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ABSTRACT

The mysterious passages known as caves between the earth and the underworld are important geological forms that
can be investigated for several astonishing facts. The caves that we define as cavities or gaps into which a person can
enter are usually visited by people for several different purposes. Caves are important for studies on environments
in terms of biology and geology due to their extreme conditions. In Turkey, there are about 35.000-40.000 caves,
most of which have not been mapped or scientifically explored. The mechanisms by which living creatures survive in
these cave environments, adapt to the extreme conditions, and develop for survival have been the topics of research.
Microorganisms and physical factors are responsible for the occurrence and formation of different geological forms
such as stalactites, stalagmites, and cave pearls in these extreme environments. This fact makes the caves more
interesting in terms of their microbiology. Studies on cave microbiology have been aimed at exploring the functions
of these microorganisms and new ones unique to the cave habitats. On the other hand, these environment-specific
microorganisms carry a great potential to possess new and different enzymes or antimicrobial substances. The discovery
of new features and new microorganisms is also important as it adds new information to the science of systematics.
The topics on caves and their microbiology, which have been studied by few researchers throughout the world, are
less commonly studied in Turkey. The protection of the cave environment while people enter into them for touristic,
sports, and scientific causes is of historical and scientific importance. In this context, the protection of caves is an issue
that requires caution in obtaining both correct and new results from the environment and the study of caves. Cave
sportsmen, researchers, and related authorities must adhere to the rules to protect the unique habitat of each cave and
prevent earth-borne pollution from entering into the cave.
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INTRODUCTION timicrobial substances. Because of these reasons, cave
habitats have become very interesting environments

Caves, the mysterious and one of the most interesting ¢ microbiologists

earth formations on the planet, have been used, stud-
ied, and researched by people for several purposes
from the past to the present. Caves are subterranean
cavities that have a suitable entrance for crawling

DEFINITION OF CAVES

Caves are humid, dark environments, and the oxygen

by at least one person, and their lengths and depths
range from a few meters to thousands of meters (1,2).
Caves are extreme environments, and the microor-
ganisms living in the cave are adapted to cave con-
ditions and are generally unique. Studies on cave mi-
crobiology generally investigate the microbiological
diversity in the cave and the metabolic properties of
these microbes. These environment-specific microor-
ganisms also carry new and different enzymes or an-

level is very low compared to that at the surface. It is
also known that several different creatures live in the
caves, whose features have not yet been identified (3).
Furthermore, 10% of caves are believed to have been
reported in the world (4,5)

In Turkey, two-fifths of the land is covered with karst-
ic carbonate and sulfated rocks (Figure 1). It is the top
most among the European countries in terms of rich-
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Figure 1. Karstic map of Turkey (MTA)

ness of karstic areas. Although all caves in Turkey have not
yet been discovered, studies conducted in karstic areas have
estimated that there are around 35.000-40.000 caves in the
country (6). An inventory of Turkish caves has been prepared
and updated continuously within the framework of the Turkish
Archaeological Settlements (TAY) Project, one of the works of
the Foundation for the Preservation of the Heritage of History,
Archeology, Art, and Culture (TASK). The information of almost
3,500 caves, their layouts, plans, and pictures has been recorded
and enlisted in this inventory (7).

Based on the formations, natural caves are of two major types,
primary and secondary. Primary caves are formed at the same
time as the primary rock (lava caves). If the rocky parts of
caves such as limestone, gypsum, dolomite, sandstone, and
conglomerate are eroded by underground water (karstifica-
tion), secondary caves are formed. The secondary caves are
also known as karstic caves and are known to be biologically
richer (1). The caves are also divided into different classes ac-
cording to the level of development, their size, their location,
the effects that they have on karstification, the distribution
areas, and their formations. For example, Pinargozi Cave is
the longest cave, measuring 16,000 m in length that is known
today in Isparta town of Turkey and this cave has not yet been
completely explored. The deepest cave that has been com-
pletely explored is Peynirlikdnii Cave in Mersin, with a depth
of 1,429 m (7).

CAVE FORMATIONS

Caves can be distinguished from each other by several differ-
ent features, and karstic caves are one of the widest and the
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most common among these. One of the curious questions
about caves is how cave formations occur? Cave formations
such as stalagmites and stalactites are caused largely by ions
collected by water passing through the bedrocks, and life is
also possible in caves through the organic matter present in
water. Due to the formation of molten carbon dioxide in the
water, the carbon ions in the cave contain carbon dioxide,
which is lost due to heat, decrease in pressure, and evapora-
tion, and CaCO, collapses to form cave structures such as sta-
lagmites and stalactites, which are also known as speleothems
(8). The karstification process varies depending on the struc-
ture of the soluble rock in the cave and the characteristics of
the rainwater inflows, depending on the climatic conditions.
The caves are important environments for geological cave
discoveries; studies on ecosystem and cave creatures such as
bats, arthropods, and microorganisms; as well as understand-
ing the theories about the formation of life in the world and
life in space (9).

