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Abstract: The presence of microbial communities on cave walls and speleothems is an issue that
requires attention. Traditional cleaning methods using water, brushes, and steam can spread the
infection and cause damage to the cave structures, while chemical agents can lead to the formation
of toxic compounds and damage the cave walls. Essential oils (EOs) have shown promising results
in disrupting the cell membrane of bacteria and affecting their membrane permeability. In this
study, we identified the microorganisms forming unwanted microbial communities on the walls
and speleothems of Petralona Cave using 16S and 18S rDNA amplicon sequencing approaches and
evaluated the efficacy of EOs in reducing the ATP levels of these ecosystems. The samples exhibited
a variety of both prokaryotic and eukaryotic microorganisms, including Proteobacteria, Actinobacteria,
Bacteroidetes, Chloroflexi, Firmicutes, the SAR supergroup, Opisthokonta, Excavata, Archaeplastida, and
Amoebozoa. These phyla are often found in various habitats, including caves, and contribute to the
ecological intricacy of cave ecosystems. In terms of the order and genus taxonomy, the identified
biota showed abundances that varied significantly among the samples. Functional predictions were
also conducted to estimate the differences in expressed genes among the samples. Oregano EO was
found to reduce ATP levels by 87% and 46% for black and green spots, respectively. Consecutive
spraying with cinnamon EO further reduced ATP levels, with reductions of 89% for black and 88%
for green spots. The application of a mixture solution caused a significant reduction up to 96% in ATP
levels of both areas. Our results indicate that EOs could be a promising solution for the treatment of
microbial communities on cave walls and speleothems.

Keywords: Petralona Cave; EOs; Metagenomics; 16SrDNA; 18SrDNA; functional prediction;
Proteobacteria; Actinobacteria; Opisthokonta; SAR

1. Introduction

Caves can be a source of important historical and biological information that has
not yet come to light. Elements related to the prehistoric era have been found, while
fossils, paintings, and other artifacts discovered may be important for humanity [1]. From
a biological perspective, cave ecosystems are isolated and of great interest as they have
followed a unique evolution path and new species can be discovered in them even today.

Every day, show caves attract many tourists [2]. The transformation of caves from
precluded environments to tourist attractions requires major modifications of their interior.
Some of these modifications are improvements of the already existing natural routes, the
construction of paths, platforms, and related infrastructure, as well as the installation of
lights [2,3]. However, such modifications may also have a negative impact since they
may destabilize the environmental equilibrium that was established in the caves. For
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example, it has been observed that the entry of visitors and the forthcoming inflow of
microorganisms causes alterations in the composition of the microbial environment of the
caves [4]. Furthermore, the installation of artificial lighting may lead to the development of
photosynthetic microflora around the lamps which is known as “Lampenflora” [5]. The
term “Lampenflora,” which means “plants of the lamp” in German, was coined in 1963 by
Dobat (1963), and it is now used universally to designate any sort of plant that grows close
to lamps [6]. Light wavelength and intensity, temperature, relative humidity, the presence
of water, and the type of underlying substrate are some of the factors that may determine
the outspread of these phototrophs [7]. The placement of lights in show caves fosters the
growth of an intricate community of Lampenflora [5]. The appearance of the cave’s interior
may be impacted by the excessive growth of Lampenflora, which has become a widespread
issue. In particular, the speleothems, any cave paintings, and generally the substrate
on which Lampenflora appears, may be harmed and corroded by the organic acids that
may be produced by the related microorganisms [8]. Thus, the inhibition of the growth
of Lampenflora, as well as the elimination of the already settled microbial populations
is of particular importance. According to studies, these ecosystems mainly consist of
cyanobacteria and microalgae, such as green algae, diatoms, and mosses [5,6]. Of course,
the exact composition of Lampenflora varies between different caves, as well as between
different areas inside a single cave. The Lampenflora must be entirely removed from the
caves, and this must be carried out in such a way that is harmless for both the health of
visitors and the environment of the caves. Since caves are confined spaces, herbicides,
which are used in agriculture, should not be applied [6]. Over time, several techniques
have been utilized for the refinement of cave walls. Water, brushes, and steam have been
used for cleaning speleothems, but they should be avoided. More specifically, using each
of these approaches may increase the risk of spreading the contamination throughout the
cave [9]. Lampenflora can strongly attach to abiotic surfaces and detach with difficulty,
which can cause damage to cave walls and cave structures if not properly treated [1,10]. The
growth of photosynthetic organisms can be significantly lowered by reducing the intensity
of light and the use of special lamps that emit light at wavelengths different from the
spectra of the absorption of Lampenflora [1]. Another option is to use ultraviolet radiation,
which has antimicrobial properties, but this is not a permanent solution as suppression
of Lampenflora growth may not be sustained [9,10]. In contrast, ozone lamps are not
very effective against Lampenflora. It has also been observed that Lampenflora spread
is repressed if an alternating mode of lighting is used (i.e., alternating periods of light
and darkness aiming at longer periods of darkness) [8]. Sodium hypochlorite (NaOCl)
and calcium hypochlorite (Ca(OCl)2) are two of the known chemical antimicrobial agents
due to their high efficiency and low toxicity [1,8,11]. However, the release of chlorine
and the subsequent reactions with many compounds of the cave and the oxidation of
Fe2+ may lead to the formation of toxic and sometimes carcinogenic compounds and may
also alter the cave wall substrates. Hydrogen peroxide (H2O2) is another effective agent
against Lampenflora, but even when used at low concentrations it can damage the cave’s
surfaces. On many occasions, there is a need to apply non-polar solvents in order to remove
chlorophyll α which is not water soluble and is responsible for the green discoloration of
cave walls [1].

Essential oils (EOs) are produced as secondary metabolites and can be obtained through
distillation from many plants. They can interact with bacterial cell membranes due to their
high hydrophobicity. Thus, cell membrane structures can be disrupted leading to the leakage
of molecules from bacterial cells and can even cause the death of the bacteria. Therefore,
the potential antibacterial and antifungal properties of these oils are of great importance in
many different applications [12]. It was recently established that certain EOs are effective
antimicrobials against bacterial and fungal isolates from the Petralona Cave [13]. This cave
is a karst formation found on the Chalkidiki peninsula in Greece, 300 m above sea level,
one mile east of the settlement of Petralona, and 55 km from Thessaloniki [14,15]. It was
discovered in 1959 and when a fossilized archaic human skull, referred to as the “Petralona
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Skull”, was found there in 1960, the cave gained widespread regard. It quickly drew the
attention of geologists and paleontologists due to its remarkable stalactite and stalagmite
formations as well as its large collection of fossils. After years of excavations, the cave is now
accessible to the public, while nearby there is an archaeological museum where findings
from the cave’s interior are exhibited. The cave has a surface area of 10,400 m2 and the
corridors are around 2000 m long. (http://odysseus.culture.gr/h/2/gh251.jsp?obj_id=1406
(accessed on 3 October 2023)).

The purpose of this study was to identify the microorganisms involved in the for-
mation of problematic microbial ecosystems found in the walls and speleothems of the
Petralona Cave using 16S and 18S rDNA amplicon sequencing approaches. We also wanted
to test the impact of two different EOs, particularly cinnamon and oregano, on the inves-
tigated microflora. Our findings indicate that emulsions of EOs may be efficient against
unwanted biofilms formations on cave walls.

2. Materials and Methods
2.1. Sampling

Samples of unwanted microbial mat found in the Petralona Cave of Chalkidiki were
collected from one black and two green spots covering the cave walls. The sampling spots
were selected based on the recommendations of the scientific personnel and represented
the most severely affected areas found in the cave. This was also corroborated by our own
visual assessment since both the green and black spots which were sampled displayed the
highest levels of contamination from the unwanted microbial mats within the cave.

Biomass from the surface of the spots was collected using cotton swabs that had previously
been immersed in buffered peptone water. In the case of black biofilm, additional scraping
was conducted using a sterile scalpel, since the biomass obtained was low. The samples were
transferred to the laboratory at 4 ◦C. Upon arrival, the samples were observed under the
microscope with a 100× oil immersion lens to assess the presence/absence of photosynthetic
or other microorganisms. Samples were subsequently stored at −20 ◦C until use.

2.2. DNA Extraction

The microbial biodiversity of the samples from the Petralona Cave was studied using
amplicon sequencing. The isolation of the total DNA of the ecosystem of the two green
spots, as well as that of the black spot, was achieved using the DNeasy PowerFood Microbial
Kit (Qiagen) with slight modifications. Briefly, the cotton was scraped from the swabs
with a sterile scalpel so that all biomass was collected in an Eppendorf tube. Then, 500 µL
Ringer (half strength) was added and after centrifugation (10,000× g for 3 min), 100 µL of
lysozyme (50 mg/mL) and 10 µL of lyticase (10,000 U/mL) were added to the pellet and
incubated at 37 ◦C for 30 min. The samples were centrifuged (10,000× g for 3 min) and the
DNA from the pellet was extracted according to the manufacturer’s instructions, including
a step of mechanical lysis with glass beads and rigorous vortexing for 10 min. Eluted DNA
was stored at−20 ◦C. The DNA concentration and the 260/280 and 260/230 nm ratios were
measured using a nanodrop device. 16S rDNA was PCR amplified and analyzed by gel
electrophoresis to verify the absence of inhibitors that would cause problems during DNA
library construction. Specifically, 16S rDNA PCR was performed using the primers: 16S-F
5′-GGAGAGTTAGATCTTGGCTCAG-3′ and 16S-R 5′-AGAAAGGAGGTGATCCAGCC-3′.
PCR products were used for gel electrophoresis to assess the quality of the DNA samples.

