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ARTICLE INFO ABSTRACT

Keywords: The subterranean heritage includes both natural and built sites with a strong cultural and historical fingerprint,
Hypogeum environment some of each being enriched with painted surfaces. These semi-confined environments shelter specific and fragile
Biodeteriogens biodiversity. This paper is focused on the case of a Roman painting (2nd-3rd century AD) located in an un-
I?Zﬁ;na derground archaeological site in Marino Laziale, near Rome, which was opened to the public for the first time in
Conservation 2021. The painted Mithraic scene is in a good state of conservation. The methodological approach included on
Monitoring site and laboratory investigations aimed to screen the main biological components associated to this hypogeum
Mesofauna monument. The observed biodiversity included heterotrophic and chemolithotrophic microorganisms, and a
Microfauna mesofauna composed of eutroglophile and subtroglophile species, characteristic for many subterranean envi-

ronments. The ecological mechanisms and the conservation state of the work of art were analyzed for planning
the best fruition practices. The aesthetic change, the possible mechanical damages induced by various organisms,
and the presence of significant amounts of organic matter, represent the main risks for painting conservation.
These aspects, beside the new possible risks associated with the presence of visitors, are under a constant and

ongoing conservation surveillance program.

1. Introduction

The subterranean cultural heritage is found both in natural envi-
ronments, such as caves (Geneste and Mauriac, 2014; Lasheras et al.,
2014; Mulec, 2014; Ontanon et al., 2014; Pakhunov et al., 2014), and
also in spaces where the original underground morphology was modi-
fied by the man by carving or by preparing the walls for painting (Ma
etal., 2023; He et al., 2021; Tapete et al., 2014). These last ones include
hypogean structures such as catacombs (Cuzman et al., 2014; Gomez--
Bolea et al., 2014), necropolis (Fernandez-Cortes et al., 2014), rupes-
trian churches (Nugari et al., 2009), tomb-chapels (Galan, 2014), Roman
cisterns (Bedetti, 2010), and water tunnels (Garcia-Sanchez et al., 2014).
Different artworks may be hosted on some walls, such as rock art
(Intxaurbe et al., 2020), graffiti (Galan, 2014) or paintings (Nugari et al.,
2009; Bedetti, 2010; Pakhunov et al., 2014), used by human beings as
places of worship since prehistory until more recent times.

These locations are semi-confined environments influenced by the
characteristics of overlying and surrounding terrain, the small variations
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of temperature, the higher concentration of carbon dioxide compared to
the outside due to poor air circulation, and by the high and constant
humidity value (RH > 70% and often higher than 90%) that can easily
lead to condensation phenomena (Albertano et al., 2007; Sanchez-Moral
et al., 2014). These conditions foster biological colonization. The
biodiversity of the caves includes trophic webs with a complexity
depending on the availability of the nutrients (Venarsky and Huntsma,
2018), hosting organisms that can be considered biodeteriogens if they
alter a hypogeum artefact from chemical, physical, aesthetical, or me-
chanical point of view. The main components of the subterranean
communities include microorganisms (mainly actinomycetes, bacteria
and fungi), arthropods, and, occasionally, the phototrophic organisms in
illuminated areas.

The hypogeum sites are fragile microecosystems (Bastian et al.,
2008; Martin-Sanchez et al., 2015) that can be easily disturbed by an-
thropic presence (Mulec, 2014; Frasca et al., 2020). For example, an
increase of CO; level due to the presence of visitors may induce
carbonation phenomena, while the use of light systems can lead to the
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development of phototrophic biofilms. Moreover, the visitors may bring
allochthonous species that may disturb the original biodiversity and the
ecological equilibrium of the hypogean environments, by increasing of
the air microbial load if no or insufficient air change is present (Saarela
et al., 2004).

This work is focused on an old Roman cistern, located in Marino
Laziale, near Rome, where a painted Mithraic scene (2nd-3rd century
AD) in a good state of conservation was discovered by chance in the
1960’s (Bedetti, 2010). An exhibition area, to welcome the visitors, in
front of the Mithraic gallery, protects this cultural heritage, which was
opened to the public in 2021 for the first time. The hosted biodiversity
related with the main biological components of flora, micro and meso-
fauna was investigated within different diagnostic campaigns through
on-site investigations and laboratory investigations. Moreover, the
microclimate was continuously monitored. The ecological mechanisms
present in this hypogean environment and their possible influence on
the conservation state of the Roman painting were analyzed, in order to
propose the best fruition practices for the public.