However, although these geochemical processes play a major
role in cave formations, studies have shown that microbial ac-
tivities also contribute to cave shaping (2,10-14). First, the lev-
els of carbon dioxide, which accelerates the solubility of rocks
in the physicochemical formation processes, are increased
by plants, animals, and aerobic microorganisms in the cave.
Microbial activity has been observed in or on carbonate spe-
leothems in several karstic caverns, and it has been found
that microorganisms colonize calcite crystals and other min-
eral surfaces (15). This indicates an association between mi-
croorganisms and crystals. Algae and cyanobacteria in the
environment or on the surface change the microclimate by
the fixation of carbon dioxide and cause the decomposition
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of calcium carbonate. The microorganisms that appear like
lime directly contribute to the growth of speleothems, and
they are also identified as the material species of the crystals
(16). The calcification microorganisms, characterized by their
complex crystal structures, make unique structures and envi-
ronments because of their unique metabolic processes and
products (17). This phenomenon, which occurs passively (18),
depending on environmental parameters or microbial calcifi-
cation with direct effects, continues to occur at all times with
the formation of precipitates of new materials added to the
surface due to the activities of microorganisms, thereby caus-
ing formations such as stalactites. In addition, fungal hyphae
have been found in water drops at the end of active stalac-
tites (2).

Furthermore, microorganisms tend to compete or cooperate
with each other due to inadequate environments in terms of
food and energy of the cave. These competitions and associa-
tions result in the formation of secondary metabolites, which
are known to play a role in the shape and change of caves
(2,5, 19-21). Secondary metabolites, including pigments, sid-
erophores, or antibiotics, can cause color change, abrasion, or
precipitation that directly affects the microorganisms on the
surface (22,23). The effects of microorganisms on mineral cave
surfaces include degradation and corrosion events; mechanical
effects can occur due to secretion of exoenzymes, organic and
mineral acids, and various other mechanisms (24). Especially,
the processes of dissolution in caves occur via reactions of bac-
teria that oxidize iron, sulfur, and manganese. The acid that is
bound to microbial interactions causes dissolution in cave walls
or speleothems (25).

DIFFERENT ROLES OF MICROORGANISMS IN CAVES

Besides the effects on cave formations by the microorganisms,
it is also important to understand their characteristics and
how they adapt to these nutrient-poor environments, in terms
of geomicrobiology. Although limited, chemically complex
foods enter the cave system, and hence, few microbial species
can encode all the necessary uptakes and the catabolic reac-
tions required to support growth. In addition, living in these
conditions is possible due to the cooperative partnerships as
seen in biofilm communities instead of selfish competition for
resources (14). Organic materials that are introduced by peo-
ple, dripping water, and/or animals, especially bats, allow life
for heterotrophic bacteria in caves (26). However, the devel-
opment of plants and phototrophic microorganisms is hin-
dered by the lack of light in underground environments with
limited opportunities for survival. Several studies have shown
that chemolithotrophic bacteria (these bacteria provide their
energies from the oxidation of chemical compounds such as
sulfur and hydrogen sulfide) play a role as primary producers
in environments with a complete lack of light radiation and
result in the development of heterotrophic microorganisms.
On the other hand, cave ecosystems that are the primary pro-
ducers of sulfur, iron, and manganese oxide have bacteria,
sulfate-reducing bacteria, and nitrifying bacteria and are not
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dependent on organic material inputs (20,27,28). Movile Cave
(Romania), Frasassi Caves (Italy), and Lechuguilla Cave (New
Mexico, USA) have chemolithotrophic microorganisms as the
primary producers (20,28).

Studies conducted in caves, based on microbial cultures, have
primarily isolated the following bacteria: Proteobacteria, Acti-
nobacteria, and Firmicutes groups (14,29,30). Lee et al. (3) con-
structed the 16S rRNA phylogenetic tree of the cave. Based on
these results, Proteobacteria, Chlorobi/Bacteroidetes, Actinobac-
teria, and Chloroflexi have been identified as the most common
bacterial classes. However, these results can vary according to
the characteristics of each cave. Gammaproteobacteria and Aci-
dobacteria dominated the predominant groups in Wind Cave in
the USA, while Gammaproteobacteria and Epsilonproteobacteria
dominated in the sulfidic cave biofilm (31,32). Zhou et al. (30)
compared the caves in Australia, China, Spain, and the USA and
reported that Proteobacteria was the dominant group in Spain
and China caves and Acidobacteria was the second dominant
group. Cave ferromanganese deposits contain some archaea
groups, which include mesophilic Crenarchaeota and Euryar-
chaeota, and this group of archaea has been reported in dif-
ferent studies (31,33). On the other hand, some studies on the
geomicrobiology of fungi in tourist caves and isolated caves in
different countries have shown that Ascomycota is a predom-
inant group in both culture-dependent and culture-indepen-
dent studies (34-37).