2.3. Sequencing and Bioinformatics Analysis—16S and 18S rDNA Analysis

The microbial ecosystem from the different sites was analyzed by 16S and 18S rDNA
amplicon sequencing to characterize the prokaryotic and eukaryotic microorganisms, re-
spectively. Library construction, sequencing, and quality control were performed at Molecu-
lar Research DNA (MR DNA, Shallowater, TX, USA). The sequencing reads were imported
to the CLC genomics workbench ver. 22 (Qiagen, Hilden, Germany) and the overall analy-
sis was performed as described previously [16]. In brief, chimeric sequence removal and
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operational unit (OTU) assignment was achieved using the default parameters. For both
16S rDNA and 18S rDNA, genus level OTUs were inferred by using the Silva databases
version 132, clustered at 97% identity (Table 1). From all 16S rDNA sequencing datasets,
the reads from Cellulocimicrobium sp. were excluded from the analysis as contamination
from the lyticase reagent used during DNA extraction [17,18].

Table 1. Number of reads and OTUs for 16S rDNA and 18S rDNA amplicons of the three samples.

16S rDNA Amplicon 18S rDNA Amplicon

Samples Number of Reads * Number of OTUs Number of Reads * Number of OTUs

Green Spot 1 32,466 184 50,601 35
Green Spot 2 31,439 221 5761 35

Black Spot 24,411 189 44,977 59
* Numbers refer to reads assigned to OTUs at the genus level after quality control, removal of chimeric sequences
and taxonomic assignment.

OTU picking was performed closed to increase the number identified taxa. Alpha-
diversity was calculated to assess the adequacy of the sequencing depth of the three samples.
Functional analysis of operational taxonomic units (OTUs) of the microbial ecosystems was
performed through in silico predictions with PicRust2 [19] and the CLC Microbial Genomics
Module’s Infer Functional Profile tool as implemented in the CLC genomic workbench.
The functional predictions were based on the EC functional term counts associated with
16S regions in prokaryotes and 18S regions in eukaryotes, using the EC database. The
EC numbers were further investigated via heatmap analysis which was performed with
normalized clustered Euclidean distances across the samples using default parameters in
the CLC genomic workbench.

2.4. Application of the Essential Oil Emulsions

Oregano (code:e0070) and cinnamon (code: e0035) EOs were purchased from the PLA-
TON S.A. company. The emulsions applied contained 0.15% oregano oil, 0.4% cinnamon
oil, and a mixture of the two oils each in the quantities mentioned above. The main active
ingredient in the cinnamon EO solution is Cinnamaldehyde/3-phenyl-propen-2-al. This
substance is present in the preparations in the percentage indicated for cinnamon, i.e.,
0.4%. In contrast, oregano oil has a carvacrol content of about 70%, which means 0.4%
oregano oil corresponds to ca. 0.28% carvacrol. The solutions were prepared in water
using polyethylene glycol as an emulsifier. The EOs were applied on the three sampling
spots and the viability of the biofilms was assessed with the Charm Firefly2 luminometer,
which is appropriate for measuring ATP on various surfaces, reflecting the efficiency of
hygiene treatments. Successive spraying of the areas with the three solutions of the EOs
was followed. Firstly, the oregano oil was applied for three minutes on the selected area
and ATP measurements were performed. After the first spraying, a second one followed
with the cinnamon solution. The same procedure was repeated and finally the mixture of
the two EOs was applied. ATP concentration was expressed as relative light units (RLU)
(1 RLU equals 1 fmol ATP) and the results were compared before and after the application
of EOs to evaluate their effectiveness.

2.5. Statistical Analysis

The values of the percentage (%) of ATP reduction in the black spot and the green
spots were compared using analysis of variance (ANOVA) for p < 0.05 followed by the
least significant difference (LSD) posthoc test as implemented in Statgraphics XV (Statpoint
Technologies Inc., Warrenton, VA, USA).

3. Results and Discussion
3.1. Observation through Microscopy

The conditions of the cave under which the various treatments were performed were:
83.0 ± 2.0% humidity, 19.5 ± 0.9 ◦C, 19.00 ± 0.75% O2, and 506 ± 16 ppm CO2. In the
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Petralona Cave, the wall microbial communities have spread in many areas, including the
cave entrance and deeper regions as well. We were directed by the scientific personnel of
the cave to some of the most problematic spots at which biofilm formation was considered
to alter the original view of the cave significantly. Two green spots and one black spot were
selected for sampling (Figure 1).
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Figure 1. Interior walls of the Petralona Cave where sampling was conducted. The samples were
obtained from three distinct spots: Green Spot 1 (A), Green Spot 2 (B), and the Black Spot (C).

Under the microscope, the samples appeared heterogeneous, and a variety of microbial
cell morphologies were visible. Coccoid and bacillary forms were some of the distinctive cell
shapes which could potentially belong to bacterial cells. Within both green and black spots,
large spheres with irregular surfaces were also occasionally seen. The samples derived
from green Lampenflora mainly consisted of green microorganisms although in some cases
brown–red cell formations were also spotted. The morphology of the organisms does not
allow us to distinguish whether they are algae or Cyanobacteria. Greenish microorganisms
were also detected in the black spots. Some brown–red cell formations were observed as
well (Figure 2).
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3.2. Description of the Biodiversity of Prokaryotic Microorganisms in the Petralona Cave Biofilms

The 16S rDNA amplicon sequencing results were analyzed to identify the prokaryotic
microorganisms that make up the ecosystems of the three samples. Alpha-diversity analysis
showed that the sequence depth was adequate for the three samples. It also demonstrated
that Green Spot 2 had a greater complexity than both Green Spot 1 and the Black Spot
(Figure 3A).
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using the total number of OTUs at genus level (A). Venn diagram illustrating the common and
distinct genera among the samples Green Spot 1, Green Spot 2, and the Black Spot. Each sample is
represented by a separate circle, and their intersections show the shared genera among them (B).

At the kingdom level, the dominant prokaryotic microorganisms across all three samples
were identified as Bacteria (>99% abundance), with only a very small proportion belonging to
Archaea. The clustering of 16S rDNA reads of the three samples based on phylum, order, and
genus levels is shown in Figure 4. As it is evident there is a rich biodiversity in the samples
while it also appears that there are some common microorganisms found among them.

The predominant phyla were Proteobacteria ranging between 44% and 76% apart from
Green Spot 2, in which Actinobacteria appeared with the highest abundance of 47%. In
the other two samples Actinobacteria were the second largest population with abundance
ranging from 12 to 18%. Overall, Proteobacteria have previously been described in studies
on cave biota. More specifically, Proteobacteria dominated in the investigated biofilms found
in the Wind Cave in the USA [20], in the limestone microbial mats in the Frassasi Cave in
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Italy [21], and on the walls of the Yumugi River Cave in New Guinea [22]. Proteobacteria
are known for their capacity to degrade a variety of organic substrates and this may partly
explain the fact that they can prevail even in caves where the conditions such as pH,
temperature, and nutritional stress are not expected to be favorable for their growth [23].
Actinobacteria are also very common in caves [24–26]. Cave-dwelling Actinobacteria are
unique because they live in extreme and often pristine environments, which can result
in the exploitation of various metabolic pathways, including biomineralization, rock-
weathering [27], and biodegradation [28]. Actinobacteria are capable of scavenging trace
gases from the atmosphere, such as H2 and CO. This ability allows them to contribute
to the primary productivity, colonization, and development of microbial life in nutrient-
poor habitats (i.e., oligotrophic cave environments) [29]. Bacteroidetes constituted the
third most abundant phylum in both Green Spot 1 and Green Spot 2, accounting for 9%
and 7% of the microbial population, respectively. In the Black Spot, Chloroflexi was the
third most prevalent phylum, comprising 6% of the total population. Firmicutes followed,
representing 2% of the microbial community in both Green Spot 1 and the Black Spot,
but showing a much lower percentage in Green Spot 2 (<1%). The phyla Bacteroidetes,
Chloroflexi, and Firmicutes are frequently identified in cave ecosystems and have significant
ecological roles [2,30]. Bacteroidetes are recognized for their capacity to break down complex
organic compounds and therefore may serve as key decomposers in cave environments [31].
Chloroflexi, being photosynthetic bacteria that utilize light to produce energy [32] could be
detected in cave ecosystems where there is some degree of light penetration. Additionally,
Chloroflexi have been identified as heterotrophic oligotrophs, with a notable ability to
metabolize plant polymers and adapt to nutrient-limited oligotrophic conditions [33].
Previous research has emphasized the crucial role of these bacterial groups in carbon
and nutrient cycling in aquatic ecosystems [34]. In addition, the two green spot samples
contained photosynthetic Cyanobacteria, but with limited abundance (ca. 1% in both spots).
Other phyla found in the samples were Acidobacteria, Verrucomicrobia, Planctomycetes, and
Thaumarchaeota which are all common in caves and soils [35].
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The present research reveals that the predominant classes were Alpha-Proteobacteria
and Gamma-Proteobacteria, which accounted for a range of 27.2% to 48.6% and 16.7% to
31.3%, respectively, in the three samples. Alpha-Proteobacteria and Gamma-Proteobacteria
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are two diverse classes found in many terrestrial and marine environments, including
caves [36], and contain genera that are photrophic, plant symbionts and some can be biolu-
minescent [37]. These two classes were found to be the main representatives of Proteobacteria
in many studies conducted in caves such as the Iron Curtain Cave in Canada [38], the
Spider Cave, and the Lechuguilla Cave in New Mexico [39] and various caves of Mizoram
in Northeast India [40]. Actinobacteria was the most frequent class of Actinobacteria phylum
in all the samples appearing with up to 45.6% abundance in the Green Spot 2.

