the growth of S. enterica ATCC 8691
and E. feacalis ATCC 3915. Seven isolates (Td3,
Td15, Td34, Td36, Td39, Td46, Td49) showed
activity against only one of the indicator microor-
ganisms, respectively S. enterica ATCC 8691, E.
feacalis ATCC 3915, S. aureus ATCC 6538, E. coli
ATCC 8739, or E. faecium ATCC 8754. No anti-
microbial activity against B. cereus ATCC 1085
was observed in any of the microorganisms isolat-
ed from Temnata Dupka Cave. The diameter of the
inhibition zones ranged between 6.5 and 7 mm. The
results are shown in Table 3.

Antibiotic resistance of Temnata Dupka Cave
bacterial isolates

A total of 49 bacterial isolates were tested
against four different antibiotics. In 26 of the iso-



Table 2. Properties of bacteria recovered from Temnata Dupka Cave

Isolate code Sample origin Nutrient medium  Gram status ~ Cell shape ~ Endospore formation
Td1 Sample 1, level 3 NA + Rod -
Td2 Sample 1, level 3 NA + Tetracocci -
Td3 Sample 1, level 3 NA + Tetracocci -
Td4 Sample 2, level 3 NA + Rod +
Td5 Sample 3, level 3 NA + Sarcina -
Tdé6 Sample 3, level 3 NA + Branching -
Td7 Sample 3, level 3 NA - Rod -
Td8 Sample 5, level 4 NA + Rod +
Tdo Sample 5, level 4 NA - Rod -
Td10 Sample 4, level 4 NA + Tetracocci -
Td11 Sample 4, level 4 NA + Tetracocci -
Td12 Sample 7, level 4 NA + Rod +
Td13 Sample 7, level 4 NA + Branching -
Td14 Sample 1, level 3 R A + Tetracocci -
Td15 Sample 1, level 3 R A + Tetracocci -
Td16 Sample 1, level 3 R A + Spherical -
Td17 Sample 2, level 3 R A - Rod -
Td18 Sample 2, level 3 R A + Rod +
Td19 Sample 3, level 3 RA + Rod -
Td20 Sample 3, level 3 R A - Rod -
Td21 Sample 5, level 4 R A + Sarcina -
Td22 Sample 5, level 4 R A + Branching -
Td23 Sample 5, level 4 RA + Spherical -
Td24 Sample 4, level 4 R A + Rod -
Td25 Sample 4, level 4 R A + Spherical -
Td26 Sample 7, level 4 R A + Branching -
Td27 Sample 7, level 4 RA + Rod +
Td28 Sample 6, level 4 R A + Rod -
Td29 Sample 2, level 3 Gauze + Branching -
Td30 Sample 2, level 3 Gauze + Spherical -
Td31 Sample 2, level 3 Gauze + Spherical +
Td32 Sample 2, level 3 Gauze + Rod +
Td33 Sample 2, level 3 Gauze + Rod -
Td34 Sample 3, level 3 Gauze - Rod -
Td35 Sample 5, level 4 Gauze + Spherical -
Td36 Sample 4, level 4 Gauze + Branching -
Td37 Sample 4. level 4 Gauze + Branching -
Td38 Sample 7, level 4 Gauze + Branching -
Td39 Sample 6, level 4 Gauze + Branching -
Td40 Sample 3, level 3 Gauze - Rod -
Td41 Sample 1, level 3 Ashby - Rod -
Td42 Sample 1, level 3 Ashby + Branching -
Td43 Sample 2, level 3 Ashby - Rod -
Td44 Sample 2, level 3 Ashby + Branching -
Td45 Sample 3, level 3 Ashby + Branching -
Td46 Sample 3, level 3 Ashby + Rod -
Td47 Sample 3, level 3 Ashby - Rod -
Td48 Sample 5, level 4 Ashby + Rod +
Td49 Sample 4, level 4 Ashby + Branching -
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Table 3. Range of inhibition zones (mm)

Isolate code Pathogen
B. cereus S. aureus E. coli S. enterica E. feacalis E. faecium

