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ABSTRACT

Objective: Recent studies have revealed the biodiversity of both cultivated and uncultivated microbiomes in extreme environments.
It has been shown that terrestrial subsurface ecosystems contain vast metabolic potential. Heterotrophic bacteria living in karst
caves with an organic substrate deficit represent a special reserve for the isolation of metabolite producers. Here, we cultivated
a bacterial community collected from biofilms in Kapova Cave (Shulgan–Tash Nature Reserve, Bashkortostan), and assessed its
ability to synthesize secreted hydrolytic enzymes including RNases, proteases, and amylases.
Materials and Methods: Isolated bacteria were identified by V3-V4 16S rRNA region sequencing. Enzymatic activities were
assessed by measuring transparency zones around colonies grown on the appropriate substrate (RNA, casein, starch). Functional
profiles of the communities were predicted using the Global Mapper module on iVikodak. Taxonomic, structural, and compositional
diversity were calculated using Shannon–Wiener and Bray–Curtis indices.
Results: Eighty-nine percent of 102 bacterial isolates were Proteobacteria, whereas other isolates were divided into three
other phyla, Actinobacteria, Firmicutes, and Bacteroidetes that comprised 5%, 4%, and 2% of the isolates, respectively. Genus
Pseudomonas was predominant with 42 isolates. Six isolates showed no extracellular enzymatic activity at all, 73 isolates expressed
protease, 57 isolates expressed amylase, and 71 isolates had RNase activity. All three extracellular enzymes were expressed by 39
isolates.
Conclusion: The biodiversity of cultivated microbiota from Kapova Cave was characterized. Bacteria that produce large amounts
of protease, RNase and amylase were identified as Stenotrophomonas rhizophila, Lysinibacillus fusiformis, and Pseudomonas
stutzeri, respectively.
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INTRODUCTION

Karst caves are underground cavities that encounter the earth’s
surface or are closed. They form as rainwater seeps into sol-
uble rocks like limestone or gypsum. These nutrient-limited
ecosystems feature constant low temperature, high humidity,
darkness, low pressure, and low oxygen concentration. Caves
create their own microclimatic and physicochemical conditions,
giving rise to living organisms that exist in relative isolation
from surface ecosystems. Comparative metagenomic analysis
shows that cave microbial communities are specialized terres-
trial communities that differ from communities found in oceans,
soil, or the rhizosphere.1 The poorly characterized microbial
world found in caves is a potential source of antimicrobial and
anticancer drugs2 as well as microorganisms that produce novel
agents. However, caves containing fossils, artifacts, Paleolithic

paintings, and mineral deposits are prone to microbial damage,
particularly during unregulated tourist visits. For example, only
tourists have changed Morca Cave in Turkey after only a few
years. Once dominated by Thermoplasmata (Euryarchaeota),
Gammaproteobacteria and Alphaproteobacteria, the cave now
features more bacteria belonging to Bacilli and Bacteroidia.3
Therefore, understanding the microbial diversity in caves is
a prerequisite to cave conservation, restoration, and safe cave
tourism. It is believed that microbes in caves are most active
on rocky surfaces, as most caves lack a significant layer of soil
and sediment. In addition, microorganisms constantly move be-
tween the walls of the cave and sediments. Removing microbial
groups from walls is often futile because soil and sediments are
reservoirs of these microbial groups.4

These microorganisms not only should be preserved but also
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may secrete novel enzymes that can be used in industry, agri-
culture, and medicine.

Shulgan–Tash (or Kapova) Cave is located in the basin of the
Belaya River in the Southern Urals within the Shulgan–Tash
State Nature Reserve of the Republic of Bashkortostan; this
karst cave is known worldwide for its rock art dating back
to the Upper Paleolithic.5 Seventeen main morphotypes have
been identified in Kapova Cave. Communities isolated from
the walls of the aphotic part of the cave include prokaryotes
(bacteria, including Actino- and Cyanobacteria) and eukary-
otes (yeasts and microscopic fungi).6 Both metagenomics and
traditional culturing methods have been performed to identify
representatives belonging to Proteobacteria, Actinobacteria,
Firmicutes, Nitrospirae, Bacteroidetes, Verrucomicrobia and
Acidobacteria phyla as well as to isolate new Pseudomonas
strains.7

Although karst caves present similar oligotrophic habi-
tats, their microbial communities differ and are poorly un-
derstood. The bacterial taxa of Kapova Cave and the karst
caves of China are dominated by two phyla, Proteobacteria and
Actinobacteria.8−10 In the Oylat Cave in Turkey, Proteobacteria
dominate, followed by Actinobacteria, Acidobacteria, and
Nitrospirae.11 In Pertosa–Auletta Cave in southern Italy,
Proteobacteria and Acidobacteria, dominate, followed by
Actinobacteria.12