Rhizobiales were the most prevalent order of Green Spot 1 and the Black Spot, represent-
ing 40.9% and 34.7% of the microbial population, respectively. In both Green Spot 1 and the
Black Spot, Micrococcales were the second most frequent order in the bacterial communities,
with 11.1% and 16% abundance, respectively. However, at Green Spot 2, Micrococcales was
the most prevalent order, representing 39.2% of the microbial population, while Rhizobiales
appeared second with 26.1% abundance. Several new species of Rhizobiales have been
identified in caves, where they thrive in underground habitats [22,41]. These species are rec-
ognized for their ability to perform nitrogen fixation and for their significant involvement in
the breakdown of organic materials [42,43]. In a study conducted in a cave in north-western
Romania, Micrococcales were among the members of the analyzed bacterial communities [44].
In another study, Micrococcales were also identified as one of the bacterial orders existing
in the Yumugi River Cave [22]. Members of the Xanthomonadales and Pseudomonadales were
classified as the next two richest orders with the first reaching a 15.4% abundance in the
Black Spot and the second 10.1% and 8.7% in Green Spot 1 and Green Spot 2, respectively.
Xanthomonadales were previously detected in various caves, including a karstic cave in
Slovenia [23], a cave in north-western Romania [44], and in the yellow colonizations present
on the walls of the Altamira Cave in Spain [26]. In the same caves investigated by Bogdan
et al. and Portillo et al., the order Pseudomonadales was also present in the sediments and wall
samples. Two additional notable orders, Betaproteobacteriales and Sphingomonadales were also
detected. Betaproteobacteriales was at its highest abundance in the Black Spot at 9.5%, while
Sphingomonadales was at its highest abundance in the Green Spot 1 (5.8%). Betaproteobacteriales
is a diverse order of bacteria that have frequently been detected in various environments,
including caves [25,29]. Some Betaproteobacteriales members are involved in nitrogen cycling,
while others are involved in sulfur cycling [45,46]. Sphingomonadales have also been found
to colonize caves. They are capable of utilizing different organic compounds as energy and
nutrient sources, which allows them to survive and grow in such environments [44,47].
Furthermore, bacteria of the orders Sphingobacteriales, Thermomicrobiales, and Cytophagales
were also present in our samples but with lower abundances. Of note, Thermomicrobiales
were identified in a significant amount in the Black Spot, with 6% abundance. This order
has previously been identified in samples obtained from a fresco painting inside the Cave
Church of the Sts. Peter and Paul [48]. In addition, it has been observed that bacteria of this
order, which are capable of withstanding stressful conditions, have demonstrated improved
functional pathways related to the metabolism of amino acids and carbohydrates [49]. These
metabolic pathways have been reported to act as agents of osmotic adjustment, allowing the
bacteria to cope better with severe drought stresses.

At the genus level, multiple genera were identified in the samples with varying
abundances. Phyllobacterium was the most common genus, with the highest percentages in
Green Spot 1 (21.8%) and the Black Spot (14.3%), but with a lower percentage in Green Spot
2 (5%). In Green Spot 2, bacteria from the Devosiaceae family, assigned as ambiguous taxa,
were the most abundant (13.6%), followed by Isoptericola (11.5%), and Demequina (11.2%).
The abundance of these genera was very low in the other two samples. Promicromonospora
had a higher abundance in Green Spot 2 and the Black Spot, with 9.4% and 7%, respectively,
while in Green Spot 1, it appeared with only <1% abundance. Pseudomonas and members
of the Rhizobium/Agrobacterium group were present in all samples (ranging from 6.1% to
10% and 6.4% to 8.8%, respectively). Other notable genera identified in all three samples,
but with varying abundance levels, included Pseudoxanthomonas, Stenotrophomonas, and
Devosia. Previous studies conducted in caves are in agreement with our results regarding the
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presence of all the genera of Proteobacteria that we have described above [50]. Phyllobacteria
are typically associated with plants and are commonly found in root nodules [51] and the
rhizosphere [52], but they have also been discovered in subterranean environments such
as Roman catacombs [53] and caves like Lascaux [54], Ardales [55], and El Castillo [56].
Phyllobacteria are also present as free-living bacteria in both soil and water [57], indicating
their adaptive capacity to thrive in diverse environments. In addition, Duncan et al., who
investigated the microbial populations from the nutrient-limited Lechuguilla and Spider
caves, revealed that Pseudomonas, Stenotrophomonas, and Pseudoxanthomonas were part of
the investigated ecosystems [39]. Pseudomonas are ubiquitous bacteria that are involved in
organic matter degradation and have been found in various environments such as water,
soil, and plants [58]. In addition to Pseudomonas, other Gram-negative bacteria such as
Stenotrophomonas and Rhizobium are commonly associated with cyanobacterial filaments and
nitrogen assimilation in underground environments and caves [59,60]. Devosia have been
also detected in various caves, including the Iron Curtain Cave in Canada and caves in
the mountains of the Hindu Kush [38,61]. Moreover, previous studies have also reported
the presence of Promicromonospora and Isoptericola in cave environments. For example,
Promicromonospora were isolated from the Hampoeil Cave [62] and from the environment
of the Zuheros Cave in Córdoba [63]. Isoptericola was found in St. Agatha’s Catacombs in
Rabat in Malta [63] and in the Sigangli Caves in China [28]. Isoptericola species have been
found to exhibit mineral-weathering and chitin-degrading capabilities [64,65], which could
be an important source of nutrients for other organisms in cave ecosystems. Although
the presence of Demequina in caves has not been studied extensively, the genus has been
identified in many environmental habitats, including soil, sediment, and water [66].

3.3. Description of the Biodiversity of Eukaryotic Microorganisms in the Petralona Cave Biofilms

In addition to a diverse assortment of bacteria, the samples exhibited a variety of
eukaryotic microorganisms. The 18S rDNA amplicon sequencing results were analyzed to
identify the eukaryotic microorganisms that participate in the formation of the ecosystems
of the three samples. Alpha-diversity confirmed that the sequence depth was adequate for
all three samples, and revealed that the Black Spot had a greater complexity than the other
two ecosystems (Figure 5).
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Figure 5. Alpha-diversity analysis of 18S rDNA reads for a maximum depth of 20,000 read counts
using the total number of OTUs at genus level (A). Venn diagram illustrating the common and distinct
genera among the samples Green Spot 1, Green Spot 2, and Black Spot. Each sample is represented
by a separate circle, and their intersections show the shared genera among them (B).

Upon conducting primary analysis of the samples at the kingdom level, it was ob-
served that the greatest proportion of eukaryotic organisms detected in the samples were
unspecified microorganisms. This is a frequent occurrence since environmental samples
exhibit a vast array of biodiversity, and numerous microorganisms from such ecosystems
cannot be cultured in a laboratory, therefore remaining unidentified. Consequently, we
only proceeded with analyzing eukaryotic organisms that could be identified which all
belonged to Eukaryota (Figure 6).