Caves can also be referred to as extreme environments be-
cause they provide a living space for highly specialized micro-
organisms (3). The high microbial diversity of caves indicates
that each cave has its own characteristics. The geology of
caves, their geography, rock structures, and conditions (tem-
perature, light, humidity, water, organic matter, pH, and inor-
ganic structure of the inner surface of the cave) make each
cave unique with a different cave ecosystem (2,27,38). On the
other hand, it is worth determining the microbial diversity of a
cave and increasing the microbial discoveries and the ecolog-
ical mobility on earth.

WHAT IS THE IMPORTANCE OF STUDYING CAVE MICROOR-
GANISMS?

The research topic of microbial diversity also carries the poten-
tial for the discovery of rare microorganisms living in the cave
environments. In environments containing complex microor-
ganisms, the number of bacteria that can be cultured for special
nutrient requirements is only 0.1-1% of the total number. Caves
are extreme environments with the potential to discover new
creatures, to uncover new gene pools, and to name and repli-
cate in culture (39,40). For making new discoveries that antibi-
otics and new species of microorganisms, it is very important to
determine the microbiological diversity of a newly discovered
cave and identify from where it is sampled to the point of micro-
biological sampling from the first introduced/ footed regions of
the caves. Itis also important that the sampling is done by cave
biologists to ensure that it is done correctly. It is normal to find
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surface bacteria in the water coming into the cave from the sur-
face; however, it is not correct to say that these microorganisms
are specific to the cave ecosystem. Samples taken from water,
sediments, and cave formations isolated from the cave surface
are more accurate examples for investigating cave-specific mi-
croorganisms. Cave researchers have two important roles in
cave microbiology. The first is exploring and researching new
life and ecosystems in the cave, and the second is protecting
the microbial habitat in caves and preventing human-induced
contamination.

On the other hand, cave microorganisms have the potential to
underpin several biotechnological studies. For example, caves
are important work environments for antibiotic discoveries
and for understanding antibiotic resistance. Antibiotic resis-
tance genes possessed by microorganisms can provide im-
portant results to understand the development of antibiotic
resistance (41). It is known that antibiotics that are commonly
used today and the wastes produced by their use increase the
resistance of microorganisms. There is no resistance to min-
imal anthropogenic exposure, and there is no evidence of
resistance genes in microorganisms isolated from terrestrial
animals living in such environments (42). In addition, there
are studies that have described the presence of microorgan-
isms with antibiotic resistance, which were isolated from the
extremes of natural underground habitats (43,44). These stud-
ies provide an additional view of multidrug resistance caused
by anthropogenic effects, so that knowledge of resistance can
be obtained without adversely affecting the resistance, and
it is important to understand the resistance genes and solve
the associated clinical problems (43,45). The emergence of
different resistance mechanisms paralleled the potential for
the acquisition of different antimicrobial substances. The level
of antibiotic resistance of microorganisms cultured in a lab-
oratory frequently increases upon the inception of antibiotic
biosynthesis (46).

On the other hand, unexplored environments such as caves
have a significant potential for exploring new antimicrobial
substances because of the increased competition in the en-
vironment due to the limited nutrient content, as a result of
which the microorganisms produce antimicrobial substances
against each other (2,30,47). The discovery of enzymes pos-
sessed by microorganisms and antibiotics produced due to the
competition among microorganisms obtained from isolated
cave environments has been one of the important study sub-
jects that will provide important contributions in industrial and
clinical terms (48). Enzymes of several industrial inland microor-
ganisms have been utilized.

The enzymatic products of cave microorganisms are important
for food industry, cleaning industry, including cleaning agents
such as detergents and biocides, molecular biology studies,
and in several features of biotechnology, because these envi-
ronments have stable cold temperatures throughout the year.
Therefore, despite the cold environment property, they can
support enzyme production by the microorganisms (49-52).
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Good results from cave explorations can be achieved by not de-
tracting the environmental conditions and the peculiar features
of the creatures.

It is very important to obtain different scientific data on cave
microorganisms and other living things in this extreme envi-
ronment. However, geologically and biologically, cave studies
have been insufficient in Turkey. The biological cave studies
that have been carried out are primarily on bats and arthro-
pods of some caves (53,54). Studies on microbiology are
much more limited. Baris (55) has done the characterization
and description of bacteria that contribute to the formation
of dripstone in EImali and Yildizkaya cave systems in Erzurum
province. Yucel and Yamag (56) investigated the antimicrobial
activities of Streptomyces spp. from 19 different caves. Sen et
al. (57) investigated the antimicrobial activities, statin-produc-
ing ability, and the cytotoxic effects of bacterial specimens
isolated from Duzkir Cave (Aladaglar) in vitro and tested in
vivo in mice.

