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Abstract

No information exists on phototrophs growing on the stone surfaces of the Catacombs of SS. Marcellino and Pietro (the site was
only recently opened to the public in 2014). Therefore, it was decided to characterise the microbial communities and to compare
them with those of the other previously studied catacombs. Moreover, a new non-invasive strategy to reduce the phototrophic
growth was tested. Phototrophic microorganisms were investigated under light and confocal laser scanning microscopes from
samples collected non-invasively in situ. Tests were carried out to determine the effect of the application of two essential oils
(from L. angustifolia and T. vulgaris) on biofilm photosynthetic activity. Laser-induced fluorescence (LIF) and reflectance
measurements in the visible range have been used to evaluate respectively, any chemical modification and discolouration on a
frescoed stone that may occur after the application of the essential oils. At all the concentrations of essential oils, there was a
quasi-immediate, large reduction in photosynthetic activity of the biofilms. At 10% essential oil concentration, there was no
detectable photosynthetic activity after 15 min. At 1%, there was a need for two applications and after 5-day activity was
undetectable. No effect of the essential oils on the substrate surface properties or colour modification of the fresco has been
observed with the LIF prototype. Cyanobacterial typical of Roman catacombs were present in the sites investigated. Innovative
and non-destructive strategies, involving the application of a combination of two essential oils, have been successfully tested and
developed to prevent biodeterioration of these sites.
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Introduction dedicated to the homonymous Saints and the Mausoleum of
Saint Elena, the mother of the Emperor Constantine. The cata-
The Catacombs of SS. Marcellino and Pietro are among of the ~ combs were excavated between the 3rd and 5th centuries CE and
largest catacombs in Rome and are located near the church  have 18,000 m? of galleries and chambers at around 16 m below
ground level and only a part of this is open to tourists (Fig. 1).
These Catacombs, like the others found in Rome, were sub-
terranean Christian cemeteries and housed many tombs of the
very rich and influential, as demonstrated by many intricate
frescoes. In some of the crypt recesses, bone remains can still
be found. The Catacombs of SS. Marcellino and Pietro are in the
Laboratory of Biology of Algae, Department of Biology, University  goytheast part of the city of Rome, a significant distance from
of Rome *Tor Vergata’, Rome, Italy the other better known Roman catacombs, such as those of
ENEA—TItalian National Agency for New Technologies, Energy and  Domitilla and S. Callixtus which have been intensively investi-

Sustainable Economic Development, FSN-TECFIS-DIM Diagnostic
and Metrology Laboratory, Research Centre of Frascati, Via Enrico gated over the last 20 years (Bruno et al. 2014a). At these latter
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Fermi, 45, 00044 Frascati, Italy sites, as a result of the lighting required for visitation, the high
3 Laboratory of Botany, Department of Biology, University of Rome number of tourists and the in situ environment, c<.)nd1.t10ns have
“Tor Vergata’, Rome, Italy become conducive for the growth of phototrophic biofilms ca-
4 Department of Science, University of Roma Tre, Viale G. Marconi pable. F)f detenoratmg exposed §u.rfaces. The Catacombs of
446, 00146 Rome, Italy Domitilla and S. Callixtus are visited by more than 500,000
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Fig. 1 Planimetry of the Catacombs of SS. Marcellino and Pietro
showing the intricate system of galleries and chambers. Black and
yellow lines represent upper and lower levels, respectively, whilst the

tourists every year, whilst those of SS. Marcellino and Pietro,
opened on recently to the public in 2014, are visited by less than
4000 tourists. This number however is increasing, and so, given
the precedent set by other catacombs, these can be considered as
a critical environment open to potential biodegradative process
due to the environmental changes associated with tourism
(Sanchez-Moral et al. 2005).