At phylum level, in the Green Spot 1 sample, the SAR supergroup, consisting of
Stramenopila, Alveolata, and Rhizaria, clearly dominated (93%). The SAR supergroup was
also present in the other two samples but in decreased abundance, specifically, 24% in Green
Spot 2 and 13% in the Black Spot. This supergroup includes a variety of organisms such as
diatoms, algae, ciliates [67], and foraminifera [68], and is known to thrive in cave ecosys-
tems [69,70]. In both the Green Spot 2 and Black Spot samples Opisthokonta dominated with
high percentages (>73% abundance). In Green Spot 1, Opisthokonta is also present, but it
accounted for just 5% of the sample. Opisthokonta is a taxonomic supergroup that includes
various eukaryotic organisms, like fungi, animals, and some protists [71]. Many species
of opisthokonts are found in caves [30,69], where they can exhibit important ecological
roles as decomposers [72], predators [73], and symbionts [74]. Overall, Opisthokonta are
significant contributors to the biodiversity and ecological intricacy of cave ecosystems.
Other phyla present in the samples include Excavata, Archaeplastida, and Amoebozoa. These
phyla are distributed with different percentages among the three samples and are often
found in various habitats, including caves [70]. Excavata is a diverse group of unicel-
lular organisms that includes parasites [75] heterotrophic predators and photosynthetic
members [68,76]. Archaeplastida consists of eukaryotic organisms that include green algae,
red algae, and land plants [77]. Although most members of Archaeplastida are not typically
found in caves, there are some studies which had previously reported their presence in such
environments [78]. Amoebozoa is a group consisting of various species of both free-living
amoebae and parasites [79]. Among these species, some are known to inhabit cave systems
and play significant ecological roles [80].
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In terms of the order taxonomy, Ochrophyta, Metazoa, and Fungi were some of the
most prominent groups with abundances that varied a lot among the samples. Specifically,
Ochrophyta accounted for 91.1% and 1.8% of the total samples in Green Spot 1 and Green
Spot 2, respectively. Ochrophyta, are a diverse group of photosynthetic organisms that
include diatoms, brown algae, and some golden algae [81]. While they are typically associ-
ated with aquatic environments, [82] some species have been also found in caves [83,84]. In
addition, researchers have previously described Ochrophyta as part of the cave Lampenflora,
growing close to artificial lighting [85]. In the Black Spot, Metazoa appeared to be the most
frequently observed order occupying 62.6% of the community. Furthermore, Ciliophora
were also identified in a significant amount in the Black Spot, accounting for 11.3%, while
this order had a very low presence in Green Spots 1 and 2 (<1%). Caves are known to harbor
a diverse range of Metazoa, including obligate cave dwellers and edaphic species [86] and
consist of many bacteria-feeding members [87]. Ciliophora are eukaryotic, often parasitic
organisms which have been also identified in caves [88]. In Green Spot 2, Fungi were the
most abundant order, reaching 70%, followed by Cercozoa at 15.4%. Fungi were also present
in Green Spot 1 and the Black Spot, but with lower percentages, specifically 5% and 24.4%,
respectively. Cercozoa also appeared in low populations in Green Spot 1 (1.9% abundance)
and in the Black Spot (1.7% abundance). Fungi are particularly abundant in caves, where
they can break down organic matter and recycle nutrients in the nutrient-poor environment.
Some species of fungi form mutualistic relationships with other organisms (lichens), such
as fungi, algae, or cyanobacteria [74]. Cercozoa are commonly found in soil and aquatic en-
vironments [89]. Although there is limited research on their occurrence in cave ecosystems,
some studies have suggested that Cercozoa may be present in such habitats [70]. Cercozoa
are known to be important predators of bacteria and can participate in the regulation of
microbial communities in caves [90]. In Green Spot 2 Labyrinthulomycetes (6.8%), members
of Nucleariidae and Fonticula (2.9%) group and Chlrorophyta (2%) were also found in notable
abundances. Discicristata is another order which was detected in Green Spot 1 (2%) and the
Black Spot. Previous studies have also reported the presence of Labyrinthulomycetes [69]
and Chlrorophyta [91] in caves. In particular, Chlorophyta, which consist of photosynthetic
members, have been characterized as part of cave Lampenflora [92].

The microbial communities of the three cave spots (Green Spot 1, Green Spot 2, and
the Black Spot) showed significant differences at the genus level. In the Green Spot 1, the
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genus Spumella, which is an alga, seemed to be clearly dominant occupying 90.2% of the
total sample. Spumella has previously been isolated from Lampenflora in Carlsbad Cavern
in New Mexico [85] and from ice obtained from the wall areas of the Scarisoara ice cave
located in Romania [93]. This genus consists of non-photosynthetic unicellular flagellates
with some species being bacterivores [94]. Mortierella (49.0%), a genus of fungi known for
its ability to degrade plant litter and produce compounds beneficial for microorganism
growth [95], was the most abundant genus in Green Spot 2, along with members of
the genus Proleptomonas (15.0%), a flagellated protozoa typically found in soil [96]. The
presence of Mortierella members has been reported in the sediments of the Castañar Cave,
in Spain [97], and other cave systems [2]. However, we could not find reports about the
presence of Proleptomonas in caves and its ecological role in such habitats. In the Black Spot,
the genus Rhabditida predominated with 55.7%, followed by members of the Colpodida class
with 10.9%, which could not be classified at genus level and is thus referred to as ambiguous
taxa. Another important genus which appeared in notable abundances is Penicillium (9.4%
in the Black Spot, 3.8% in Green Spot 2, and 3.4% in the Green Spot 1). Additional genera
were also identified such as Trichocephalida, Exophiala, and Tetramitus, but with decreasing
abundances. Rhabditida is a group of nematoda that includes both free-living and parasitic
species [98] and have been found to inhabit caves [86]. Members of Rhabditida are often
found living in close association with other organisms, such as insects, plants, and fungi [87].
Rhabditophanesschneideri, a species of nematode belonging to Rhabditida, was discovered
to be phoretic on a cave-dwelling pseudoscorpion species as a means of survival [98].
Members of Colpodida can be found in various environments, including soil [99] and also in
caves as in the case of the Frasassi Cave in Italy [100]. Colpodida thrives in environments
with high levels of bacteria, as some of them are bacterivorous [101]. Penicillium is a genus
of fungi that includes several species that are commonly found in caves. Its presence
has been identified in the Cave of Bats, in Spain [60], and also in the Petralona Cave in a
previous study [13].

3.4. Functional Analysis Using PICRUST2

The functional profiles of the collected samples’ microbial communities were predicted
by utilizing PICRUSt2 [19] based on the 16S and 18S rRNA sequences. By employing the
Enzyme Commission (EC) database, the analysis revealed the presence of five major func-
tional enzymatic categories (EC level 1) in both prokaryotic and eukaryotic ecosystems,
namely oxidoreductases, transferases, hydrolases, lyases, and ligases. Heatmaps were
constructed for both the 16S and 18S sequences, demonstrating that the analysis at EC level
1 supported that Green Spot 1 and 2 were more similar, while the Black Spot was more
distinct. The observed similarity between the green spots may indicate the presence of com-
mon prevailing species, influencing the gene content within the respective metagenomes.
However, all three samples displayed the presence of the five enzyme categories, but
with varying abundances (Figure 7). Further analysis was conducted on the EC numbers
at level 2, which enabled the identification of sub-subclasses providing a higher degree
of specificity for their functions. The results showed a greater complexity regarding the
grouping of the samples based on their functional profiles (Supplementary Figure S1).
Consequently, additional research is necessary to investigate the specific functions of the
identified enzymes and gain a deeper understanding of the biological roles and interactions
of the species involved in the formation of cave ecosystems.
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3.5. Antimicrobial Action of Essential Oils against the Petralona Cave Biofilms

Certain commercial EO emulsions were applied on the surfaces of the three spots
and ATP measurements were recorded (Table 2). It appears that the treatment of the
speleothems with EOs was effective. In all cases, after the application of the emulsions
for 3 min the percentage of ATP of the microbial communities was reduced on the tested
surfaces. More specifically, the treatment with oregano EO was able to reduce the ATP
levels by 44–86% and 77% when applied on the green and the black biofilms, respectively.
Consecutive spraying with cinnamon EO resulted in further reduction in the ATP levels. In
particular, when sprayed on the green spots the ATP reduction increased to 88–93% for the
green spots and 89% for black area. Finally, the direct application of the mixture of both
solutions caused a significant reduction of ≥95% in the measured ATP levels of both areas.

Table 2. Bioluminescence measurements in RLU units of speleothems before and after the application
of essential oils of 0.15% oregano, 0.4% cinnamon, or their mixture, for 3 min (each).

ATP (RLU) Before EO Treatment After Oregano Oil
Treatment

After Cinnamon Oil
Treatment

After Application of the Mixed
Solution (Oregano and Cinnamon Oil)

Area 1 (green spot) 867.200 481.929 (44%) * 103.450 (88%) 45.163 (95%)
Area 2 (green spot) 148.226 20.561 (86%) 9.689 (93%) 5.719 (96%)
Area 3 (black spot) 299.099 70.206 (77%) 33.453 (89%) 16.230 (95%)
Mean % average 0 ± 0% a 69.0 ± 22.1% b 90.0 ± 2.6%c 95.3 ± 0.6% c

* % reduction; letters in superscript indicate statistically homogeneous groups.
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The application of control systems for cultural heritage assets involves continuous
monitoring, diagnosis of biodeteriogens, and treatments. Green restoration has gained
attention for its use of environmentally friendly and safe substances, with EOs being
considered an alternative to synthetic biocides due to their natural and non-toxic properties.
As described, EOs seem to be a promising solution for cultural heritage preservation,
focusing on their antimicrobial properties [102].