2. Materials and methods
2.1. Hypogean site

The Mithraeum of Marino (Luvidi et al., 2021) is an important
sanctuary of the Roman era, with a big wall painting (about 2,25 x 1,75
m) representing a tauroctony scene in the main central frame and other
iconographies in the side panels, traditionally associated with the
worship of Mithras (Fig. 1a). The main entrance of the gallery is about 2
m under the current street level and the wall painting located at its end is
about 8-10 m under the ground level. The area (Fig. S1) was originally
used as a cistern and it consists of a narrow corridor (about 30 m length,
3 m width, 3 m height) at the beginning of which, on the left- and
right-hand sides, there are other two small frescoes representing the
torchbearers Cautes and Cautopates (Fig. 1b and c).

2.2. Past and present investigation campaigns

Several on-site investigation campaigns were performed during the
last 17 years with the aim to characterize the whole components of this
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hypogean site. These studies were performed not only to acquire infor-
mation about its historical, cultural, and material value of the site, but
also to better understand its conservation state and how to valorize it,
preventing its equilibrium alteration.

The first scientific investigations in the Mithraic gallery were carried
out by Istituto Centrale di Restauro (ICR, Rome, Italy) between 2006 and
2008 to characterize the painted and unpainted surfaces, their state of
conservation and the environment in which they are located. The ICR
results are summarized in SM1.

Since 2018, the Institute of Heritage Science of the National Research
Council (ISPC-CNR, Italy) has been in charge of carrying out diagnostic
evaluations for updating and defining the conservation state of the site
(Luvidi et al., 2021). A continuous monitoring program of microclimatic
data is still in progress, allowing the visitors access while maintaining
safety conditions for the conservation of the paintings. With the same
purpose, several surveys were performed in 2022 to evaluate the bio-
logical presence. Two campaigns with sampling were performed in
September and October of the same year, while some non-invasive ob-
servations (microscopic and microclimatic) were performed monthly
directly onsite.

2.3. On site investigations

2.3.1. Portable microscopy

The surface of the painting was observed by a portable digital mi-
croscope (Dino Lite Premier Digital Microscope AM7013MZT(R4), at
50x magnification. The microscopic observations were made randomly
on surfaces presenting different alteration phenomena.

2.3.2. Microclimatic monitoring

In August 2018, the microclimate monitoring campaign was
launched in the main spaces of the Mithraeum: the exhibition room and
the Mithraic gallery. Microclimatic monitoring was performed with
Delta Ohm sensors for a period of four years in order to analyze the
thermo-hygrometric conditions of the environments. This monitoring
documented the situation at the end of the restoration campaign and
supported the new project and recovery intervention of the exhibition
room in front of the gallery, aimed at opening the site to the public.

During 2022, several technical surveys were done to check the
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Fig. 1. 3D model of the Mithraic scene (a) located -at the end of the gallery (credits to Andrea Angelini, Roberto Gabrielli and Eleonora Scopinaro - RDR Lab CNR-
ISPC, 2021), the images of the torchbearers located at the beginning of the gallery on the left and right walls (b, ¢) and positioning of the microclimate sensors (d).
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correct functioning of microclimate sensors and signal boosters; some of
them had to be replaced with new sensors due to malfunctions caused by
the extreme humidity conditions (stagnation of water on the sensor and
saline crystallizations which have damaged the battery and electronic
components) or general blackouts of the power grid that interrupted
data acquisition. Following the installation of a UPS system and the
maintenance interventions on the Delta Ohm sensors, their current
positioning (January 2023) is reported in the map in Fig. 1d: outside the
main entrance to the site, in the Mithraic gallery and in the room in front
of it; they are installed at different distances starting from the entrance
to the gallery (staircase) up to the wall where the Mithraic scene is
depicted and at different heights from the floor up to the vault (as the
UNI 10829:1999 standard suggests).

All the microclimate sensors were provided by Delta Ohm company.
Six sensors (model HD 35EDW N/3 TC) installed in the following posi-
tions: outdoor (at the entrance of the site), in the exhibition room and in
the gallery hosting the wall paintings, record the hourly values of
Temperature (°C) and Relative Humidity (RH%). One sensor (model HD
35EDW 1INBTV) was installed at the end of the gallery, close to the
Mithraic scene, to detect hourly concentration of COy (ppm) and one
sonic anemometer (model HD52.3D) was installed in front of the stairs
connecting the exhibition room with the gallery. Finally, three signal
amplifiers have been positioned respectively in the middle of the gallery,
next to the sonic anemometer and in the exhibition room to ensure
proper data streaming from the sensors to the control unit that transmits
the data to the cloud storage.

2.3.3. ATP measurements

The ATP (adenosine triphosphate) was measured in relative light
units (RLU) by using a bioluminometer (3M™ Clean-Trace™ NG
Luminometer) and its specific swabs (3M Clean-Trace Surface3M™)
(Spada et al., 2021). The read values were expressed as RLU/cm?. The
selected areas for the ATP measurements are indicated in Table 1, while
details of the technique are given in SM2.