Biodeterioration of stone monuments is a well-known prob-
lem that endangers valuable archaeological sites worldwide.
Stone surfaces and mural paintings in lithic indoor environments
(crypts, tombs, caves, etc.) frequently suffer biodeterioration
(Urzi et al. 2010; Albertano 2012; Krakova et al. 2015; Bruno
and Valle 2017; Sanchez-Moral et al. 2018). Nowadays, con-
ventional methods used to treat these surfaces, generally employ
physical and mechanical practices such as brushing and/or bio-
cide application in order to eradicate microorganisms and be-
cause of their low cost, rapid application and short reaction time.
To control biodeterioration, three factors must be recognised: the
identity of the target organisms, the characteristics of the sur-
rounding environment and the surface to be treated. Generally,
standard treatment practices present risks to the environment, to
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human health, and also to the aesthetic and structural aspects of
the surface being treated (Sasso et al. 2016; Urzi et al. 2016;
Barresi et al. 2017). Thus, a lot of research over the last decade
focused on the development of non-invasive methods with the
aim of greatly reducing the risks associated with standard pro-
tocols (Bruno et al. 2014b, ¢; Hsieh et al. 2014; Urzi et al. 2014;
Ruffolo et al. 2017; Toreno et al. 2018). One such method is the
use of the physical method of using monochromatic lighting,
which was tested with success inside a Roman hypogean site to
prevent the formation of phototrophic biofilms (Albertano and
Bruno 2003, Albertano et al. 2005). Although successful in
eradicating biofilms, the blue lighting did also affect the experi-
ence of visitors (Albertano et al. 2004; Sanchez-Moral et al.
2005; Bruno and Valle 2017) and was not effective against
bacteria (Urzi et al. 2014). A more recent non-invasive and safe
technology involves the use of low concentration essential oils
for treating stone monument surfaces affected by biofilms
(Stupar et al. 2014; Bruno et al. 2018). Essential oils are widely
used as biocides in the medical, food and pharmaceutical indus-
tries; the natural derivative compounds are highly effective
against bacteria, fungi and yeasts (Giovannini et al. 2016;
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Barresi et al. 2017; Moghimi et al. 2017), yet when diluted, they
are not cytotoxic for human cells (Puskarova et al. 2017). In
spite of this promising application, their antimicrobial effect on
stone surfaces or other culturally important surface types has still
not been sufficiently explored, and further studies are needed to
evaluate their control of other biodeteriogens (Guiamet et al.
2008; Barresi et al. 2017).

Before using restoration techniques on valuable cultural her-
itage, it is important to evaluate the effect of the technique on the
substrate of interest, especially on decorated surfaces (Sanmartin
et al. 2015; Toreno et al. 2018). In this respect, laser-based tech-
niques are powerful diagnostic tools for the detection of surface
chromatic and chemical alterations in the field of cultural heri-
tage protection as they are non-invasive, easy to use in situ, no
need for sample preparation and they only require clear optical
access to the target (Pozo-Antonio et al. 2017; Targowski et al.
2017; Sanmartin et al. 2018). Laser spectroscopies can play an
important role in identifying, with high sensitivity and reproduc-
ibility, the inorganic and organic components of cultural heritage
artefacts. Due to their precision, laser spectroscopies can be used
as microanalytical, completely non-destructive diagnostic tools
for the study of any changes in precious samples and works of art
subject to biocidal treatments (Nevin et al. 2012; Palombi et al.
2013; Spizzichino et al. 2015).

In this study, a survey of biofilms occurring in two sites along
the touristic path of the Catacombs of SS. Marcellino and Pietro
is performed and compared to past studies done in the
Catacombs of Domitilla and S. Callixtus. This comparison will
allow us to identify potentially deteriogenic species and to com-
pile a management strategy for the control and prevention of
infestations. Therefore, a study was developed to test the biocidal
efficacy of two essential oils on phototrophic biofilms and to
determine if any chromatic and/or chemical changes occurred
as a result of the application of essential oils directly to a painted
stucco artefact (a sample that had detached from the walls of the
catacombs). The biocidal capacity of the essential oils was tested
on agar-cultured phototrophic biofilms, composed of species of
cyanobacteria isolated previously from different Roman cata-
combs. The biocidal effect of the essential oils was diagnosed
by measuring photosynthetic activity of the biofilm at precise
time intervals after the application. The same essential oils were
also applied directly to a painted piece of stucco and the laser-
induced fluorescence (LIF) and visible reflectance analysis were
used to detect any chromatic and/or chemical variation.