EOs seem to be a promising solution for dealing with the problematic flora which may
appear on the walls and speleothems of caves. EOs have shown potential in damaging
bacteria through various mechanisms. They can react with the peptidoglycan of Gram-
positive bacteria, damaging their membrane [103]. In addition, studies indicate that EOs can
disrupt the regulation of potassium transport in bacteria, leading to excessive potassium
leakage and cell death [12]. They also affect cell membrane permeability, causing the
leakage of carboxyfluorescein loaded cells, suppressing bacterial growth [104,105]. Thymol
and carvacrol, two EO components, have been found to increase the intake of N-phenyl-L-
naphtylamine (NPN), suggesting the presence of large membrane pores [106]. Maintaining
a pH gradient is vital for cell survival. EOs have been shown to alter the internal pH of
bacteria, with oregano, savory, cinnamon, bergamot, orange, and vanillin oils affecting the
pH gradient of various bacterial strains [107–110].

Another study aimed at preserving oil paintings while addressing the challenge of
direct contact between EOs and surfaces, which can result in unexpected reactions with
pigments and potential solvent effects. The study focused on testing oregano and clove EOs,
known for their inhibitory properties, with a special emphasis on their volatile components.
The findings indicated that particularly the volatile elements in oregano EO, successfully
prevented the growth of potential biodeteriogens [111].

Regarding the antimicrobial potential of the EOs tested in our study, the application
of the solutions on Lampenflora seems to be successful. After applying the oils for 3 min,
they all effectively reduced the ATP percentage of the microflora on the cave surfaces.
ATP measurement is a quantitative indicator of cell metabolism, commonly used in en-
vironmental microbiology to assess microbial activity in aquatic environments, oil slicks,
caves, and to monitor bacterial contamination in food, pharmaceutical, and related in-
dustrial facilities [112]. Our findings are supported by other studies, demonstrating that
EOs and their components such as carvacrol, eugenol, and cinnamaldehyde can reduce
ATP production within bacterial cells [110,113,114]. For instance, oregano EO has been
shown to effectively reduce intracellular ATP levels in Staphylococcus aureus [113]. Similar
findings were reported by Oussalah et al. [108], who used ATP measurements to confirm
the antibacterial activity of Spanish oregano and Chinese cinnamon EOs against Escherichia
coli O157:H7 and Listeria monocytogenes. Our study demonstrates the antimicrobial action of
EOs against the microbial mats found in the walls of the Petralona Cave. These results are
in agreement with the research conducted by Argyri et al. [13], which showed the biocidal
action of Origanum vulgare EO, among others, against microorganisms isolated from the
Petralona cave walls. Although there are limited studies investigating the antimicrobial
properties of EOs against microorganisms in cave environments, our findings are consistent
with earlier research on the activity of EOs against various bacteria and fungi in different
environments [104,107,115]. During this study, we used EOs in low concentrations, result-
ing in no strong odors being released into the cave environment and there was no adverse
alteration of the color of the rocks during the application of the EOs.

4. Conclusions

The presence of contaminating microbial communities on cave walls and speleothems
may become a significant concern, requiring effective treatment methods. Traditional cleaning
approaches can spread the contamination or damage the cave structures, while chemical
agents may also have negative effects on the cave’s environment. 16S and 18S rDNA
amplicon sequencing has revealed the diverse range of microorganisms present on the
walls and speleothems of the Petralona Cave, identifying various microbial genera and
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shedding light on the ecological complexity of cave ecosystems. Notably, the presence of some
photosynthetic genera suggests their potential association with Lampenflora, which could be
partly attributed to the artificial lighting installed inside the cave. To combat these unwanted
microbial communities, we evaluated the antimicrobial efficacy of oregano and cinnamon EOs
and their impact on ATP levels of the investigated biofilms. Our findings demonstrated that
both essential oils drastically reduced the ATP levels during their application on all the spots
tested. Subsequent spraying with a mixture solution of both EOs resulted in even greater
reductions, reaching up to 96%. The utilization of oregano and cinnamon EOs and their
effectiveness against the unwanted microbial mats found in the Petralona Cave showcases a
novel and environmentally friendly approach to the treatment of microbiologically affected
sites in caves. These results highlight the promising potential of EOs as alternative biocidal
agents against the current methods which may be harmful for both the cave environments and
the safety of visitors as well. Further research on the application of EOs in cave ecosystems is
needed to fully understand their antimicrobial mechanisms and optimize their application
for the control of unwanted microbes in caves.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/microorganisms11112681/s1, Figure S1: Heatmap showing the relative
abundances of the predicted enzyme sub-classes by PICRUSt2 across the three different sampling points
based on 16S rDNA (A–F) or 18S rDNA (G–L).

Author Contributions: Conceptualization, K.P. and P.N.S.; methodology, K.P. and P.N.S.; formal
analysis, N.T. and K.P.; writing—original draft preparation, N.T. and K.P.; writing—review and
editing, N.T., A.O., K.P. and P.N.S.; funding acquisition, P.N.S. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the Palaeoanthropology Speleology Ephorate during the
research project under the title “Cleaning of the speleothems and deodorization of the Petralona cave,
in Chalkidiki” (MIS: 5022250).

Data Availability Statement: Raw sequencing reads have been deposited in the sequence read archive
(SRA) database, under access number SRR25020859 (16S rDNA Green_spot_1),SRR25021158 (16S rDNA
Green_spot_2)SRR25021157 (16S rDNA Black_spot) and SRR25021516 (18S rDNA Green_spot_1),
SRR25021515(18S rDNA Green_spot_2), SRR25021514(18S rDNA Black_spot). The rest of the data
presented in this manuscript is available upon request.

Acknowledgments: We would like to thank Georgios Moulas for supplying us with the final emul-
sions used to treat the cave speleothems.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mulec, J.; Kosi, G. Lampenflora algae and methods of growth control. J. Cave Karst Stud. 2009, 71, 109–115.
2. Pfendler, S.; Karimi, B.; Maron, P.A.; Ciadamidaro, L.; Valot, B.; Bousta, F.; Alaoui-Sosse, L.; Alaoui-Sosse, B.; Aleya, L. Biofilm

biodiversity in French and Swiss show caves using the metabarcoding approach: First data. Sci. Total Environ. 2018, 615, 1207–1217.
[CrossRef] [PubMed]

3. Kurniawan, I.D.; Rahmadi, C.; Ardi, T.E.; Nasrullah, R.; Willyanto, M.I.; Setiabudi, A. The Impact of Lampenflora on Cave-
dwelling Arthropods in Gunungsewu Karst, Java, Indonesia. Biosaintifika J. Biol. Biol. Educ. 2018, 10, 275–283. [CrossRef]

4. Borderie, F.; Denis, M.; Barani, A.; Alaoui-Sosse, B.; Aleya, L. Microbial composition and ecological features of phototrophic biofilms
proliferating in the Moidons Caves (France): Investigation at the single-cell level. Environ. Sci. Pollut. Res. Int. 2016, 23, 12039–12049.
[CrossRef] [PubMed]

5. Piano, E.; Bona, F.; Falasco, E.; La Morgia, V.; Badino, G.; Isaia, M. Environmental drivers of phototrophic biofilms in an Alpine
show cave (SW-Italian Alps). Sci. Total Environ. 2015, 536, 1007–1018. [CrossRef]

6. Cigna, A. The problem of lampenflora in show caves. In Proceedings of the 6th ISCA Congress, Liptovský Mikuláš, Slovakia,
18–23 October 2010; pp. 201–205.

7. Lamprinou, V.; Danielidis, D.; Pantazidou, A.; Oikonomou, A.; Economou-Amilli, A. The show cave of Diros vs. wild caves of
Peloponnese, Greece-distribution patterns of Cyanobacteria. Int. J. Speleol. 2014, 43, 335–342. [CrossRef]

8. Mulec, J. Lampenflora. In Encyclopedia of Caves; Academic Press: Cambridge, MA, USA, 2019; pp. 635–641.

https://www.mdpi.com/article/10.3390/microorganisms11112681/s1
https://www.mdpi.com/article/10.3390/microorganisms11112681/s1
https://doi.org/10.1016/j.scitotenv.2017.10.054
https://www.ncbi.nlm.nih.gov/pubmed/29751426
https://doi.org/10.15294/biosaintifika.v10i2.13991
https://doi.org/10.1007/s11356-016-6414-x
https://www.ncbi.nlm.nih.gov/pubmed/26961535
https://doi.org/10.1016/j.scitotenv.2015.05.089
https://doi.org/10.5038/1827-806X.43.3.10


Microorganisms 2023, 11, 2681 16 of 19

9. Borderie, F.; Tete, N.; Cailhol, D.; Alaoui-Sehmer, L.; Bousta, F.; Rieffel, D.; Aleya, L.; Alaoui-Sosse, B. Factors driving epilithic
algal colonization in show caves and new insights into combating biofilm development with UV-C treatments. Sci. Total Environ.
2014, 484, 43–52. [CrossRef]

10. Nikolic, N.; Subakov-Simic, G.; Golic, I.; Popovic, S. The effects of biocides on the growth of aerophytic green algae (Chlorella sp.)
isolated from a cave environment. Arch. Biol. Sci. 2021, 73, 341–351. [CrossRef]

11. Meyer, E.; Seale, L.D.; Permar, B.; McClary, A. The effect of chemical treatments on Lampenflora and a Collembola indicator species
at a popular tour cave in California, USA. Environ. Manag. 2017, 59, 1034–1042. [CrossRef]