2.4. Laboratory investigations

Sampling (Table 1) was performed in different ways in order to
analyze the biotic component present in the area of the painting,
avoiding overlapping on the same area as well as on the ones previously
analyzed with the bioluminometer. Details are given in SM3. The sam-
ples for the faunistical investigations were collected with soft brushes,
stored in ethanol 70% v/v.

2.4.1. Microscopy observations

For the microscopic observations, different microscopes (Nikon
Eclipse E600, Axioskope Zeiss, Wild M5 and Wild M20 microscopes and
a Dino-Lite digital microscope) were used. Details are given in SM3.

2.4.2. Isolation of bacterial and fungal strains

Bacteria isolation was performed on nutrient agar (VWR Chemicals)
amended with glucose (0.25%) (NGA) and tryptic soy agar (Fluka
analytical) media, both amended with cycloheximide (250 ppm), while
potato dextrose agar medium (PDA) (VWR Chemicals) amended with
streptomycin (100 ppm) was used for the fungi isolation. Details of the
isolation procedures are reported in SM4.

2.4.3. Molecular analyses

One strain representative of each bacterial and fungal morphology
was chosen to perform the DNA extraction. Details of the procedures are
reported in SM5. The primer pairs and thermal conditions used for DNA
amplification are described in Table SM1. The bacterial and fungal
amplicons were purified by using the PureLink Quick PCR Purification
Kit, Invitrogen. The purity and quantity of the extracted DNA were
checked at NanoDrop ND-1000. DNA sequencing was performed by
BMR Genomics srl (Italy).
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Table 1

Investigated areas and the type of analysis performed on samples. In bold are
indicated the main typologies of alteration that have been investigated, while FT
= Fungi Tape, CS = Cotton Swab, ATP = adenosine triphosphate measurement,
IFB = isolation fungi and bacteria, MA = molecular analysis of the isolates, MO
= microscopic observations in laboratory.

Acronym of  Sampling site and description of the Type of Type of
area alteration phenomena sampling analysis
1 outside of the fresco on the left-hand FT, ATP, IFB,
side, with various dark stains CS MA, MO
difficult to remove, presumable
vermiculations
2 area painted with dark blue color, in FT, ATP, IFB,
the lower left part of the painting, CS MA, MO
with small and diffuse white spots
easy to remove
3 light blue area in the second and third  FT, ATP, IFB,
box (from top to bottom) on the left, CS MA, MO
with dark stains difficult to remove
4 white area in the bottom of the FT, ATP, IFB,
Mithraic scene with small and diffuse CS MA, MO
deposits of a dark color very visible in
raking light, easy to remove
5 area of the coat, with yellow, non- FT, ATP, IFB,
removable stains CS MA, MO
6 light blue area in the second box on - ATP
the left (from top to bottom) of the
Mithraic scene, with dark stains
difficult to remove, similar to area 3
Ddx A right torchbearer with respect to the FT, ATP, IFB,
site entrance, on the lower left part of  CS MA, MO
the black frame, with small island-
shaped white spots, some with a
crystallization aspect, quite easy to
remove
Ddx B torchbearer on the right wall with CS ATP, IFB,
respect to the site entrance, on the MA, MO
upper part of the background, with
extensive whitish stains, difficult to
remove
Dsx A torchbearer on the left wall with - ATP

respect to the site entrance, on the
lower left part of the frame, with small
island-shaped white spots similar to
DdxA, quite easy to remove
Dsx B torchbearer on the left wall with - ATP
respect to the site entrance, on the
upper part of the background, with
extended whitish stains similar to
Ddx B, difficult to remove

Similarities of partial 16S rRNA and ITS rRNA sequences of the
bacterial and fungal strains with known sequences in the NCBI GenBanK
database, were determined by BLASTn (http://blast. ncbi.nlm.nih.gov/
). BLAST results were obtained by only comparing sequences from type
material. Sequences have been deposited in the EMBL/GenBank/DDBJ
nucleotide sequence data libraries.

2.4.4. Fauna observations

For the mesofauna observations in situ a Dino-Lite digital microscope
was used. During the survey in October 2022 some specimens of each
species were also collected for taxonomic identifications under micro-
scopes in the laboratory following Vandel (1960, 1962), Schmalfuss
(2003), Mammola et al. (2018). The microfauna was observed on the FT
tape samples (Table 1) through microscopic observations in the labo-
ratory with the help of Nikon Eclipse E600 and Axioskope Zeiss
microscopes.

2.4.5. Nucleotide sequence accession numbers

The partial 16S rRNA bacterial and the ITS rRNA fungal gene se-
quences were deposited in the EMBL/GenBank/DDBJ nucleotide
sequence data libraries with the following accession numbers: A =


http://blast
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0Q247888; B=0Q248031; G = 0Q248063; H=0Q248064;
1=0Q248065; M = 0Q248067; S=0Q248079 for bacteria and OAl =
0Q257345; OA2 = 0Q257346; OA4 = 0Q257370; OA10 = 0Q257371
for fungi.