Material and methods
Sampling sites
Samples were collected from two artificially illuminated areas

(sites 1 and 2) along the tourist path that suffered from surface
biological infestations. Site 1 is a tufa wall flanking a corridor of

the tourist path through the catacombs that was discoloured by
blue-green patinas (Fig. 2a), whilst site 2, the Arcosolio of
Orfeo, is a wall with an arcosolium totally covered by frescoes
that have a high coverage of phototrophic biofilms in form of
blue-green and near-black patinas (Fig. 2c).

The samples were collected in discrete sections of the two sites
using the method of adhesive tape (MAT) of Urzi and De Leo
(2001) by gently applying the adhesive tape on the stone surface
affected by biofilm development (Fig. 2b, d). The adhesive tapes
with the microbial patina were then immediately placed on la-
belled sterile glass slides to be directly observed under the micro-
scope in the laboratory. Measurements of temperature (T °C) and
relative humidity (RH%) were made with a portable thermo-
hygrometer model HI 18564 (Hanna Instruments, USA), whilst
irradiance (ptmol photons m > s~ ') emitted by the artificial lamps
was measured with a LI185 portable radiometer (LI-COR, USA)
equipped with a quantum sensor (LI-190SB).

Microscopy observations

The biofilms collected in situ were observed with a Zeiss Axio
Scope light microscope with a 40x objective; fresh samples
were also mounted on glass slides and the images were acquired
with a digital camera Canon EOS 600D (Canon S.P.A., Italy,
Milan). The adhesive tape samples were also observed using a
Confocal Laser Scanning Microscope (CLSM) FV1000
(Olympus Corp., Tokyo, Japan), with a 60% objective using
the autofluorescence channels for chlorophyll ¢ and
phycobiliproteins (excitation 488, 543, 635 nm, emission 520,
572 and 688 nm). Three-dimensional images were constructed
from a series of 2-D cross-sectional images (x-y plane) that were
captured at 0.5-um intervals along the z-axis using IMARIS
6.2.0 software (Bitplane AG Zurich, Switzerland).

Evaluation of essential oils efficacy

Mixtures of the two essential oils (EOs) from Lavandula
angustifolia and Thymus vulgaris (1:1 v:v) were prepared using
1% TWEEN 20 in distilled water as an emulsifier to give three
different final concentrations of EOs (10%, 1% and 0.1%). In
order to assess the biocidal efficacy of the different concentrations
of the two essential oils, tests were made on phototrophic artificial
biofilms that were grown on agarised BG11 medium (Rippka
et al. 1979). The three cyanobacterial strains used to construct
the biofilm, Scytonema julianum VRUCI173, Oculatella
subterranea VRUCI135 and Leptolyngbya sp. VRUC184, were
isolates taken from diverse Roman hypogea (VRUC collection;
Castenholz 2001). These species were chosen as they were iden-
tified as being common cyanobacterial species of biofilms grow-
ing in catacombs (Albertano 2012). An aliquot of the single
culture of the three strains was added on the agarised medium
and left to grow until the surface of the Petri dishes were fully
covered. The biofilm obtained was then cut in 12 equal-sized
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Fig. 2 Sampling sites. a Site 1: a
tufa corridor along the tourist
path. ¢ Site 2: ‘The Arcosolio of
Orfeo’ covered entirely in
frescoes. b and d Use of the MAT
non-invasive sampling method at
both sites

pieces all around the same size and with similar biofilm coverage
that were placed in clean Petri dishes and then used to test the
efficacy of the EOs at the selected concentrations. All tests were
conducted in triplicate and dH,O was used for controls.