Elucidating the biodiversity of karst caves serves will in-
form the future discovery of useful microbial metabolites. Mi-
croorganisms secrete enzymes that benefit industry, agricul-
ture, and medicine. For example, proteases are widely used in
the food, leather, and feed industries as well as the production
of detergents.13 As proteases are degradative enzymes with
high specificity and selectivity,14 they can be used to process
waste and optimize detergents. Moreover, proteases are widely
used in medicine to treat burns, carbuncles, and wounds.13

Amylase comprises approximately 25% of the world enzyme
market15 and is widely used in food applications like baking and
brewing.16 Extracellular bacterial RNases are also promising
antiviral17−20 and antitumor enzymes.21−23

Thus, work aimed to characterize the bacterial community
collected by scraping visible colonies or biofilms from the walls
of Kapova Cave and assess the ability of isolates to synthesize
secreted hydrolytic enzymes, namely RNases, proteases, and
amylases.

MATERIALS AND METHODS

Sampling Sites

Kapova Cave is located in the Shulgan–Tash State Nature Re-
serve of the Bashkortostan Republic; it was formed in a karst
massif on the right slope of the river valley and is composed
of massive limestones of the Viséan stage of the Lower Car-

boniferous. The cavity lies in the limestones of the lower part
of the Carboniferous period. The cave is a weakly branched,
three-story, gallery-type cavity that is 3328 m long, of which
782 m are underwater cavities.5 Here, we used material col-
lected by the Laboratory of Extreme Biology of Kazan Federal
University in July 2019. Seven samples of visible colonies or
biofilms were sampled from walls of different areas of the cave,
whose locations are indicated in Figure 1.

Figure 1. Kapova cave map with sampling locations labeled 1-7.

Pure Bacterial Culture Isolation

Samples were thoroughly mixed in 0.2 ml of a 0.5% NaCl so-
lution and diluted tenfold in triplicate to minimize the bacterial
count to use as an inoculation source. To isolate individual bac-
teria, inoculations, both deep and surface, were sewn on Luria-
Bertani (LB), Reasoner’s 2A (R2A) medium, and Gauze agar
media to capture a spectrum of bacteria from the inoculates. LB
is a nutrient-rich medium commonly used to cultivate bacte-
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ria, especially members of Enterobacteriaceae. R2A Agar is a
low-nutrient medium that stimulates the growth of stressed and
chlorine-tolerant bacteria at lower incubation temperatures and
longer incubation times. Gauze agar media is used to cultivate
Actinomycetes. Here, microorganisms were cultivated at 30º for
48 h. To obtain pure cultures of microorganisms, colonies with
similar morphologies were chosen for subsequent culture us-
ing the streak plate method on the appropriate medium twice to
check colony purity. Pure cultures were stored in a 10% glycerol
solution and frozen at -80°C.

16s rRNA Sequencing

A total of 102 bacterial pure cultures were identified ac-
cording to their V3-V4 16S rRNA region sequence. Bac-
terial biomass was collected and placed in a 100°C hot
bath for 5 min to disrupt cell integrity. V3 to V4 regions
of 16S rRNA genes were then amplified using universal
primers (515F and 806R), and an individual index was lig-
ated for labeling isolates. The forward primer sequence was
5’-GTGCCAGCMGCCGCGGTAA-3’, and the reverse primer
sequence was 5’-GGACTACHVHHHTWTCTAAT-3’.24 Reac-
tion mixtures (10 μl) comprised 5 μl Hot Start High-Fidelity 2X
Master Mix (BioLabs, New England), 0.5 μl primer mix with
5 μM forward and reverse primers, 2 μl gDNA, and 2.5 μl H2O
were used for amplification. The PCR cycles were as follows:
(a) 95°C for 5 min; (b) 40 cycles, within each cycle 95°C for
30 s and 60°C for 30 s; and (c) 4°C hold. The concentration of
DNA was determined using a Qubit 3.0 fluorometer (Life Tech-
nologies, USA) and calibrated to 50 ng/ml. Agencourt AMPure
Beads (Beckman Coulter, USA) were used to clean the DNA ac-
cording to the manufacturer instructions. Sequencing was per-
formed with the MiSeq system (Illumina, USA) using paired-
end 2 × 300 (for 16S rRNA genes). Resulting sequences were
compared to the NCBI genomic database using the BLAST al-
gorithm for nucleotides (BLASTn).25 A maximum-likelihood
phylogentic tree was created using MEGA-X software.26