Td1 - - - 7 6.5 -
Td3 . 3 ) ; ) _
Td15 - - - - 6.5 ]
Td17 - - - 7 6.5 .
Td23 - - - 7 6.5 -
Td24 - - - 7 6.5 ]
Td34 ] ) ] : _ _
Td36 - 7 i ) ] _
Td39 ] ) , _ _ _
T ) ) - 7 6.5 ]
Td43 - - - 7 6.5 .
Td45 - - 6.5 ] ) ;
Td46 - - - - 6.5 ;
s _ ) - 7 6.5 ]
Td49 ] ) ] _ _ =

lates, resistance to at least one of the antibiotics was
observed. The remaining 23 strains were sensitive
to all antibiotics (Table 4).

The heterotrophic bacteria with laboratory
codes from Td1 to Td13 were found to be the most
susceptible. The predominant size of the growth in-
hibition zones was > 30 mm. Only 4 out of the 13
exhibited resistance (R). Td6 and Td13 are resistant
to AMP, CN, and FO. The observed resistance was
23.1 % to FO and CN, and 15.4 % to AMP (Fig. 4).
Eight isolates from the oligotrophic group exhibit-
ed resistance, with isolates Td23 and Td26 showing
resistance to all tested antibiotics. Isolates Td18 and
Td21 were resistant to two antibiotics, while Td20
and Td28 exhibited resistance only to FO. The per-
centage of resistance to each of the antibiotics used
is shown in Figure 4. Of all the isolates cultivated
on Gauze’s medium (a total of 12), five were in-
hibited by all the tested antibiotics. The percentage
of resistance to each of the applied antibiotics is
shown in Fig. 4. Of the nine isolates initially culti-
vated on Ashby's medium, two were sensitive to all
four antibiotics. The isolates showing resistance to
the largest number of antibiotics were Td41, Td42,
Td43, Td45, Td46, Td47 and Td48. The distribu-
tion of the percentage of resistant isolates is shown
in Figure 4.

The total number of Gram-positive microor-
ganisms, including actinomycetes, that exhibit re-
sistance is 22, while the number of Gram-negative
microorganisms is 4 (Fig. 5).
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Fig. 4. Resistance (R)/Susceptibility (S) of bacterial iso-
lates
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Fig. 5. Distribution of resistance patterns to the antibiotics
used



Table 4. Antibiotic resistance of bacterial isolates (R-resistant) (mm)

Isolate Antibiotics Isolate Antibiotics
code VA AMP CN FO code VA AMP CN FO
Td1 25 16 11 R Td26 R R R R
Td2 >30 >30 >30 >30 Td27 28 >30 >30 22
Td3 >30 >30 >30 >30 Td28 >30 15 17 R
Td4 >30 24 24 11 Td29 21 18 28 R
Td5 26 >30 >30 28 Td30 >30 >30 >30 >30
Td6 >30 R R R Td31 >30 R 24 R
Td7 >30 >30 >30 10 Td32 19 R R R
Td8 >30 >30 >30 27 Td33 >30 R 18 13
Td9 >30 12 14 14 Td34 >30 20 12 12
Td10 >30 >30 >30 >30 Td35 >30 >30 >30 >30
Td11 14 14 R 19 Td36 19 R R R
Td12 >30 >30 >30 >30 Td37 >30 18 R R
Td13 >30 R R R Td38 >30 >30 >30 >30
Td14 >30 R R R Td39 >30 R R 20
Td15 25 >30 >30 22 Td40 24 15 12 8
Td16 28 10 16 11 Td41 23 9 R R
Td17 24 8 14 12 Td42 15 R R
Td18 20 R R 9 Td43 >30 16 R R
Td19 27 >30 >30 >30 Td44 10 20 25 18
Td20 29 27 21 R Td45 >30 R 14 R
Td21 R R 14 8 Td46 32 6 R R
Td22 >30 R R R Td47 24 11 R R
Td23 R R R R Td48 >30 13 22 R
Td24 25 18 >30 >30 Td49 8 7 7 8
Td25 >30 >30 >30 >30