CAVE ACTIVITIES AND AIMS OF CAVE VISITING

Caves are primarily visited for sports, touristic, or scientific pur-
poses. The people who are known as cavers may have an aim
of studying the geology, archeology, and biology of caves, they
discover the caves or prepare maps, they clean up caves, and
they can repair some formations in the underground. The im-
portant required materials for cavers include primarily special
clothes, helmets, and light sources for the caving activity that
are safe, and everyone who enter the cave should be educated
to not harm the ecosystem. Because caves, primarily the intact
ones, have a potential to harbor rare species and may have an-
cient writings and drawings, there are usually several special
formations in caves.

Cave tourism would raise the issue of whether entry of organic
materials and microorganisms through outsiders would affect
the natural cave communities. The isolation barrier of caves
is destroyed due to people entering into the caves, which re-
sults in disruption of the balance of the cave habitat. Since the
creatures living in the cave are adapted to the conditions of the
cave, they are significantly affected even by a slight change that
may occur in the cave ecosystem (2,27,30,38). For example, arti-
ficial lights placed inside caves encourage the development of
phototrophic bacteria, causing changes in the microbiological
communities in the cave ecosystem. Similarly, during long-term
cave explorations, cavers may have to camp for days, some-
times weeks, in the cave. Such human activities affect the cave
ecosystem. Consequently, cavers or cave scientists must also be
sensitive about the exchange of cave microbial environments
between different caves, i.e, movement between caves is not
possible with microbial transport. Therefore, the cavers’ clothes
must be cleaned during movement between two caves. In ad-
dition to the increasing pollution and land development, caves
are also affected by human activities on earth and in the un-
derground. Hence, caves and their rare environments should be
protected.
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SUBJECTS THAT SHOULD BE TREATED WITH CAUTION RE-
GARDING CAVES

The opening of a cave for tourism is a subject that requires cavers,
scientists, and ministries to work together with caution, because
the arrangements in the cave must be designed in such a way
that the natural environment of the cave would be least affected.
However, it is also necessary to take health precautions as well as
protect these sensitive ecosystems. Issues such as hypothermia,
falling, blunt trauma, sprains and strains, and head injures may be
hazardous for cavers. Some studies have also shown that caves
can cause certain health problems to humans in addition to
these hazardous issues. Because of the environmental conditions,
caves can serve as reservoirs for microorganisms such as fungi
that thrive in moist environments. Some studies have shown that
caves have suitable environmental conditions favorable for the
presence and growth of bacteria, fungi, or yeasts carried by caves
with water and/or guano, human and/or animal inputs from the
earth (29). In addition, viruses and various microorganisms can
be transported by bat guano from the outside to caves, which
can infect humans by contact or by inhalation. Only few docu-
mented pathogens are known to be limited to human species
and responsible for causing human infections (58). Approximate-
ly 75% of known infectious human diseases are zoonoses, and
the majority are transported from wildlife reservoirs (59). The
fungus Histoplasma capsulatum lives in bat guanos, and its eco-
logical niche is influenced by soil, nutrients present in bat guano,
and environmental conditions such as temperature and humid-
ity (60). It has been reported that several Actinobacteria species
have been isolated in different cave studies. In particular, several
species belonging to Nocardia, Mycobacterium, and Rhodococcus
have been identified (61,62). These species are known for causing
different skin, lung, or brain infections because of the presence of
some structures. Even though diseases caused by these bacteria
have been primarily reported inimmunosuppressed patients, it is
possible that they can also infect people whose immune system
has not been damaged. In addition, an increase in the amount of
people who enter caves is a factor that increases the transport of
pathogens (63). Jurado et al. (29) conducted a study to identify
potential tourism hazards in the caves and reported that caves
constitute a potential danger to the cave visitors due to the pos-
sibility of the presence of yet unknown and opportunistic micro-
organisms. They also stated that cave microorganisms frequently
cause respiratory system infections. Thus, it is important to con-
duct a microbiological analysis of the cave environment before
opening a tourist cave.

CONCLUSION

Coordinated efforts between ministries, sportsmen, scientists,
and the people who live around the caves will create elements
that could contribute to protection of caves. The unique struc-
tures of the cave and the creatures living in this extreme and
dark environment should be investigated for several new prod-
ucts and knowledge, which will enlighten both science and in-
dustry. Therefore, protecting both caves and their ecologies is
very important.
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