3. Results
3.1. On site investigations

3.1.1. Portable microscopy

The on-site observations evidenced the presence of different visible
alteration phenomena (Table SM2), some of them being randomly and
widely extended on large areas of the site walls, independently if these
surfaces are painted or not. This is the case of the black stains attributed
by previous investigations to vermiculation phenomena (§2.2) and of the
light-brown deposits attributed by this work to the fecal pellets
belonging to mesofauna. The microscopic analysis performed on site
revealed evidence of changing morphology of the fecal pellets (Fig. 2a, f)
induced by colonization and degradation of microorganisms (Fig. 2c—e).
This phenomenon occurs not only on the top of the surfaces but also
inside fissures and holes present on the painted surfaces (Fig. 2b), being
widely distributed as well. An attentive observation of the surfaces
revealed the presence of plentiful arthropods moving all around the
walls and investigation details are reported below in §3.3.

3.1.2. Microclimatic monitoring

Compared with the external environment, a substantially stable
microclimatic frame of constant temperature and relative humidity
emerged through the monitoring campaign.

In the warmer months the temperature in the Mithraic gallery is
lower than the external one (between 16 and 17 °C) while in the cold
months the opposite occurs (8-13 °C) (Fig. 3a). The phenomenon that
needs to be monitored is surface water condensation on the wall
paintings, especially on the Mithraic scene. In fact, in the gallery dew
temperature varies between 15 and 17 °C in the summer period and
between 12 and 15 °C in the autumn period. These values, together with
the year-round high relative humidity (100%) (Fig. 3b), cause the
phenomena of water vapor condensation and its following drying of the
painted surface, causing the formation of salt efflorescence. The daily
variations of T(°C) and RH(%) are minimal and therefore negligible. By
analyzing the variation and trend of CO; levels (Fig. 3c), it emerged that
the natural average concentration of the gas on the site without visitors
is around 500 ppm. Consequently, regular peaks high up to twice this
value testify the presence of visitors. In fact they are mostly recorded on
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Saturdays and Sundays, the opening days of the Mithraeum dedicated to
two small groups of 15 visitors per day, staying maximum 30 min in the
site. It takes around 6 h to return to normal levels of concentration after
the visits in the summertime and 8-12 h in the cold season. Other details
of microclimatic monitoring are given in Fig. 3 and SM6.

3.1.3. ATP measurements

ATP measurements performed on-site confirmed the presence of
important amounts of microorganisms on investigated surfaces, and the
further laboratory investigations (§3.2) helped to identify the main
cultivable bacterial and fungal strains through molecular techniques.
The ATP levels (Fig. 4) ranged between 14 327 RLU/cm? (area 6) and 24
010 RLU/cm? (area 3), with the lowest ATP amount (5035 RLU/cm?)
registered for area 4 which contains mainly fecal pellets. The measure-
ments made on the black stain alterations revealed similar values for
area 1 (outside of the fresco) and area 6 (on the fresco), while area 3
showed the highest values. Greater values were also observed for the
areas containing the white spots with crystallization like morphology
(areas Dsx A and Ddx A), followed by the yellow stains alteration and the
other two types of white alteration (areas 2, Ddx B and Dsx B). The high
values obtained for the areas containing the white spots with crystalli-
zation like morphology can be correlated with the microbial degrada-
tion process of the organic material observed on the surface (Fig. 2c-e).
Nevertheless, the lowest ATP value was registered for the area 4 (Fig. 4),
this result is not neglectable, indicating the presence of active micro-
organisms both on the surface and inside the fecal pellets (these ones
being probably quite fresh due to their well-defined morphology).

3.2. Isolation and molecular identification of microbial strains

Several bacterial and fungal colony types were observed on the agar
plates after the appropriate period of incubation. Twenty-six bacterial
and twelve fungal isolates showing various colony morphologies were
picked-up and purified. Examples of the morphology of the pure mi-
crobial cultures representative of the strains obtained in this study are
shown in Fig. S2. Isolates were separated in different groups charac-
terized by identical colony morphology (Table 2). Based on the non-
staining KOH test, twenty bacterial strains were Gram positive and the
remaining six were Gram negative (Table 2). One strain of each type of
bacterial and fungal colony morphology was selected to be identified by
the 16S rDNA gene (for bacteria) and ITS (for fungi) sequence analyses.
All remaining isolates were arbitrarily affiliated to the genus or species
of the strain representative each of group. Results regarding the iden-
tification of the selected seven bacterial and four fungal isolates are