Hydrolytic enzymes activity 150

Bacteria isolated from Temnata Dupka Cave 1,45 % ~

were tested for hydrolytic enzyme activity on Mo %

agar media using specific substrates. Isolates were - N N x

screened for the production of the main hydrolytic = izz X

enzymes — amylases and proteases. When analyzing 20 F X el X . x

the results, we calculated the Enzyme Index (EI) 115 >

following the method of Oliveira et al. (2006). o X X

_ Total diameter of hydrolysis zone (mm) i:; - x * il sl
" Diameter of bacterial colony (mm) PREiiiEFERIU R URRAERRRIIR
Fig. 6. Comparison of EI in proteolytic activity

Of the 49 isolates examined, 29 (59 %) ex-
hibited proteolytic activity. Among these 29 iso-
lates, 19 were obtained from Samples (1), (2), and
(3), while 10 were from Samples (4), (5), (6), and
(7). The analysis of the results showed that the EI
ranged between 1.0 and 1.4 (Fig. 6).

Five isolates classified as heterotrophs (Td3,
Td7,Td9,Td12,Td13) demonstrated proteolytic ac-
tivity. Among the microorganisms classified as oli-
gotrophs, 9 (Td14, Td15, Td17, Td18, Td19, Td20,
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Td22, Td24, Td26) exhibited this type of hydrolyt-
ic activity. Of the microorganisms initially isolat-
ed and maintained on Gauze’s medium, 9 (Td30,
Td31, Td32, Td33, Td34, Td36, Td37, Td38, Td39)
displayed extracellular proteolytic activity, while 6
isolates grown on Ashby’s medium (Td41, Td42,
Td43, Td45, Td46, Td47) showed such activity.
Regarding amylolytic enzyme activity, it was less
pronounced, as only 8 (Td3, Td5, Td7, Td17, Td33,



Td34, Td44, Td45) out of the 49 isolates exhibited
such activity. For these isolates, the EI ranged be-
tween 1.0 and 1.3 (Fig. 7).

1,30

1,25

1,20

El

1,15

1,10

1,05
x

1,00

Td3 Td5 Td7 Td17 Td33 Td34 Td44 Td45

Fig. 7. Comparison of EI in hydrolytic activity

Discussion

This study demonstrates that the pristine
parts of Temnata Dupka Cave serve as a habitat
for a wide diversity of microorganisms. Although
caves are considered oligotrophic environments
with approximately 2 mg of total organic carbon
per liter, very low light levels, low temperatures,
and high humidity, cave systems are regarded as
specific niches inhabited by various groups of mi-
croorganisms exhibiting high adaptability and met-
abolic plasticity, including endemic species (Scha-
bereiter-Gurtner et al., 2002; Engel et al., 2010; D.
Zhu et al., 2020).

Based on this, and the established microbial
diversity in other caves (Cheeptham, 2013; Adetu-
tu & Ball, 2014; De Mandal et al., 2017), several
groups of microorganisms (in addition to oligo-
trophs) were selected for quantitative analysis. For
this purpose, appropriate nutrient media - NA, R A,
Gauze, Ashby, Saratchandra, Giltay, and NB with
phenol red, and standard microbiological methods
were used. The presence of some of these groups
of microorganisms has also been studied by other
research teams (Cafiveras et al., 2001). The sam-
ples were incubated in the dark for a period of 24
to 96 hours to allow sufficient time for the growth
of slow-growing bacteria. The number of cultivable
microorganisms varied widely, ranging from 1.1 X
10° CFU/ml to 1.1 x 10> CFU/ml across different
samples. Our results indicate that the highest num-
ber of microorganisms grew on the R,A medium,
which is typically used for cultivating oligotrophs
that require limited amounts of organic nutrients,
similar to the conditions found in caves. Some re-
searchers suggest that in such cave habitats, the
microbial population is approximately 10° cells per
gram of sediment (Barton et al., 2007). Neverthe-
less, the oligotrophic nature of the habitat and the
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limited accessibility restrict the deposition of large
amounts of organic matter, which could explain the
higher abundance of oligotrophs.