12. O’Bryan, C.A.; Pendleton, S.J.; Crandall, P.G.; Ricke, S.C. Potential of plant essential oils and their components in animal
agriculture—In vitro studies on antibacterial mode of action. Front. Vet. Sci. 2015, 2, 35. [CrossRef]

13. Argyri, A.A.; Doulgeraki, A.I.; Varla, E.G.; Bikouli, V.C.; Natskoulis, P.I.; Haroutounian, S.A.; Moulas, G.A.; Tassou, C.C.;
Chorianopoulos, N.G. Evaluation of plant origin essential oils as herbal biocides for the protection of caves belonging to natural
and cultural heritage sites. Microorganisms 2021, 9, 1836. [CrossRef] [PubMed]

14. Papastefanou, C.; Manolopoulou, M.; Stoulos, S.; Ioannidou, A.; Gerasopoulos, E. Elevated radon concentrations in a Pleistocenic
cave operating as a show cave. Int. Congr. Ser. 2005, 1276, 204–205. [CrossRef]

15. Tzimtzimis, E.; Tzetzis, D.; Achillas, C.; Poulios, S.; Tzioumakis, P.; Darlas, A.; Athanasiou, A.; Aidonis, D.; Bochtis, D.
Understanding Speleology and Paleoanthropology through Digital and Interactive Technologies. In Proceedings of the HCI
International 2022 Posters, Cham, Switzerland, 26 June–1 July 2022; pp. 288–295.

16. Papadimitriou, K.; Anastasiou, R.; Georgalaki, M.; Bounenni, R.; Paximadaki, A.; Charmpi, C.; Alexandraki, V.; Kazou, M.;
Tsakalidou, E. Comparison of the Microbiome of Artisanal Homemade and Industrial Feta Cheese through Amplicon Sequencing
and Shotgun Metagenomics. Microorganisms 2022, 10, 1073. [CrossRef] [PubMed]

17. De Roos, J.; Vandamme, P.; De Vuyst, L. Wort Substrate Consumption and Metabolite Production during Lambic Beer Fermentation and
Maturation Explain the Successive Growth of Specific Bacterial and Yeast Species. Front. Microbiol. 2018, 9, 2763. [CrossRef] [PubMed]

18. Verce, M.; De Vuyst, L.; Weckx, S. Shotgun Metagenomics of a Water Kefir Fermentation Ecosystem Reveals a Novel Oenococcus
Species. Front. Microbiol. 2019, 10, 479. [CrossRef]

19. Douglas, G.M.; Maffei, V.J.; Zaneveld, J.R.; Yurgel, S.N.; Brown, J.R.; Taylor, C.M.; Huttenhower, C.; Langille, M.G.I. PICRUSt2 for
prediction of metagenome functions. Nat. Biotechnol. 2020, 38, 685–688. [CrossRef]

20. Chelius, M.; Moore, J.; Chelius, M.K.; Moore, J.C. Molecular phylogenetic analysis of Archaea and bacteria in Wind Cave, South
Dakota. Geomicrobiol. J. 2004, 21, 123–134. [CrossRef]

21. Macalady, J.L.; Lyon, E.H.; Koffman, B.; Albertson, L.K.; Meyer, K.; Galdenzi, S.; Mariani, S. Dominant microbial populations in
limestone-corroding stream biofilms, Frasassi cave system, Italy. Appl. Environ. Microbiol. 2006, 72, 5596–5609. [CrossRef]

22. Turrini, P.; Tescari, M.; Visaggio, D.; Pirolo, M.; Lugli, G.A.; Ventura, M.; Frangipani, E.; Visca, P. The microbial community of a
biofilm lining the wall of a pristine cave in Western New Guinea. Microbiol. Res. 2020, 241, 126584. [CrossRef]

23. Pasic, L.; Kovce, B.; Sket, B.; Herzog-Velikonja, B. Diversity of microbial communities colonizing the walls of a Karstic cave in
Slovenia. FEMS Microbiol. Ecol. 2010, 71, 50–60. [CrossRef]

24. Burgoyne, J.; Crepeau, R.; Jensen, J.; Smith, H.; Baker, G.; Leavitt, S.D. Lampenflora in a show cave in the Great Basin is distinct
from communities on naturally lit rock surfaces in nearby wild Caves. Microorganisms 2021, 9, 1188. [CrossRef]

25. Gonzalez-Pimentel, J.L.; Martin-Pozas, T.; Jurado, V.; Miller, A.Z.; Caldeira, A.T.; Fernandez-Lorenzo, O.; Sanchez-Moral, S.;
Saiz-Jimenez, C. Prokaryotic communities from a lava tube cave in La Palma Island (Spain) are involved in the biogeochemical
cycle of major elements. PeerJ 2021, 9, e11386. [CrossRef] [PubMed]

26. Portillo, M.C.; Gonzalez, J.M.; Saiz-Jimenez, C. Metabolically active microbial communities of yellow and grey colonizations on
the walls of Altamira Cave, Spain. J. Appl. Microbiol. 2008, 104, 681–691. [CrossRef] [PubMed]

27. Riquelme, C.; Marshall Hathaway, J.J.; Enes Dapkevicius Mde, L.; Miller, A.Z.; Kooser, A.; Northup, D.E.; Jurado, V.; Fernandez,
O.; Saiz-Jimenez, C.; Cheeptham, N. Actinobacterial diversity in volcanic caves and associated geomicrobiological interactions.
Front. Microbiol. 2015, 6, 1342. [CrossRef] [PubMed]

28. Fang, B.Z.; Salam, N.; Han, M.X.; Jiao, J.Y.; Cheng, J.; Wei, D.Q.; Xiao, M.; Li, W.J. Insights on the effects of heat pretreatment, pH,
and calcium salts on isolation of rare Actinobacteria from karstic caves. Front. Microbiol. 2017, 8, 1535. [CrossRef]

29. Ghezzi, D.; Sauro, F.; Columbu, A.; Carbone, C.; Hong, P.Y.; Vergara, F.; De Waele, J.; Cappelletti, M. Transition from unclassified
Ktedonobacterales to Actinobacteria during amorphous silica precipitation in a quartzite cave environment. Sci. Rep. 2021, 11, 3921.
[CrossRef]

30. Alonso, L.; Creuze-des-Chatelliers, C.; Trabac, T.; Dubost, A.; Moenne-Loccoz, Y.; Pommier, T. Rock substrate rather than black
stain alterations drives microbial community structure in the passage of Lascaux Cave. Microbiome 2018, 6, 216. [CrossRef]

31. McKee, L.S.; La Rosa, S.L.; Westereng, B.; Eijsink, V.G.; Pope, P.B.; Larsbrink, J. Polysaccharide degradation by the Bacteroidetes:
Mechanisms and nomenclature. Environ. Microbiol. Rep. 2021, 13, 559–581. [CrossRef]

32. Jagannathan, B.; Golbeck, J.H. Photosynthesis: Microbial. In Encyclopedia of Microbiology, 3rd ed.; Schaechter, M., Ed.; Academic
Press: Oxford, UK, 2009; pp. 325–341.

33. Barton, H.A.; Giarrizzo, J.G.; Suarez, P.; Robertson, C.E.; Broering, M.J.; Banks, E.D.; Vaishampayan, P.A.; Venkateswaran, K.
Microbial diversity in a Venezuelan orthoquartzite cave is dominated by the Chloroflexi (Class Ktedonobacterales) and Thaumarchaeota
Group I.1c. Front. Microbiol. 2014, 5, 615. [CrossRef]

https://doi.org/10.1016/j.scitotenv.2014.03.043
https://doi.org/10.2298/ABS210321027N
https://doi.org/10.1007/s00267-017-0842-3
https://doi.org/10.3389/fvets.2015.00035
https://doi.org/10.3390/microorganisms9091836
https://www.ncbi.nlm.nih.gov/pubmed/34576731
https://doi.org/10.1016/j.ics.2004.11.165
https://doi.org/10.3390/microorganisms10051073
https://www.ncbi.nlm.nih.gov/pubmed/35630516
https://doi.org/10.3389/fmicb.2018.02763
https://www.ncbi.nlm.nih.gov/pubmed/30510547
https://doi.org/10.3389/fmicb.2019.00479
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1080/01490450490266389
https://doi.org/10.1128/AEM.00715-06
https://doi.org/10.1016/j.micres.2020.126584
https://doi.org/10.1111/j.1574-6941.2009.00789.x
https://doi.org/10.3390/microorganisms9061188
https://doi.org/10.7717/peerj.11386
https://www.ncbi.nlm.nih.gov/pubmed/34026356
https://doi.org/10.1111/j.1365-2672.2007.03594.x
https://www.ncbi.nlm.nih.gov/pubmed/17927740
https://doi.org/10.3389/fmicb.2015.01342
https://www.ncbi.nlm.nih.gov/pubmed/26696966
https://doi.org/10.3389/fmicb.2017.01535
https://doi.org/10.1038/s41598-021-83416-5
https://doi.org/10.1186/s40168-018-0599-9
https://doi.org/10.1111/1758-2229.12980
https://doi.org/10.3389/fmicb.2014.00615