Fig. 2. Morphological aspect of the arthropods fecal pellets dropped both on the surface and inside the irregularities of the fresco painting (a-b), their colonization
and further degradation by white color microorganisms (c—e) with the result of a complete changing of the initial morphology of the pellets (f). Scale bar 1 mm for all

pictures, as indicated in Fig. 2c.
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Fig. 3. Values of Temperature (°C) (a) and Relative Humidity (RH%) (b) hourly registered (from October 2021 to December 2022), and values of CO2 concentration
(ppm) (c) hourly registered in the Mithraic Gallery from January to December 2022. Between September 20th and October 13th CO2 data are missing due to

electrical fault interesting the sensor.

shown in Table 2. Analysis of partial sequence of 16S rDNA gene allowed
to identify three bacterial strains at species level (Bacillus mycoides,
Stenotrophomonas rhizophila and Lysobacter prati) while the remaining
four strains were identified only at genus level (Streptomyces, Rhodo-
coccus and Microbacterium) (Table 2). Gamszarea microspora and Pur-
pureocillium lavendulum fungal species were identified by the analysis of

ITS region, while for the other two strains the identification was only at
genus level (Talaromyces sp. and Podila sp.) (Table 2). All bacterial and
fungal genera identified in this study include species known as common
soil inhabitants and this finding is obviously related to the subterranean
ubication of the painting.

Some genera or species were retrieved from different sampling sites.
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Fig. 4. ATP values measured on the investigated areas described in Tables 1 and 2, according to the following alteration phenomena: light-brown deposits (4,
investigated area (up) and a detail of it (down)), black stains similar to vermiculations (1, 3 and 6), yellow stains (5), white spots easily removable (2), white spots
similar to crystallization phenomena, easily removable (Ddx A and Dsx A), white irregular stains difficult to remove (Ddx B and Dsx B).

In fact, Bacillus mycoides was isolated from all samples, the actinomycete
Streptomyces sp. strain B and the fungus Podila sp. were isolated from six
out of seven sampling sites, the bacterium Stenotrophomonas rhizophila
from four sites while Streptomyces sp. strain S and Rhodococcus sp. from
three out of the seven sampling sites. The samples showing the highest
biodiversity of cultivable microflora were those collected from the right
torch-bearer fresco located at the entrance of the corridor (Ddx A and
DdxB), followed by area 1 (showing black stains, located at the end of
the corridor, near fresco on the wall, see Table 1). In these three loca-
tions the presence of the Gamszarea microspora fungus was also
observed. From sample 4, where fecal pellets were found, two species of
bacteria (Microbacterium sp. And B. mycoides) and one fungus (Podila sp.)
were recovered. This sample is the only one from which the actinomy-
cete Microbacterium sp. was isolated.

3.3. Micro and mesofauna investigations
The attentive observation of the fresco with ranking light (Fig. 5a)

evidenced the presence of different deposits attributed to mesofauna’s
fecal pellets (mainly isopods) with shapes from cylindrical to spherical

until formless, as confirmed by the microscopic observations (Figs. 2,
Fig. 5b and c). The visual inspection revealed mainly the presence of
terrestrial isopods, followed by single species of springtails, mosquitoes,
diplopods and spiders (Fig. 6). Most of the identified species are
considered to be troglophiles (Androniscus dentiger, Trichoniscus matulici,
Chaetophiloscia cellaria, Kryptonesticus eremita and Limonia nubeculosa),
widely distributed in Europe and mainly occurring in subterranean
habitats with a high degree of humidity, like caves and cellars. The
species composition did not vary on the different observation days, due
to the small variation in the microclimatic conditions of the site
throughout the year.

The microscopic observation (in visible and UV light) of the samples
taken with the aid of FungiTape (Scientific Device Laboratory) revealed
the presence of a microfauna composed of mites, millipedes, rotifers and
other unidentified invertebrates (Fig. S3).
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Table 2

International Biodeterioration & Biodegradation 181 (2023) 105605

Identification of bacteria and fungi isolated from the painted surface located in the Mithraeum Temple of Marino Laziale, Rome.

Identified strains Description of colony morphology

Species identified (%ID)

Accession number Sample acronym

(Phylum; Order)

BACTERIA A Gram -+, whitish creamy Bacillus mycoides (98.1) 0Q247888 1,2,3,4,5 Ddx A, Ddx B

(Firmicutes; Bacillales)

B Gram -+, whitish; brown exopigment Streptomyces sp. (98.7) 0Q248031 1,2, 3,5, Ddx A, Ddx B
(Actinobacteria; Actinomycetales)

G Gram +, light pink Rhodococcus sp. (98.3) 0Q248063 3,5, Ddx B
(Actinobacteria; Actinomycetales)

H Gram -, light yellow and transparent Stenotrophomonas rhizophila (99.3) 0Q248064 1,2, 3,Ddx B
(Proteobacteria; Xanthomonadales)

1 Gram -+, white-gray Microbacterium sp.(98.8) 0Q248065 4
(Actinobacteria; Micrococcales)

M Gram -, light yellow Lysobacter prati (98.3) 0Q248067 5, Ddx A
(Proteobacteria; Xanthomonadales)