Various studies highlight the potential of
cave microflora and its role in geological process-
es, which may be closely linked to the ability of
cave microbial species to produce various bioactive
molecules (Yasir, 2018a). The nitrogen cycle is an
essential part of the biogeochemical cycling of el-
ements in nature. In caves, microorganisms play a
significant role in this process by employing vari-
ous metabolic pathways to obtain nutrients and en-
ergy under predominantly oligotrophic conditions
(Zhu et al., 2022). Our results revealed the highest
presence of denitrifiers (3.14 x 10°) and ammoni-
fiers (2.7 x 10°). Although caves are oligotrophic
environments, they can contain localized accumu-
lations of organic matter (bat guano, decomposed
plant material), which can support the growth of
these microorganisms. Regarding the quantitative
analysis of airborne microorganisms, a significant
difference was observed between levels 3 and 4 of
the cave. Despite Temnata Dupka Cave being des-
ignated as a restricted-access site, level 3 remains
accessible to tourists, and traces of anthropogenic
impact are noticeable. However, microbial sed-
imentation at the sampling points in level 3 was
notably lower. These findings contrast with previ-
ous studies reported in the literature. For instance,
a study conducted in the Skocjan Cave in Slovenia
(Mulec et al., 2017) found that long-unvisited gal-
leries exhibited lower microbial counts compared
to regularly visited sections.

Microorganisms inhabiting cave ecosys-
tems often need to adapt to environments with lim-
ited nutrient resources or rely on inorganic com-
pounds for growth. These specific requirements
for nutrients, energy sources, and environmental
conditions make the isolation and maintenance of
certain bacterial species in laboratory settings par-
ticularly challenging. As expected, we were able
to isolate the highest number of pure cultures on
nutrient medium R,A (15 isolates). The determina-
tion of key micromorphological characteristics was
an essential step in the experimental work. In oth-
er studies of cave ecosystems, the identification of
fundamental micromorphological traits of isolates
has also been conducted to achieve a more compre-
hensive understanding of microbial communities
(Souza et al., 2023).

Although the temperature in Temnata Dup-
ka Cave was below 20°C, it was decided to conduct
the initial cultivation at a higher temperature. This



decision was based on studies showing that, un-
der laboratory conditions, cave isolates grow very
slowly at the low temperatures typically maintained
in caves. Additionally, these studies found that the
species diversity of the cultivable microflora is sim-
ilar when grown at low temperatures and at around
28°C (Laiz et al., 2003; Belyagoubi et al., 2018).
Consistent with other research in this field, (Laiz
Trobajo et al., 2003a; Tomova et al., 2013) a tem-
perature range was selected accordingly. We found
that most of the isolated bacteria from Temnata
Dupka Cave (about 46.9 %) are psychrotolerant by
the highest growth rate observed between 22 and
37°C. At this stage, it is difficult to specify a defi-
nite reason for the lack of growth of 22 bacterial
isolates from Temnata Dupka Cave at temperatures
of 4 and 11°C, which are similar to those in their
natural habitat. The results we obtained for deter-
mining the temperature range under laboratory con-
ditions, as well as our observations that the number
of bacterial isolates from Temnata Dupka showing
growth at higher temperatures compared to their
natural habitat is greater, are consistent with find-
ings from other research groups (Laiz et al., 2003;
Laiz Trobajo et al., 2003b; Yasir, 2018b).