This was done by pipetting 100 pL of each essential oil (EO)
concentration onto the biofilms; this volume was enough to
fully cover the biofilm samples. The effect of EOs on the
biofilms was assessed by measuring the maximum quantum
yield of photosynthesis on all the samples treated with the EO
mixtures over a 4-day period. Then, a second EO application
was carried out on the same samples and measures were taken
after 5 and 120 min, and 24 h later. This was accomplished with
a portable pulse amplitude modulated (Mini-PAM) fluorometer,
coupled to WinControl Software (Walz GmbH, Effeltrich,
Germany). During all measurements, the fibre-optic probe of
the PAM was held in a stand to keep a distance of 8 mm from
the biofilm. Maximum potential quantum yields (Eq. 1) were
assured by performing the measurements on dark-adapted sam-
ples; this was done by making measurements on samples kept
in the dark for 30 mins and then subsequent measurements were
made in quasi-darkness (< 1 pmol photon m 2 s ™).

Yield = (Fi—Fo)/Fun (1)

@ Springer

where F, is the minimum and F,, the maximum fluorescence
of'the dark-adapted sample (Schreiber and Bilger 1993; Bilger
et al. 1995). The basic ground fluorescence of the dark-
adapted samples at 0 PPFD, F,, was normalised in relation
to the fluorescence standard of H. Walz (Effeltrich) taken
equal to 500. Where averages of data are presented with er-
rors, these are standard errors.

Testing the effect on painted substrate

As the treatment using EOs would be on biofilms overlying
painted surfaces, it is essential to understand if the oils would
cause any detectable damage to the substrate. This was tested
by applying EOs from L. angustifolia and T. vulgaris on to a
painted stucco sample, in this case, a remnant from the
Catacombs of SS. Marcellino and Pietro. The painted stone sur-
face was divided into different areas of the same size (1.5 cm?)
by using a grid obtained with a transparent film and then covered
with an aluminium foil (Fig. 6b). The areas were chosen that had
the most consistent colour coverage. The effect of both singular
and mixed EOs was carried out at two concentrations (10% and
1%) with each test being carried out in triplicate. Four of
these areas of different colours served as controls, to analyse
any possible natural discoloration of painting. The EOs were
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applied twice a week apart and surface colour and compo-
sition measurements by LIF were made using a lidar
fluorosensor scanning system prototype with an excitation
wavelength of 266 nm (Spizzichino et al. 2015). This sys-
tem, developed by the DIM (Dlagnostics and Metrology)
Laboratory of the ENEA research centre of Frascati, was
used in order to evaluate any chemical modifications of the
treated surface by a collection of fluorescence spectra. In
addition, reflectance spectra obtained under halogen illu-
mination were also recorded over the whole visible spec-
trum to evaluate any colour modifications. Both measure-
ments were carried out before and after the first and the
second treatment on each of the treated areas.

Results and discussion

Along the tourist path in the Catacombs of SS. Marcellino and
Pietro, most of the illuminated stone surfaces are notably im-
paired by extensive growths of phototrophic, and to a lesser
extent, heterotrophic biofilms (Fig. 2a, ¢). In general, the colo-
nisation appeared as blue-green biofilms in site 1, and as blue-
green and near-black patinas in site 2 covering an area of nearly
1.5 m. In comparison with the more established biofilms of St.
Callixtus and Domitilla, the coverages here, although serious,
were not yet as extensive. The observations at the light micro-
scope of the biofilms showed that the phototrophic community
was composed almost entirely of cyanobacteria, with a small
presence of green algae and diatoms. More detailed observa-
tions of site 1 samples (Fig. 3a—d), showed a dominance of
Scytonema julianum with evident calcification on the sheaths;
this is a species frequently noted in other Roman catacombs
(Bruno et al. 2014a). Other cyanobacteria included
Symphyonemopsis sp. and Leptolyngbya sp. Also, present in
this community was the diatom Diadesmis sp. In addition to
those also found in site 1, in the community of the site 2
biofilms, the cyanobacterium Oculatella subterranean was also
noted. This is another cyanobacterium found in other catacombs
in Rome and also in Malta (Zammit et al. 2012). In this site was
also observed the heterocytous cyanobacterium Fischerella sp.
and a minor presence of some coccal green algae (Chlorella
like, but not yet identified). These findings were confirmed by
the CLSM observations that evidenced how the heterocytous
strains of cyanobacteria constituted the predominant
phototrophs in both sites (Fig. 3e, f). Based on these data it is
possible to assess that the phototrophs present in these two sites
of the Catacombs of SS. Marcellino and Pietro are mainly
cyanobacteria that are frequently encountered in the
phototrophic biofilms that develop in the other Christian cata-
combs of Rome (Hernandez-Mariné et al. 2003; Bruno et al.
2009; Albertano 2012; Bruno et al. 2014a). All of the phototro-
pic species present in the Catacombs of SS. Marcellino and
Pietro were present in the other previously studied catacombs,