Isolates with the highest metabolic activity were selected
for further sequencing of the nearly full-length 16S rRNA
gene following the previously described protocol with
some modifications. The V1-V9 regions of the 16S rRNA
gene were amplified with the following primers: forward
primer (S-D-Bact-0008-c-S-20) with anchor sequence 5’-
TTTCTGTTGGTGCTGATATTGCAGRGTTYGATYMTGGC
TCAG-3’ and reverse primer (1492R) with anchor sequence 5’-
CTTGCCTGTCGCTCTATCTTCCGGYTACCTTGTTACGA
CTT-3’.24

Hydrolase Activity Measurement

Bacteria were screened for their ability to synthesize secreted
ribonucleolytic, proteolytic and amylolytic enzymes on the fol-
lowing synthetic media, respectively:

(a) Phosphorus-free medium (pH = 8.5, 1L) of the following
composition (g/L): Tris basic (hydroxylmethylaminomethane):
6.05; KCl: 5.0; NaCl: 1.0; (NH4)2SO4: 2.0; Na3C6H5O7: 1.0;
agar-agar: 20.0. Separately prepared: MgSO4.7 H2O: 2 g/100
ml; yeast extract: 5 g/100 ml. Both solutions were added to the
medium under sterile conditions at a rate of 10 ml/L. Before
inoculation, a 40% sterile glucose solution was added to the
medium at a rate of 12.5 ml/L as well as yeast RNA (Vector,
Novosibirsk, Russia) to a final concentration of 5 mg/mL.

(b) A medium containing (g/L): yeast extract: 5.0; casein: 5.0;
NaCl: 5.0; agar-agar: 20.0 (pH = 6.5).

(c) Nutrient agar supplemented with 8 g/L starch (pH = 6.8).

Bacterial cultures were sown on Petri dishes with three types
of medium (a, b, c) and cultivated for 18 h at 30°C. Hydro-
lase activities were assessed by measuring the transparent re-
gion surrounding the colonies grown on the appropriate sub-
strate (RNA, casein, starch) after the dishes were flooded with
a 5% solution of 1 N HCl (colonies grown on medium a),
trichloroacetic acid (on medium b), or Lugol’s iodine solu-
tion (medium c) to visualize the hydrolysis zones. Jeffris et
al. 27 used this method to assess RNase activity based on the
size of clearance zone corresponding to extracellular enzymes
production but not colony size, which we measured to measure
different bacterial colonies as described by Price et al. for phos-
pholipase activity detection.28 Therefore, the hydrolase activity
coefficient of a bacterial isolate was calculated as the ratio of
the colony radius including the transparent zone surrounding it
to the radius of the colony itself. The absence of a lysis zone
surrounding colonies corresponds to the absence of secreted
hydrolase. Larger transparent zones yield greater hydrolase ac-
tivity coefficients expressed in conventional units; coefficients
of 1, 1.5, and 2 indicate no extracellular hydrolase activity,
medium activity, and high activity, respectively.

Prediction of Functional Profiles

Functional profiles of the communities were assessed using
the Global Mapper module on iVikodak.29 Values acquired
represent the relative abundance of functional genes according
to KEGG.

Statistical Analysis

Alpha diversity was assessed by two measures: taxonomic
structural diversity using the Shannon–Wiener index and tax-
onomic compositional diversity. The Shannon–Wiener Index
(H) was calculated using the following formula using Excel
software:

H = -å 𝑃𝑖 (ln𝑃𝑖),

where 𝑃𝑖 is the proportion of individuals belonging to the i-th
genera in the dataset of interest.
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To assess compositional taxonomic beta diversity, the
Bray–Curtis index30 was calculated as follows:

𝐵𝐶𝑖 𝑗= 1 - (2𝐶𝑖 𝑗 /(𝑆𝑖 + 𝑆 𝑗 )),

where𝐶𝑖 𝑗 is the sum of values only for common genera between
two sampling sites; 𝑆𝑖 and 𝑆 𝑗 are the number of isolates counted
at sites i and j individually.

RESULTS

Taxonomic Identification of Bacterial Isolates

Of the 102 bacteria isolated from Kapova Cave, 99 were iden-
tified at the genus or family level according to their V3-V4
16S rRNA region sequences. 89% are members of the phy-
lum Proteobacteria, whereas the others comprise three other
phyla, Actinobacteria, Firmicutes, and Bacteroidetes, account-
ing for 5%, 4%, and 2% of the isolates, respectively (Figure
2). The composition of microbial communities did not signif-
icantly differ across sampling points. Two isolates were iden-
tified only at the family level as Burkholderiaceae and Enter-
obacteriaceae (Figure 3). These isolates are included in the
phylogenetic tree at this level (Figure 4). Representatives of
the genera Pseudomonas were predominant, with 42 isolates
(Table 1).