Cave microorganisms represent a promising
reservoir of bioactive compounds. The unique en-
vironmental conditions they inhabit, along with the
competitive pressure for limited nutrients, drive the
evolution of metabolic pathways for the production
of diverse secondary metabolites. These metabo-
lites have potential applications as alternative anti-
microbial agents for combating various pathogens.
In recent years, several studies have substantiated
the existence of such metabolite-producing spe-
cies within cave ecosystems (Tomova et al., 2013;
Axenov-Gribanov et al., 2016; Belyagoubi et al.,
2018; Lima et al., 2023;). Some research teams
have reported a high percentage of microorganisms
isolated from caves that exhibit antimicrobial ac-
tivity (Belyagoubi et al., 2018; Ambrozi¢ Avgustin
et al., 2019). In contrast, other studies have found
a lower proportion of isolates demonstrating an-
timicrobial properties relative to the total number
of isolates (Lima et al., 2023). Studies investigat-
ing the antimicrobial activity of cave-derived mi-
croorganisms have revealed such potential in both
bacterial isolates and actinomycetes (Iquebal et al.,
2021b). We tested all 49 Temnata Dupka Cave iso-
lates for antimicrobial activity against a panel of
pathogens known to cause various infectious dis-
eases, many of which are resistant to commonly
used antibiotics. Of these isolates, only 15 exhibit-
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ed antimicrobial activity, primarily against S. enter-
ica and E. feacalis. Among the active isolates, four
were identified as Gram-negative bacteria (Td17,
Td34, Td41, Td43), seven as Gram-positive (Td1,
Td3, Td15, Td23, Td24, Td46, Td48), and four as
actinomycetes (Td36, Td39, Td45, Td49). The rel-
atively low number of actinomycetes displaying
antimicrobial activity was unexpected, as previous
studies on cave environments have primarily asso-
ciated antimicrobial properties with actinomycetes
(Kim et al., 1998; Yiicel & Yamag, 2010). Antimi-
crobial compounds hold significant potential for
diverse biotechnological applications. Novel an-
timicrobial agents derived from pristine cave iso-
lates may facilitate the development of new classes
of antibiotics for combating infections caused by
antibiotic-resistant pathogens. Furthermore, these
compounds could serve as biopesticides or feed
additives to control agricultural pathogens, there-
by reducing dependence on synthetic antibiotics.
Additionally, such antimicrobial substances may be
employed as natural preservatives in the food and
cosmetic industries to prevent the proliferation of
harmful microorganisms.

Many microorganisms isolated from caves
exhibit intrinsic resistance to various classes of
antibiotics (Paun et al., 2021). The presence of
resistant bacteria in natural environments such as
caves, which have not been subjected to human
interference, suggests that antibiotic resistance is
an inherent characteristic of microorganisms. The
substrate deficiency in isolated cave systems may
lead to the formation of very low biomass and sur-
prisingly high microbial diversification, indicating
intense competition for resources within the cave
environment. In 2020, a strain of Paenibacillus sp.
LC231 was isolated from Lechuguilla Cave, USA,
which exhibited resistance to nearly all classes of
clinically important antibiotics while simultaneous-
ly producing a novel class of antifungal compounds
(Pawlowski et al., 2016). These findings may lead
to an important hypothesis: If antibiotic resistance
is selected due to nutrient scarcity, then competition
in such isolated habitats should also drive the evo-
lution of mechanisms for inhibiting resistance. This
hypothesis is grounded in the relationship between
the Red Queen Hypothesis and cave microorgan-
isms, emphasizing the role of competition and the
evolution of microbial communities in extreme en-
vironments such as caves (Pawlowski et al., 2016;
Department of Biology, University of Akron, OH,
USA, n.d.). This hypothesis, along with the assump-
tion that excessive antibiotic use has not yet sig-



nificantly impacted such extreme habitats (Brown
& Balkwill, 2009; Toth et al., 2010), prompted our
investigation into whether and to what extent cave
isolates exhibit resistance to specific antibiotics.
Our research revealed that the most resistant strains
were Gram-positive bacteria (12 isolates or 46.1%
of all resistant cave isolates) and actinomycetes
(10 isolates, or 38.5 % of all resistant isolates).
The Gram-negative microorganisms constituted
the smallest group (9 isolates), with only 4 of them
exhibiting antibiotic resistance (or 15.4 % of all re-
sistant cave isolates). Comparing the effects of the
four antibiotics, it was observed that over 93% of
the isolates were sensitive to Vancomycin. Sensi-
tivity to Ampicillin and Gentamicin was lower,
with 69.4% and 65.3% of the isolates, respective-
ly, showing susceptibility. The lowest sensitivity
was recorded for Fosfomycin, with approximately
57.1% of all isolates being susceptible. According
to some authors, the increased resistance observed
in actinomycetes is attributed to their ability to pro-
duce antibiotics themselves. These microorganisms
often develop self-protection mechanisms to avoid
the effects of their own antibiotics (De Simeis &
Serra, 2021; Riitten et al., 2022).