but not vice versa (see Table 1). This lower diversity of the
phototrophic community is likely a result of SS. Marcellino
and Pietro having been open for only 4 years and lower touristic
pressure. The colonisation of pristine sites can occur by the
introduction of propagules through wind, water or animal-
mediated transport (Marshall and Chalmers 1997). Opening
the catacombs to visitors can introduce organic matter from
the external environment, as identified in other hypogean sites
(Chelius et al. 2009), and can profoundly alter the ecology and
the in situ community (Saiz-Jimenez et al. 2011). This further
highlights the need for close monitoring of the site and to adopt
strategies of prevention for the conservation of this valuable site.

Atsite 1, temperatures measured during the sampling cam-
paign were 19+2 °C, humidity around 75-77% and light
levels of 3.5 umol photons m 2 s™'. Site 2 had similar tem-
peratures to site 1 (ca. 20 °C), and relative humidity values
(70-74%). Light levels at site 2 were 4 times higher (12 pmol
photons m 2 s~ ") than site 1 as the lamp was a lot closer to the
infected surface. These are environmental conditions typical
ofthese hypogea and due to the lower number of visitors, they
are most likely stable, but with an increase in touristic pres-
sure, there could be a predicted increase in both temperature
and RH. These changes most likely being more conducive to
far greater coverage of the substrate by phototrophic biofilms
compromising the integrity of the valuable site.

To preserve Roman catacombs, periodic restoration activi-
ties are carried out by using physical and mechanical methods.
It is well known that the chemical biocides used for restoration
are dangerous for human and promote the selection of resistant
strains of bacteria and phototrophs (Urzi et al. 2016; Toreno
et al. 2018). Thus, there is a need to develop safer non-
invasive conservation strategies (Sasso et al. 2016). To this
end, we tested, on artificial cyanobacterial biofilms, the effect
of two essential oils, from Lavandula angustifolia and Thymus
vulgaris that in our previous research showed to be particularly
promising when they are used in combination (Bruno et al.
2018). Essential oils can be toxic for human health, thus we
decided to test different concentrations in order to overcome
this problem; moreover, the emulsion of essential oils can be
also applied with a poultice with the same results (data not
shown) avoiding the problem of volatility of essential oils.
Emulsification of essential oils has been employed in this study,
to overcome the low water solubility of these extracts.

The visible effect of the application of all the three concen-
trations of the essential oil mix on the artificial biofilms of
cyanobacteria was a release and degradation of pigments pro-
portional to the EO concentrations not observed in the control
samples (Fig. 4c—f). The measurements of biofilm photosynthet-
ic yield with the miniPAM after the essential oil application
demonstrated the rapidity of the stressing effect of the oil mix-
ture on the overall health of this cyanobacterial consortium.
Within 1 min after the EO treatment, there was an 82, 50 and
45% reduction in photosynthetic yield for 10, 1 and 0.1% EO
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Fig. 3 Microscopic observation
of biofilm samples collected in
situ: a and b micrographs of
samples from site 1. Scale bar=
10 um. ¢ and d Micrographs of
samples from site 2. Scale bar =
10 um. e Sample from site 1
observed at the CLSM showing
heterocytous cyanobacteria
belonging to the genera
Symphyonemopsis and
Scytonema julianum. Scale bar =
20 pm. f Sample from site 2
observed at the CLSM showing
filaments of Scytonema julianum
with exopolysaccaridic envelopes
(green) along with
Symphyonemopsis sp. and the
small filaments of Oculatella
subterranean. Scale bar =20 pm