S Gram +, white; orange/brown exopigment Streptomyces sp. (98.2) 0Q248079 3, Ddx A, Ddx B
(Actinobacteria; Actinomycetales)

FUNGI OA1l green, white border, yellow on the back Talaromyces sp. (99.1) 0Q257345 Ddx A

(Ascomycota; Eurotiales)

0OA2 white thin spreading mycelium Podila sp. (99.8) 0Q257346 1, 2, 4,5, Ddx A, Ddx B
(Mortierellomycota; Mortierellales)

OA4 white, slight yellow on the back Gamszarea microspora (99.6) 0Q257370 1, Ddx A, Ddx B
(Ascomycota; Hypocreales)

0OA10 pink, white border, yellow on the back Purpureocillium lavendulum (99.1) 0Q257371 1, Ddx B

(Ascomycota; Hypocreales)

Fig. 5. The fecal pellets observed on site on the fresco surface under raking light (a) and in laboratory at a higher magnification under visible (b) and UV fluorescent

light (c). Scale bar 100 pm.
4. Discussions
4.1. Biodiversity and ecological observations

The Mithraeum site is a hypogeum site carved in peperino stone to a
depth of about 10 m underground the current urban settlement. The
environmental and ecological features are interconnected with the
geomorphological conditions above the site (Fig. S1). This heritage site
acts as a good habitat for different organisms able to adapt to dark
conditions, high levels of humidity and little air circulation. They are
living in an ecological equilibrium with the substrate in such specific
environmental conditions, by creating a virtuous food web (Fig. S4). The
most abundant groups were the primary producers and the primary
consumers. The microorganisms identified in this site, belonging to the
first group, are decomposers and chemolitotrophs, with a key role in the
organic and inorganic C flux. The detritivores or grazers, as primary
consumers, are consequently abundant due to the high availability of the
nutrients. As predators, spiders were observed in the case of the
Mithraeum location.

In other semi-confined environments with more or less similar
extreme conditions (natural caves with paintings or graffiti, catacombs,
necropolis, etc.) (Bastian et al., 2008; Fernandez-Cortes et al., 2014), the
living organisms are often highly specialized and the biodiversity is
mainly composed of: (i) chemolitoautotrophs as primary producers as
well, organized or not in biofilms, (ii) detritivores as primary consumers,
and (iii) few predators as secondary consumers. The trophic linkages of
these biocenosis are similar to those of the soil food webs (Parimuchova
et al., 2021).

However, the ecological homeostasis inside these environments can
be easily disrupted through anthropic presence and activity (Mulec,
2014; Martin-Sanchez et al., 2015), especially in the case of visitable
heritage sites, inducing irreversible changes on both biotope and
biocenosis. In the Altamira cave (Spain), due to the anthropization
phenomena it was observed a predominance of epigean or epi-
geomorphic species with respect to the troglobiomorphic species, the
last ones being at risk due to their low reproduction rate and metabolism
(Luque and Labrada, 2016). The Mithraeum site presents different
eutroglophiles or subtroglophiles species, indicating little anthropic
disturbance.

Considering that this site has recently been open to the public, the
micro-ecosystem conservation should be ensured together with the
health safety of visitors. For this reason, the study of composition of the
main biodiversity components was one of the main tasks for the con-
servation program of this hypogean cultural heritage site.

Among the microorganisms that were isolated from the Mithraeum
of Marino Laziale, seven bacterial and four fungal strains were identified
by molecular analysis. The identified bacterial strains resulted to be
ubiquitous and commonly found as soil or plant inhabitants. The
Streptomyces spp. is one of the most common genera found in the caves.
These microorganisms have a high capability of survival, ubiquity and
metabolic versatility, widespread all over the world and show a high
abundance within the bacterial community (Farda et al., 2022; Domi-
nguez-Monino et al., 2021). Colonies showing the characteristics of
Streptomyces sp. were very common in the Mithraeum hypogeum site,
since they were found in almost all the investigated samples. Strepto-
myces sp. plays active roles in geomicrobiological interactions,
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especially in volcanic caves (Riquelme et al., 2015) and may have sig-
nificant biodeterioration effects on the mural paintings located in these
kinds of environments (Giaeobini et al., 1988; Elhagrassy, 2018).
Streptomyces sp. could also be involved in the vermiculation phenomena
(Addesso et al., 2021), alterations that are present in the Mithraeum as
well. Microbacterium sp., another actinobacteria, was found in caves
(Dominguez-Monino et al., 2021), in guano (Newman et al., 2018) and
in water springs (Lukac et al., 2022). This bacterium was isolated only
from the sample 4 which was collected from a site containing fecal
pellets. Rhodococcus sp. are commonly isolated from soil as plant colo-
nizer or pathogen (Putnam and Miller, 2007). Rhodococcus sp., Strepto-
myces spp. and other actinomycetes seem to be involved in the formation
of mineral deposits in caves (Miller et al., 2013; Enyedi et al., 2020).