Microorganisms 2023, 11, 2681 17 of 19

34. Wieczorek, A.S.; Schmidt, O.; Chatzinotas, A.; von Bergen, M.; Gorissen, A.; Kolb, S. Ecological functions of agricultural soil
Bacteria and Microeukaryotes in chitin degradation: A case study. Front. Microbiol. 2019, 10, 1293. [CrossRef]

35. Dong, Y.; Gao, J.; Wu, Q.; Ai, Y.; Huang, Y.; Wei, W.; Sun, S.; Weng, Q. Co-occurrence pattern and function prediction of bacterial
community in Karst cave. BMC Microbiol. 2020, 20, 137. [CrossRef] [PubMed]

36. Schulz, H.N.; Brinkhoff, T.; Ferdelman, T.G.; Mariné, M.H.; Teske, A.; Jorgensen, B.B. Dense populations of a giant sulfur
bacterium in Namibian shelf sediments. Science 1999, 284, 493–495. [CrossRef] [PubMed]

37. Williams, K.P.; Gillespie, J.J.; Sobral, B.W.; Nordberg, E.K.; Snyder, E.E.; Shallom, J.M.; Dickerman, A.W. Phylogeny of Gammapro-
teobacteria. J. Bacteriol. 2010, 192, 2305–2314. [CrossRef] [PubMed]

38. Ghosh, S.; Paine, E.; Wall, R.; Kam, G.; Lauriente, T.; Sa-ngarmangkang, P.-C.; Horne, D.; Cheeptham, N. In situ cultured bacterial
diversity from Iron Curtain Cave, Chilliwack, British Columbia, Canada. Diversity 2017, 9, 36. [CrossRef]

39. Duncan, T.R.; Werner-Washburne, M.; Northup, D.E. Diversity of siderophore-producing bacterial cultures from Carlsbad caverns
National Park (Ccnp) Caves, Carlsbad, New Mexico. J. Cave Karst Stud. 2021, 83, 29–43. [CrossRef] [PubMed]

40. De Mandal, S.; Chatterjee, R.; Kumar, N.S. Dominant bacterial phyla in caves and their predicted functional roles in C and N
cycle. BMC Microbiol. 2017, 17, 90. [CrossRef]

41. D’Auria, G.; Artacho, A.; Rojas, R.A.; Bautista, J.S.; Mendez, R.; Gamboa, M.T.; Gamboa, J.R.; Gomez-Cruz, R. Metagenomics of
bacterial diversity in Villa Luz Caves with sulfur water springs. Genes 2018, 9, 55. [CrossRef]

42. Addesso, R.; Gonzalez-Pimentel, J.L.; D’Angeli, I.M.; De Waele, J.; Saiz-Jimenez, C.; Jurado, V.; Miller, A.Z.; Cubero, B.;
Vigliotta, G.; Baldantoni, D. Microbial community characterizing vermiculations from Karst Caves and its role in their formation.
Microb. Ecol. 2021, 81, 884–896. [CrossRef]

43. Diaz-Herraiz, M.; Jurado, V.; Cuezva, S.; Laiz, L.; Pallecchi, P.; Tiano, P.; Sanchez-Moral, S.; Saiz-Jimenez, C. Deterioration of an
Etruscan tomb by bacteria from the order Rhizobiales. Sci. Rep. 2014, 4, 3610. [CrossRef]

44. Bogdan, D.F.; Baricz, A.I.; Chiciudean, I.; Bulzu, P.A.; Cristea, A.; Nastase-Bucur, R.; Levei, E.A.; Cadar, O.; Sitar, C.; Banciu, H.L.;
et al. Diversity, distribution and organic substrates preferences of microbial communities of a low anthropic activity cave in
North-Western Romania. Front. Microbiol. 2023, 14, 962452. [CrossRef]

45. Mori, J.F.; Chen, L.X.; Jessen, G.L.; Rudderham, S.B.; McBeth, J.M.; Lindsay, M.B.J.; Slater, G.F.; Banfield, J.F.; Warren, L.A. Putative
mixotrophic nitrifying-denitrifying Gammaproteobacteria implicated in nitrogen cycling within the ammonia/oxygen transition
zone of an oil sands Pit lake. Front. Microbiol. 2019, 10, 2435. [CrossRef] [PubMed]

46. Taubert, M.; Heinze, B.M.; Overholt, W.A.; Azemtsop, G.; Houhou, R.; Jehmlich, N.; Bergen, M.v.; Rösch, P.; Popp, J.; Küsel, K.
Sulfur-fueled chemolithoautotrophs replenish organic carbon inventory in groundwater. bioRxiv 2021. [CrossRef]

47. Marques, E.L.S.; Silva, G.S.; Dias, J.C.T.; Gross, E.; Costa, M.S.; Rezende, R.P. Cave drip water-related samples as a natural
environment for aromatic hydrocarbon-degrading bacteria. Microorganisms 2019, 7, 33. [CrossRef]

48. Dimkic, I.; Copic, M.; Petrovic, M.; Stupar, M.; Savkovic, Z.; Knezevic, A.; Subakov Simic, G.; Ljaljevic Grbic, M.; Unkovic, N.
Bacteriobiota of the Cave Church of Sts. Peter and Paul in Serbia-culturable and non-culturable communities’ assessment in the
bioconservation potential of a peculiar fresco painting. Int. J. Mol. Sci. 2023, 24, 1016. [CrossRef] [PubMed]

49. Li, Y.; Pan, J.; Zhang, R.; Wang, J.; Tian, D.; Niu, S. Environmental factors, bacterial interactions and plant traits jointly regulate
epiphytic bacterial community composition of two alpine grassland species. Sci. Total Environ. 2022, 836, 155665. [CrossRef]

50. Wiseschart, A.; Mhuantong, W.; Tangphatsornruang, S.; Chantasingh, D.; Pootanakit, K. Shotgun metagenomic sequencing from
Manao-Pee cave, Thailand, reveals insight into the microbial community structure and its metabolic potential. BMC Microbiol.
2019, 19, 144. [CrossRef] [PubMed]

51. Valverde, A.; Velazquez, E.; Fernandez-Santos, F.; Vizcaino, N.; Rivas, R.; Mateos, P.F.; Martinez-Molina, E.; Igual, J.M.; Willems, A.
Phyllobacterium trifolii sp. nov., nodulating Trifolium and Lupinus in Spanish soils. Int. J. Syst. Evol. Microbiol. 2005, 55, 1985–1989.
[CrossRef]

52. Oger, P.M.; Mansouri, H.; Nesme, X.; Dessaux, Y. Engineering root exudation of Lotus toward the production of two novel carbon
compounds leads to the selection of distinct microbial populations in the rhizosphere. Microb. Ecol. 2004, 47, 96–103. [CrossRef]

53. Jurado, V.; Laiz, L.; Gonzalez, J.M.; Hernandez-Marine, M.; Valens, M.; Saiz-Jimenez, C. Phyllobacterium catacumbae sp. nov., a
member of the order ‘Rhizobiales’ isolated from Roman catacombs. Int. J. Syst. Evol. Microbiol. 2005, 55, 1487–1490. [CrossRef]

54. Martin-Sanchez, P.; Jurado, V.; Porca, E.; Bastian, F.; Lacanette, D.; Alabouvette, C.; Saiz-Jimenez, C. Airborne microorganisms in
Lascaux Cave (France). Int. J. Speleol. 2014, 43, 295–303. [CrossRef]

55. Dominguez-Monino, I.; Jurado, V.; Rogerio-Candelera, M.A.; Hermosin, B.; Saiz-Jimenez, C. Airborne bacteria in show caves
from Southern Spain. Microb. Cell 2021, 8, 247–255. [CrossRef] [PubMed]

56. Jurado, V.; Gonzalez-Pimentel, J.L.; Fernandez-Cortes, A.; Martin-Pozas, T.; Ontañon, R.; Palacio, E.; Hermosin, B.; Sanchez-Moral,
S.; Saiz-Jimenez, C. Early Detection of Phototrophic Biofilms in the Polychrome Panel, El Castillo Cave, Spain. Appl. Biosci. 2022,
1, 40–63. [CrossRef]

57. Mergaert, J.; Boley, A.; Cnockaert, M.C.; Muller, W.R.; Swings, J. Identity and potential functions of heterotrophic bacterial isolates
from a continuous-upflow fixed-bed reactor for denitrification of drinking water with bacterial polyester as source of carbon and
electron donor. Syst. Appl. Microbiol. 2001, 24, 303–310. [CrossRef] [PubMed]