Table 1 Floristic comparison between phototrophs encountered in the
two sites of Catacombs of SS. Marcellino and Pietro and other previously
studied Roman catacombs

Phototrophs Other catacombs SS. Marcellino and Pietro
Cyanobacteria
Scytonema julianum — ++ ++
Symphyonemopsis sp. + ++
Leptolyngbya sp. ++ +
Oculatella + ++
subterranea
Loriella sp. + -
Gloeocapsopsis sp. + -
Gloeothece palea + -
Phormidium sp. + -
Green microalgae
Chlorella sp. + +
Diatoms
Diadesmis gallica + +

@ Springer

concentrations, respectively (Fig. 5). At 10%, EO the yield rap-
idly reduced to background levels by 15 min possibly indicating
total cell death, whilst at the lower concentration of 1%, there
was a slower decrease in yield and a need for a second treatment
after 5760 min (4 days) before background levels were reached.
At 0.1% EO, there was a comparative initial yield decrease
however this slowed over time and it is possible that the EO
effect had stopped as there was an increase in yield before the
second application. The biocidal action of the two higher EO
concentrations was highly effective over a relatively short peri-
od. There was a good initial biocidal activity at 0.1% EO but it
seems that more applications, and possibly at shorter time inter-
vals, are required to be effective. Most studies of EO biocidal
activity involve growth inhibition assays of mainly fungi and
bacteria (Mann and Markham 1998; Stupar et al. 2014) whilst
very limited information is available for cyanobacteria and
microalgae (Fernandes et al. 2014). To our knowledge, this is
the first time that the effect of a mixture of essential oils from
Lavandula angustifolia and Thymus vulgaris has been shown on
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Fig. 4 a Artificial biofilm obtained by inoculating three cyanobacteria
isolates on agar. b After the growth, the biofilm was cut into
representative pieces all around the same size and with similar biofilm
coverage to test the effect of different essential oils concentrations. ¢

artificial biofilms and so making any comparisons difficult.
However, it seems as though a 1:1 v:v mix of Lavandula
angustifolia and Thymus vulgaris at around 1% will give highly
effective results in the treatment of established biofilms.

To evaluate the effect of the EO mix on the substrate, tests
were carried out on a painted stucco artefact obtained from the
catacombs of SS. Pietro and Marcellino using LIF and colour

Biofilm samples used as controls and biofilm samples treated with
emulsified EOs at 0.1% (d), 1% (e), 10% (f). After the treatment, there
was an evident reduction in pigment content, proportional to the EOs
concentration

reflectance spectra. To determine any chemical or physical
changes to the substrate, as a result of the EO treatment, fluo-
rescence spectra were acquired from different coloured areas of
the stucco. Some were used as controls and other areas were
treated with the mix of EOs at (0.1% and 1%) and the spectra
acquired before and after the EO treatments. The fluorescence
profiles of the control and tested areas were the same (Fig. 6)

Fig. 5 Maximum photosynthetic 06 1 ‘
yields versus time of biofilms
treated with 10, 1, 0.1 and 0 05 &
(control) % EO mixtures. The vy
timing of the second application is 04 - \"-.5
indicated by an arrow. The curves E V2
have been constructed with aver- = \ * - =10%
age data and the relative standard % 037 % o e 1 ...... 19%
errors s N SRy T _.
SRR NS S - R S —0
\ £ |
01 X o T I ......
N - '-I .......... I .......... I .......... T
0 1 15 50 100 150 1440 2880 5760 5765 5885 7200