Bacillus mycoides has already been retrieved in other hypogean
monuments, sometimes associated with a phototrophic biofilm (Urzi
et al., 2010). In the case of Mithraeum temple, the presence of evident
phototrophic biofilms was not observed by the naked eye. Recent studies
attribute chitinolytic activity to this species (Drewnowska et al., 2020)
and confer to it a very high adaptability potential with a good func-
tionality in various ecological niches (Fiedoruk et al., 2021). The results
obtained in our research confirm a high ubiquity of this species, as it was
present in all the investigated samples.

Stenotrophomonas rhizophila is a bacterium often associated with the
plant roots, playing beneficial interactions with the rhizosphere and
showing antimycotic properties (Ryan et al., 2009). Lysobacter prati
belongs to the same order as S. rhizophila (Xanthomonadales) and it has
been isolated for the first time from a plateau meadow in China (Fang
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Fig. 6. The mesofauna identified for the Mithraeum
Temple of Marino Laziale containing different types
of arthropods: Tomocerussp., Insecta, Collembola,
Tomoceridae (a), Androniscusdentiger, Crustacea,
Oniscidea, Trichoniscidae (b), Trichoniscusmatulici,
Crustacea, Oniscidea, Trichoniscidae (c), Chaetophi-
loscia cellaria, Crustacea, Oniscidea, Philosciidae (d),
Kryptonesticus eremita, Arachnida. Araneae, Nestici-
dae (e), Limonia nubeculosa, Insecta, Diptera, Limo-
niidae (f), and Diplopoda, Julida, Julidae (g).

et al., 2020) evidencing that the soil is its main habitat as well.

All of the four fungi isolated during the present case study were re-
ported as components of the mycobiota of some Chinese caves (Jiang
etal., 2017; Zhang et al., 2021). The identified species can be correlated
with the heritage location, being known as common species of soil
habitats. Purpureocillium lavendulum is a nematophagous fungus (Liu
et al., 2019) while Talaromyces spp. have been often associated with
insects (Nicoletti and Becchimanzi, 2022), especially with troglophile
ones, being found on cadavers of larvae and adults of the cave cricket
Troglophilus neglectus (Gunde-Cimerman et al., 1988). Different species
belonging to Podila were previously named Mortierella (Vandepol et al.,
2020). The Mortierella species colonize plant roots, and many of them
are able to live on fecal pellets, animal remains in contact with soil or on
exoskeletons of arthropods (Deacon, 2006; Webster and Weber, 2007).
Gamszarea microspora was recently found inside the Tianliang Cave,
Sichuan, Xingwen, China (Zhang et al., 2021) and in the Cave Church of
Sts. Peter and Paul in Serbia (Ljaljevi¢ Grbic et al., 2022). The four fungi
identified in the present work may have similar roles (Fig. S4, Fig. S5) as
the ones indicated above by different authors.

Beside the heterotrophic biofilm developed on the damp walls of the
Mithraeum Temple site, the most spread and evident signs of biological
colonization were related with the fecal pellets deposited all over on the
surfaces. Such by-products indicate the presence of detritivores and
active processes of organic matter turnover (Coq et al., 2022). The
amount of organic debris is huge, a fact that induces not only
coprophagy phenomena (Zimmer, 2002; Pezzi et al., 2019) but mainly
confirms their role as a nutrient source for other microorganisms, within
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a virtuous food chain cycling. The renewal of the organic supply is done
also through the water flux coming from the ground above. In the
Mithraeum site, the meso- and microfauna were abundant (Fig. 6,
Fig. S3): three different species of terrestrial isopods, one species of
diplopoda, one of collembola, one of arachnida, and one of diptera. The
presence of at least four species of not identified microinvertebrates
(such as mites, nematodes, rotifers) were noticed. The main components
of the mesofauna were represented by terrestrial isopods (Androniscus
dentiger, Trichoniscus matulici and Chaetophiloscia cellaria) and springtails
(Tomocerus sp.), which are important vectors of the microorganisms
(Bastian et al., 2008), as they are feeding both with biofilm, fungi, and
even their own fecal pellets (Knight and Angel, 1967; Zimmer, 2002).
The cultivable microorganisms isolated in this work from the sample
containing fecal pellets, consisted of two types of bacteria (Micro-
bacterium sp. and B. mycoides) and one type of fungus (Podila sp.), sug-
gesting that these species may be preferred as a food source by the
arthropods, or they could be involved in degradation of the dejections.
At the end of consumer and predator life, some microorganisms will use
the remains as a nutritional source (Fig. S5).