Figure 2. Distribution of bacterial isolates from Kapova cave according to
phyla.

Diversity and Potential Functional Activity of Bacteria
from Kapova Cave

Sample 7 had the best index of equally represented genera,
followed by samples 6 and 1 (Table 2). The Bray–Curtis index
of beta diversity ranges from 0 (when communities share the
same isolates or phylogenetic lineages) to 1 (when communities
do not share common phylogenetic lineages). Table 3 shows that
samples 1 and 2 differ significantly from the rest of the samples.

Functional characteristics of the bacterial community from
all seven samples were predicted using the Global Mapper mod-
ule in the iVikodak software. The relative abundance of various
metabolic pathways was considered, particularly those related

to antimicrobial resistance, xenobiotic destruction, metabolism,
and secretory systems. Figure 5 reveals that the community can
metabolize different substrates and harbors antibiotic resistance
genes.

Enzymatic Activity of Isolates

Six isolates showed no enzymatic activity (amylase, protease,
RNase), whereas 73, 57, and 71 isolates expressed protease,
amylase, and extracellular RNase activity, respectively. Thirty-
nine isolates expressed all three extracellular enzyme activities
(Figure 6).

Genera with the highest protease activity were Pseu-
domonas, Stenotrophomonas, Bacillus, Acinetobacter,
and Yersinia. Genera with the highest RNase activity were
Pseudomonas, Bacillus, Yersinia, Acinetobacter, Lysinibacillus,
Polaromonas, and Caulobacter. Genera with the highest amy-
lase activity were Pseudomonas, Serratia, Yersinia, and
Acinetobacter.

Isolate 7 had the highest protease activity and was identi-
fied as Stenotrophomonas rhizophila (99.5%). Isolate 27 had
the highest RNase activity and was identified as Lysinibacillus
fusiformis (99.3%). Isolate 1 had the highest amylase activ-
ity and was identified as Pseudomonas stutzeri (99.0%). The
genus Pseudomonas is a prolific producer of several extracellu-
lar enzymes, including amylase,31,32 which is among the most
important enzymes for biotechnology.15

DISCUSSION

Karst caves are extreme environments brimming with biodiver-
sity; their food web structure,33 diverse flora,34 and influence of
heavy metal enrichment are widely studied in China.35 Further-
more, 40% of Turkey’s surface area consists of soluble rocks
(limestone, dolomite, and gypsum) suitable for karstification.36

However, the biodiversity of Kapova Cave in the Urals is poorly
characterized. Previous studies have estimated the microbial
count (1.4 × 103–2.1 × 105 CFU/mL) in Kapova Cave and the
possible origin of its microbiota.6 Emerging technologies like
high-throughput sequencing and bioinformatics have enhanced
our understanding of microbial diversity.37 Recent studies have
revealed bacterial diversity in caves in Australia, China, Italy,
Spain, Turkey, and the United States,3,38−42 most of which are
dominated by nine groups of domain Bacteria: Proteobacteria,
Acidobacteria, Planctomycetes, Chloroflexi, Bacteroidetes,
Gemmatimonadetes, Firmicutes, Nitrospirae, and
Actinobacteria, as well as domain Archaea.38,42−44 The
dominant phylum of Kapova Cave, the karst caves in China,
and Oylat Cave is Proteobacteria, 8−11 whose members are
Gram-negative bacteria. Environmental conditions in karst
caves such as humidity and the presence of organic nutrient sub-
strates likely promote the development of non-spore-forming
bacteria. Yet the predominant species in the Yarık Sinkhole in
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Figure 3. Number (N) of identified bacterial isolates. *Isolate identified only to the family level.