Time (min)
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Fig. 6 a Fluorescence spectra acquired from two white areas: one was an
untreated control and the other treated using a mix of EOs at 1%
concentration. The spectra were taken before and after the treatments. b
The painted stucco remnant used to test the effect of essential oils by
dividing it into different areas of the same size using a grid obtained
with a transparent film and then covered with aluminium foil. ¢

which indicates that there was no change in the surface chemical
or physical composition. There was a small red shift probably
due to the changed housing conditions. Also noted from this
analysis was that no essential oil fluorescence was detectable
in the spectra after the treatments. It can be concluded with some
security that no changes to the surface structure occurred due to
the EO treatments on the painted remnant (Fig. 6b) as requested
by conservation and restoration practices that must be applied on
cultural heritage (Sanmartin et al. 2015).

High roughness, arching and non-homogeneity of the sur-
face of the studied sample made colour measurements using a
classical contact colorimeter particularly challenging. For this
reason, colorimeter results were compared to those from tests
performed with the ENEA scan prototype for remote measure-
ments of reflectance. Taking into account that the tolerance
threshold value of three CIELAB units for the distance be-
tween two colours AE*ab is generally applied in this type of
application (UNI EN 15886 2010; Kim et al. 2011), the results
of the two techniques were in good agreement with close
overlapping of the spectra before and after EO treatments

@ Springer

Reflectance spectra acquired from five areas before and after treatments
(7T, black lines: white area treated with essential oils from Thymus
vulgaris at 1%; 1C, blue lines and 1Cr, red lines: two red areas used as
control; 2C, green lines: white are used as control; 4LT, orange lines:
green area treated with mix of EOs at 10%)

(Fig. 6¢). The AE*ab values obtained with the colorimeter
for the areas treated with the single and mixed EOs at two
concentrations (Table 2) are always under the threshold value
ofthree except 1 point, but this was most likely due to the non-
uniformity of colour expected for these ancient artefacts that
greatly influences the measurements. From this amalgamation

Table2  AE*ab values obtained with the colorimeter for two white areas
of the painted remnant treated with the single (L, Lavandula angustifolia;
T, Thymus vulgaris) and mixed EOs (LT) at two concentrations (1% and
10%)

Area treated AE*ab 1°-2° cicle AFE*ab 2°-3° cicle
7LT wh EOs mix 1:100 2.72 2.20
3LT wh EOs mix 1:10 2.36 2.98
7L wh Lav 1:100 2.00 247
3L wh Lav 1:10 0.56 2.15
7T wh Thy 1:100 1.34 1.03
3T wh Thy 1:10 4.77 0.47
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of results, the agreement from the two methods indicates that
the use of these EOs does not alter the characteristics of the
treated surface. Fluorescence spectroscopy and colour spec-
trophotometry confirmed to be useful tools to be employed as
a non-destructive technique for ‘in situ’ analysis on different
valuable artefacts like paintings, ancient paper (Sanmartin
et al. 2015; Martinez et al. 2017; Pozo-Antonio et al. 2017).

Conclusions

The Catacombs of SS. Marcellino and Pietro were identified as
critical environments, vulnerable to biodeterioration. The
phototrophic communities responsible for the deterioration are
mainly composed of cyanobacteria also found in other highly
visited catacombs. As a new promising strategy for the conser-
vation of these valuable sites, the application of a combination of
essential oils from Lavandula angustifolia and Thymus vulgaris
is highly promising, shown to effectively kill phototrophic
biofilms also at low concentrations and at the same time without
inducing alteration on the painted substrate. Along with
phototrophs, heterotrophic microorganisms are major players in
the formation of these communities; thus, future consideration of
community successions and interactions will need to be ad-
dressed to fully understand the overall biofilm dynamics, as well
as the need to characterise the onset and progression of biofilm
formation; follow-up studies will be needed to assess the efficacy
of the treatment used and to plan more effective conservative
management strategies.
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