Some of the microbes dwelling in subterranean environments may be
opportunistic pathogens for enfeebled people (Jurado et al., 2010),
while other species may have allergenic potential, especially the spor-
ulating ones. Inside the Mithraeum at Marino no noticed pathogenic
species were identified, but species belonging to the genera Strepto-
myces, Rhodococcus and Microbacterium may show a potential risk even
for humans in favorable conditions (Jurado et al., 2014). However, for a
two-sided protection of both human health and subterranean natural
equilibrium, it is recommended to wear protective masks, gloves and
clothing (overshoes and similar protection devices), and to be aware that
visiting natural subterranean environments is not a risk-free tourist ac-
tivity (Jurado et al., 2014).

4.2. Conservation issues and valorization aspects

The site, due to its particular location in a subterranean environment,
was often affected by abundant infiltrations and percolation of water
through the rock from the above terrain in the rainy seasons with the
consequent presence of stagnant water in the hypogeum for months.
These events induced very critical microclimatic and biological condi-
tions. The water presence is correlated with life and possible bio-
deteriogens activity but also with the non-living processes involved in
the degradation of organic materials (Li and Gu, 2022). Moreover, water
fluctuations inside materials increase the occurrence of their damage
events. In spite of these conditions, it is worth to say that the good state
of conservation of the Mithraeum painting (about 2000 years) is
certainly due to their stability in an undisturbed semi-confined envi-
ronment. Community of organisms were surely present in this site even
before its discovery, being in an ecological equilibrium with the biotope
(Liu et al., 2022a). Attention on study of biological component was only
paid at beginning of 2000, when it was decided to open the Mithraeum,
50 years after its discovery. Important hydraulic engineering in-
terventions were only recently done, solving the problem of the water
percolation without altering the microclimatic stability of the site. In
fact, the main characteristics of the site (e.g. presence of salts efflores-
cence, of crystallization and vermiculation phenomena, high level of
microbial growth on the surfaces, abundant presence of isopods)
remained stable in time, being observed by both ICR (before in-
terventions, in 2006) and CNR groups (after interventions, in 2022)
(SM1 and Luvidi et al., 2021). The CNR group added knowledge with the
taxonomic identification of the main biotic components present in this
subterranean monument, observing significant similarities with the
biodiversity of other similar environments.

However, heritage sites have to constantly pursue a difficult equi-
librium between conservation and fruition but in some cases, as the one
of Marino’s Mithreum, a virtuous result from this challenge can be
achieved. In September 2021, after a complex project of restoration, the
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site was finally opened to the public and the microclimatic monitoring
program was enhanced with new investigations due to a growing
number of visitors.

The activity of the organisms present in the site (mainly bacteria,
fungi, arthropods, and nematodes) may induce mechanical stress on the
painting surface stability, representing a critical point of the manage-
ment plan aimed to preserve both the paintings and biocenosis. More-
over, the significant presence of the actinomycetes (Streptomyces spp.,
Rhodococcus sp.; Microbacterium sp.), able to induce biomineralization,
exo-pigment and other metabolic products production, could have
important consequences in painting alteration (He et al., 2021; Laiz
et al., 2003). The microbiota present inside the Mithraeum could be
responsible for the vermiculation and crystallization phenomena, but
further studies are needed for confirming it.

Therefore, regular maintenance of the surfaces should be foreseen by
using soft mechanical methods and avoiding the use of organic sub-
stances. A programmed monitoring of both the airflora and the biolog-
ical presence on the surface of the paintings is compulsory to control the
possible risks of the biocenosis changing (such as development of cya-
nobacteria due to the use of light sources, dwelling of new microor-
ganisms coming from outside, etc.), as well as to timely select suitable
cleaning solutions (He et al., 2022). The use of multidimensional
culture-independent  technologies  (high-throughput sequencing,
multi-omics) can enhance the understanding of community in-
terrelationships, functional and biodeterioration mechanisms (Liu et al.,
2022b). The frequence of visits and the number of users should be
limited to not destabilize the environment inside the hypogeum site,
aiming to keep the natural balance of this autochthon biocenosis. All
these actions should be flanked by a continuous monitoring of the
microclimatic parameters.

5. Conclusions

The biological presence inside the Mithraeum site is not induced by
the painting characteristics made mainly of inorganic materials, but
surely by its specific environmental characteristics. An ecological and
microclimatic equilibrium is present, with a high functional trophic
chain composed mainly by decomposers and heterotrophic organisms.
They widely colonize all the site surfaces, including the roughness of the
frescoes, without, up to date, compromising the aesthetic and surface
integrity of the paintings. A careful evaluation of the microclimatic
parameters, the qualitative and quantitative control of biocenosis is
essential to avoid frescoes damage. A continuous monitoring supports
the development of a correct fruition plan, allowing the heritage to be
passed onto future generations.
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