Turkey are Acinetobacter lwoffii, Methylobacterium tardum,
and Propionibacterium acnes.45 Although the bacteria were
sampled during initial exploration, this composition suggests
that nearby residents are harming the microbial diversity of
the cave. In addition to preserving biodiversity, discovering
new and potentially useful bacteria warrants further studies
on the diversity of cultivated microorganisms. For example,
more than a half of 290 Actinomycetes isolates from rock
wall and speleothem surfaces of 19 karst caves in Turkey
demonstrated antimicrobial activity against antibiotic-resistant
bacteria. Strain Streptomyces sp. 1492 exhibited bacteriostatic
or bactericidal activity against methicillin-resistant Staphylo-
coccus aureus, vancomycin resistant Enterobacter faecium,
and Acinetobacter baumanii at bactericidal concentrations
lower than that of streptomycin.46

Among the isolates collected in this study, Stenotrophomonas
rhizophila (isolate 7) expressed high levels of protease. This
species was also found in the Herrenberg cave in Germany,
though it is a plant-associated bacterium47, as well as in semi-
confined caves.48 Stenotrophomona produces keratinases, ex-
tracellular proteases, and chitinases.49 Unlike S. maltophilia,
S. rhizophila cannot proliferate at 37°C and is therefore not
pathogenic.

The isolate with the highest RNase activity (isolate 27)

was identified as Lysinibacillus fusiformis. The Lysinibacillus
genus, unlike Bacillus, contains peptidoglycan with lysine,
aspartic acid, alanine, and glutamic acid.50 Despite sharing
many traits with Bacillus, Lysinibacillus is poorly character-
ized. New Lysinibacillus strains were recently isolated from
a soil in karst caves in Libo County51 and Xingyi county
in China.52 In vitro and in vivo assays showed that strain
Lysinibacillus S4C11 exerts antifungal activity against various
pathogens.53 Similarly, an antifungal protein with RNase
activity isolated from Bacillus subtilis inhibited mycelial
growth in Magnaporthe grisease, Sclerotinia sclerotiorum,
Rhizoctonia solani, Alternaria oleracea, A. brassicae, and
Botrytis cinerea.54 Bacillar RNases are well-known as antitu-
mor 55 and antiviral 56 agents. Our research shows the potential
of microbial genera other than bacilli to secrete RNases that
may foster the discovery of new RNases to combat tumors,
viruses, and pathogenic fungi.

Among bacteria, active producers of amylases include some
bacilli like B. macerans, B. polymyxa, B. subtilis, and B.
stearothermophilus.15 Bacterial extracellular proteases and
RNases are also predominantly synthesized by members of
the genus Bacillus.57 Although microorganisms including
Bacteroides bivius, Bacteroides melaninogenicus, Bacteroides
fragilis, Staphylococcus aureus, Staphylococcus epidermidis,
Pseudomonas aeruginosa, Proteus sp., and Propionibacterium

190



Kurdy et al., Kapova Cave Biodiversity

Figure 4. Phylogenetic tree of the isolated bacteria. Isolates with identical 16S rRNA sequences are represented only once.

Figure 5. Functional profile of the bacterial community of Kapova cave. Functional abundance represents the number of genes responsible for functions.
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Table 1. Identification of analysed isolates based on their 16s rRNA gene sequences.

Table 2. Alpha diversity indices: R is the number of genera, Shannon-Wiener
index is genera distribution uniformity.

Table 3. Bray Curtis index of beta diversity: samples dissimilarity.

acnes produce various proteases, 58 they are pathogenic, and
therefore, not suitable for industrial enzyme production. Thus,
the isolate Pseudomonas stutzeri (number 1) with high amylase
activity is promising.
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Figure 6. Hydrolytic activity of bacteria isolated from Kapova cave. Hydrolase activity coefficient of a bacterial isolate was calculated as the ratio of colony radius
including transparency zone around it to radius of the colony itself. The absence of a lysis zone surrounding colonies indicates the absence of secreted hydrolase.
Isolate numbers are circumscribed. Enzymatic activity coefficient value A equals to 1 and is interpreted as isolates not having extracellular hydrolase activity, and
value B equals to 2 and is interpreted as possessing high activity.

CONCLUSION

The biodiversity and the ability of bacterial heterotrophic com-
munities harvested from seven biofilms on the walls of Kapova
Cave to synthesize secreted hydrolytic enzymes, namely
RNases, proteases, and amylases, were explored in this study.
Most isolates (89%) belonged to the phylum Proteobacteria,
and others belonged to three other phyla: Actinobacteria (5%),
Firmicutes (4%), and Bacteroidetes (2%). A total of 102 isolates
were identified based on sequencing of the V3-V4 16S rRNA
gene; among them, 42 belonged to the genus Pseudomonas.
All three extracellular enzymes were expressed by thirty-nine
isolates, and only six of them showed no enzymatic activ-
ity. Bacteria producing the highest level of protease, RNase,
and amylase were identified as Stenotrophomonas rhizophila,
Lysinibacillus fusiformis, and Pseudomonas stutzeri, respec-
tively. Overall, these results highlight the importance of dis-
covering microbials that may produce compounds that help
develop novel therapeutic and biotechnological agents.
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