Experimental studies have shown that mi-
croorganisms isolated from extreme habitats possess
significant potential to produce hydrolytic enzymes,
including proteolytic, cellulolytic, and amylolytic
enzymes (Lima et al., 2023; Ramos et al., 2018;
Oliveira et al., 2006). The presence of extracellular
enzymes supports the role of these microorganisms
in the cycling of key biogenic elements such as car-
bon (Lima et al., 2023) and highlights their impor-
tance in facilitating biochemical reactions associat-
ed with the transformation of organic matter in soil.
These processes contribute to the mineralization of
organic compounds (Burns et al., 2013), converting
them into soluble molecules that can be readily ab-
sorbed by cells, in line with their mode of nutrition
(Arias et al., 2005). Research conducted by various
teams has demonstrated the considerable potential
of extreme microorganisms to produce hydrolyt-
ic enzymes, particularly proteases and amylases
(Lima et al., 2023; Kurdy et al., 2023; Rautela et
al., 2017). In our study, we found that the isolates
from Temnata Dupka exhibiting enzymatic activ-
ity included Gram-positive bacteria, Gram-nega-
tive microorganisms, and actinomycetes. A total
of 29 strains demonstrated proteolytic activity, of
which 12 were Gram-positive, 8 were Gram-neg-
ative, and 9 were actinomycetes. Additionally, 8
strains exhibited amylolytic activity, comprising 3
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Gram-positive bacterial isolates, 3 Gram-negative
bacterial isolates, and 2 actinomycetes. Only six
Temnata Dupka isolates (Td3, Td7, Td17, Td33,
Td34, and Td45) exhibited both proteolytic and
amylolytic activity. Microorganisms are considered
the most promising sources of hydrolytic enzymes,
primarily due to their rapid growth rates (Gurung
et al., 2013). Hydrolytic enzymes, including pro-
teolytic, cellulolytic, and amylolytic enzymes, are
among the most widely utilized in various indus-
trial processes, particularly in biotechnology, the
food industry, biofuel production, and paper manu-
facturing (Manisha & Yadav, 2017). Enzymes pro-
duced by microorganisms inhabiting extreme envi-
ronments, such as caves, are regarded as valuable
alternatives for the development and enhancement
of industrial and biotechnological processes. This
is attributed to their remarkable stability under ex-
treme conditions and the significant advantage of
being biodegradable (Kumar ef al., 2011). The high
efficiency of cold-active enzymes at low to moder-
ate temperatures presents significant economic ad-
vantages by enabling considerable energy savings
in large-scale industrial processes (Russell, 1998;
Gerday et al., 2000; Cavicchioli et al., 2011).

Conclusion

The significance of our study lies in the fact
that it represents the first detailed investigation
into the microbial diversity and potential of pris-
tine cave microorganisms in hard-to-reach sections
of cave systems in Bulgaria. Temnata Dupka is a
protected site with restricted access to tourists and
other visitors. This restricted access allows for the
exploration of cave microhabitats that remain unaf-
fected by anthropogenic influences, although some
areas can still be reached without professional spe-
leological assistance. The results obtained indicate
that psychrotolerant microorganisms may serve
as a valuable source of antimicrobial metabolites
with promising applications, as well as hydrolytic
enzymes, and display antibiotic resistance to var-
ious antibiotics. These findings mark the first step
toward revealing the unique metabolic activities of
microorganisms inhabiting such extreme and iso-
lated environments.
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