58. Svec, P.; Kosina, M.; Zeman, M.; Holochova, P.; Kralova, S.; Nemcova, E.; Micenkova, L.; Urvashi; Gupta, V.; Sood, U.; et al.
Pseudomonas karstica sp. nov. and Pseudomonas spelaei sp. nov., isolated from calcite moonmilk deposits from caves. Int. J. Syst.
Evol. Microbiol. 2020, 70, 5131–5140. [CrossRef]

https://doi.org/10.3389/fmicb.2019.01293
https://doi.org/10.1186/s12866-020-01806-7
https://www.ncbi.nlm.nih.gov/pubmed/32471344
https://doi.org/10.1126/science.284.5413.493
https://www.ncbi.nlm.nih.gov/pubmed/10205058
https://doi.org/10.1128/JB.01480-09
https://www.ncbi.nlm.nih.gov/pubmed/20207755
https://doi.org/10.3390/d9030036
https://doi.org/10.4311/2019ES0118
https://www.ncbi.nlm.nih.gov/pubmed/34556971
https://doi.org/10.1186/s12866-017-1002-x
https://doi.org/10.3390/genes9010055
https://doi.org/10.1007/s00248-020-01623-5
https://doi.org/10.1038/srep03610
https://doi.org/10.3389/fmicb.2023.962452
https://doi.org/10.3389/fmicb.2019.02435
https://www.ncbi.nlm.nih.gov/pubmed/31708903
https://doi.org/10.1101/2021.01.26.428071
https://doi.org/10.3390/microorganisms7020033
https://doi.org/10.3390/ijms24021016
https://www.ncbi.nlm.nih.gov/pubmed/36674536
https://doi.org/10.1016/j.scitotenv.2022.155665
https://doi.org/10.1186/s12866-019-1521-8
https://www.ncbi.nlm.nih.gov/pubmed/31248378
https://doi.org/10.1099/ijs.0.63551-0
https://doi.org/10.1007/s00248-003-2012-9
https://doi.org/10.1099/ijs.0.63402-0
https://doi.org/10.5038/1827-806X.43.3.6
https://doi.org/10.15698/mic2021.10.762
https://www.ncbi.nlm.nih.gov/pubmed/34692820
https://doi.org/10.3390/applbiosci1010003
https://doi.org/10.1078/0723-2020-00037
https://www.ncbi.nlm.nih.gov/pubmed/11518336
https://doi.org/10.1099/ijsem.0.004393


Microorganisms 2023, 11, 2681 18 of 19

59. Haynes, R.J. Nature of the belowground ecosystem and its development during pedogenesis. In Advances in Agronomy; Elsevier
Science: Amsterdam, The Netherlands, 2014; pp. 43–109.

60. Urzi, C.; De Leo, F.; Bruno, L.; Albertano, P. Microbial diversity in paleolithic caves: A study case on the phototrophic biofilms of
the Cave of Bats (Zuheros, Spain). Microb. Ecol. 2010, 60, 116–129. [CrossRef]

61. Yasir, M. Analysis of bacterial communities and characterization of antimicrobial strains from cave microbiota. Braz. J. Microbiol.
2018, 49, 248–257. [CrossRef]

62. Hamedi, J.; Kafshnouchi, M.; Ranjbaran, M. A Study on actinobacterial diversity of Hampoeil cave and screening of their
biological activities. Saudi J. Biol. Sci. 2019, 26, 1587–1595. [CrossRef]

63. De Leo, F.; Iero, A.; Zammit, G.; Urzì, C. Chemoorganotrophic bacteria isolated from biodeteriorated surfaces in cave and
catacombs. Int. J. Speleol. 2012, 41, 125–136. [CrossRef]

64. Huang, Z.; Sheng, X.F.; Zhao, F.; He, L.Y.; Huang, J.; Wang, Q. Isoptericola nanjingensis sp. nov., a mineral-weathering bacterium.
Int. J. Syst. Evol. Microbiol. 2012, 62, 971–976. [CrossRef]

65. Wu, Y.; Li, W.J.; Tian, W.; Zhang, L.P.; Xu, L.; Shen, Q.R.; Shen, B. Isoptericola jiangsuensis sp. nov., a chitin-degrading bacterium.
Int. J. Syst. Evol. Microbiol. 2010, 60, 904–908. [CrossRef]

66. Ue, H.; Matsuo, Y.; Kasai, H.; Yokota, A. Demequina globuliformis sp. nov., Demequina oxidasica sp. nov. and Demequina aurantiaca
sp. nov., actinobacteria isolated from marine environments, and proposal of Demequinaceae fam. nov. Int. J. Syst. Evol. Microbiol.
2011, 61, 1322–1329. [CrossRef] [PubMed]

67. Dettner, K. Chemical defense and toxins of lower terrestrial and freshwater animals. In Comprehensive Natural Products II;
Liu, H.-W., Mander, L., Eds.; Elsevier: Oxford, UK, 2010; pp. 387–410.

68. Simpson, A.G.B.; Eglit, Y. Protist Diversification. In Encyclopedia of Evolutionary Biology; Kliman, R.M., Ed.; Academic Press:
Oxford, UK, 2016; pp. 344–360.

69. Jurado, V.; del Rosal, Y.; Gonzalez-Pimentel, J.; Hermosin, B.; Saiz-Jimenez, C. Biological control of phototrophic biofilms in a
show cave: The case of Nerja cave. Appl. Sci. 2020, 10, 3448. [CrossRef]

70. Reboul, G.; Moreira, D.; Bertolino, P.; Hillebrand-Voiculescu, A.M.; Lopez-Garcia, P. Microbial eukaryotes in the suboxic
chemosynthetic ecosystem of Movile Cave, Romania. Environ. Microbiol. Rep. 2019, 11, 464–473. [CrossRef] [PubMed]

71. Wiser, M.F. Protozoa. In Reference Module in Life Sciences; Elsevier: Amsterdam, The Netherlands, 2022.
72. Los Huertos, M. The stage: Typologies of aquatic systems. In Ecology and Management of Inland Waters; Elsevier Science:

Amsterdam, The Netherlands, 2020; pp. 225–256.
73. King, N. Choanoflagellates. Curr. Biol. 2005, 15, 113–114. [CrossRef]
74. Ogórek, R. Fungal communities on rock surfaces in Demänovská Ice Cave and Demänovská Cave of Liberty (Slovakia). Geomicro-

biol. J. 2018, 35, 266–276. [CrossRef]
75. Hampl, V.; Hug, L.; Leigh, J.W.; Dacks, J.B.; Lang, B.F.; Simpson, A.G.; Roger, A.J. Phylogenomic analyses support the monophyly

of Excavata and resolve relationships among eukaryotic “supergroups”. Proc. Natl. Acad. Sci. USA 2009, 106, 3859–3864. [CrossRef]
76. Dorrell, R.G.; Smith, A.G. Do red and green make brown?: Perspectives on plastid acquisitions within chromalveolates. Eukaryot.

Cell 2011, 10, 856–868. [CrossRef]
77. Tikhonenkov, D.V. Predatory flagellates-the new recently discovered deep branches of the eukaryotic tree and their evolutionary

and ecological significance. Protistology 2020, 14, 15–22. [CrossRef]
78. Cahoon, A.B.; VanGundy, R.D. Alveolates (dinoflagellates, ciliates and apicomplexans) and Rhizarians are the most common

microbial eukaryotes in temperate Appalachian karst caves. Environ. Microbiol. Rep. 2022, 14, 538–548. [CrossRef]
79. Schilde, C. Amoebozoa. In Reference Module in Life Sciences; Elsevier: Amsterdam, The Netherlands, 2019.
80. Landolt, J.; Stephenson, S.; Slay, M. Dictyostelid cellular slime molds from caves. J. Cave Karst Stud. 2006, 68, 22–26.
81. Cavalier-Smith, T. Kingdom Chromista and its eight phyla: A new synthesis emphasising periplastid protein targeting, cytoskeletal

and periplastid evolution, and ancient divergences. Protoplasma 2018, 255, 297–357. [CrossRef] [PubMed]
82. Rioux, L.-E.; Turgeon, S.L. Seaweed carbohydrates. In Seaweed Sustainability; Academic Press: San Diego, CA, USA, 2015;

pp. 141–192.
83. Biagioli, F.; Coleine, C.; Piano, E.; Nicolosi, G.; Poli, A.; Prigione, V.; Zanellati, A.; Varese, C.; Isaia, M.; Selbmann, L. Microbial

diversity and proxy species for human impact in Italian karst caves. Sci. Rep. 2023, 13, 689. [CrossRef] [PubMed]
84. van Vuuren, S.J.; du Preez, G.; Levanets, A.; Maree, L. Epilythic cyanobacteria and algae in two geologically distinct caves in

South Africa. J. Cave Karst Stud. 2019, 81, 254–263. [CrossRef]
85. Havlena, Z.; Kieft, T.L.; Veni, G.; Horrocks, R.D.; Jones, D.S. Lighting effects on the development and diversity of photosynthetic

biofilm communities in Carlsbad Cavern, New Mexico. Appl. Environ. Microbiol. 2021, 87, e02695-20. [CrossRef]
86. Abolafia, J.; Peña-Santiago, R. Description and SEM observations of Stegelletina coprophila sp.n. (Nematoda: Rhabditida) from Caves

of Andalucía Oriental, Spain. J. Nematol. 2006, 38, 411–417.
87. Traunspurger, W. Nematoda. In Encyclopedia of Inland Waters; Likens, G.E., Ed.; Academic Press: Oxford, UK, 2009; pp. 372–383.
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